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Abstract 

Microbes are ubiquitous, and are often found in close associations with a host, where they 

affect its physiology, immune functions and even behaviours. In this thesis, I explored 

host-microbe interactions in wild vertebrate species to disentangle the role of genetic and 

environmental determinisms of those interactions. In Chapter Two, together with my 

collaborators, I brought evidence for the evolution of local adaptation of three-spined 

stickleback (Gasterosteus aculeatus) gut microbiomes through population-specific 

microbiomes, caused by localised environmental pressures and/or genetic determinism. 

In Chapter Three, I established the baseline relationship between parasites and stickleback 

diet, as both can impact host-microbe interactions. I confirmed that feeding ecology is 

not independent of host-parasite interactions and both parasite resistance and feeding 

ecology evolve under local adaptation. Chapter Four highlighted how the host’s 

microbiome is influenced by genotype-by-environment interactions, with changes in the 

microbiome correlating with interactions between host evolutionary lineage, local 

environment, and seasonal variation. Interestingly, microbial diversity decreased with 

increased parasite infections, suggesting intricate host-parasite-microbe interactions. 

Additionally, I found evidence that a host’s microbiome is linked to feeding ecology, but 

the direction of this relationship was context-dependent. Finally, in Chapter Five, I tested 

the generality of the conclusions obtained in the fish system by changing host species to 

the philopatric and locally-adapted loggerhead sea turtle (Caretta caretta) nesting at the 

Cabo Verde Archipelago. I found population-specific cloacal microbiomes among 

closely related nesting groups and as well as host-parasite-microbe interactions. Overall, 

this thesis focused on teasing apart the diverse determinisms of wild host-microbe 

interactions. It relied on a series of field experiments and sampling of wild individuals 

and ultimately shows how fundamental the role of the host microbiome is for species 

evolution. 
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Chapter 1: General Introduction 

 Since Charles Darwin, the study of species evolution has moved forward, 

particularly facilitated by the advance in genomics and ecological techniques. Over recent 

decades, it has become possible to not only determine a population’s adaptive potential, 

but also to investigate some of the most cryptic biotic interactions, such as those between 

hosts and microbes. In this introduction, I will first explain the evolutionary concept 

associated with local adaptation, before focusing on the specific role microbes play within 

a host and what selection pressures influence the diversity and structure of microbiomes. 

1.1 Local adaptation 

 Local adaptation is a key component of adaptive evolution, occurring when a 

resident population has increased fitness in their local environment compared to migrants 

(Kawecki and Ebert, 2004, Savolainen et al., 2013, Sobel et al., 2010). Local adaptation 

is often represented as a genotype-by-environment interaction, whereby the fitness of an 

individual in a specific location is related to its genotype and surrounding environmental 

conditions (Des Marais et al., 2013). When abiotic environmental selection pressures 

such as temperature, salinity, and photoperiod vary across time and space, local 

conditions will determine what traits will be favoured by natural selection (DeFaveri and 

Merila, 2014, Griffith and Watson, 2005, Jackson et al., 2020). For example, the fry of 

three-spined stickleback (Gasterosteus aculeatus) from different salinity regimes show 

local adaptation to their native salinity when placed in low, medium, and high salinity 

treatments (DeFaveri and Merila, 2014). This research found an increased probability of 

survival in the high salinity treatment of native fry in comparison to those from low 

salinity backgrounds. As natural selection acts on specific traits, changes in allele 

frequencies underlying those traits can shift the population toward a local optimum. Over 

time, natural selection acting in different locations can lead to adaptive divergence of trait 

means and allele frequencies (Kawecki and Ebert, 2004). 
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 Local adaptation can emerge from local abiotic selection but also from biotic 

interactions. The influence of host-parasite interactions on the evolution of local 

adaptation of a host population has repeatedly been studied (Barber, 2013, Eizaguirre et 

al., 2012a, Kalbe and Kurtz, 2006, Kaufmann et al., 2017, Lenz et al., 2013). This is 

because parasite and pathogen communities will also depend on the local ecology 

(Thomson et al., 2007). How host-parasite interaction is associated with local adaptation 

has even been experimentally determined in the field associating fitness to diversity of 

immune genes (Eizaguirre et al., 2012a, Eizaguirre et al., 2012b). 

 Another biological interaction that has the potential to contribute to the evolution 

of host local adaptation is that of host-microbe interactions. It has been suggested that 

without a good understanding of a host’s associated microbes, it is impossible to fully 

understand host evolution (McFall-Ngai et al., 2013, Rosenberg and Zilber-Rosenberg, 

2016, Rudman et al., 2019). Changes in microbiomes can have a significant impact on 

their hosts, altering their evolutionary trajectories (McFall-Ngai et al., 2013). For 

example, microbiomes are capable of influencing the phenotype of their host but this 

often depends on the ecological context and their potential to influence host evolution 

remained relatively unexplored (Koskella et al., 2017, McFall-Ngai et al., 2013, Rudman 

et al., 2019). Theories like the hologenome suggest that both the eukaryotic host and their 

microbiomes are combined into a singular evolutionary unit suggesting that the evolution 

of a host and their microbes are strongly interlinked (Bordenstein and Theis, 2015, Theis 

et al., 2016). Henry et al. (2021) summarised the current literature and theories 

surrounding the coevolution of hosts and their microbiomes suggesting hosts may utilise 

locally adapted microbes, found in the surrounding environment to shift phenotypic 

means between different populations potentially leading to local adaption of a host. 

Selection pressures that are acting upon the host will also be acting upon the bacteria, 

however bacteria have larger population sizes, shorter generation times and may evolve 
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adaptive functions faster than host populations (Ferreiro et al., 2018, Koonin and Wolf, 

2012) so if a host is able to utilise these microbes to their advantage consistently they 

may evolve mechanisms that could lead to a constant symbiotic relationship (Sachs et al., 

2011). An example of this is the bean bug Riptortus pedestris, which is a common pest 

of legumes, and is irradicated with pesticides, however they can gain resistance to these 

by obtaining locally adapted pesticide degrading Burkholderia from the surrounding soil 

(Itoh et al., 2018).  

 A multitude of selection pressures acting upon a host have been shown to be 

mediated by the presence of locally adapted microbes, for example the presence of heat 

tolerant Curvularia found in geothermal soils increased the thermotolerance of non-

adapted tomato plants improving their survival, whilst the introduction of Curvularia 

which was not locally adapted to the increased temperatures had no impact on plant 

survival (Rodriguez et al., 2008). Additionally, a field reciprocal transplant experiment 

examined the role of soil microbes in the local adaptation of St. John’s wort (Hypericum 

perforatum) to the stressful habitat of limestone barrens (Petipas et al., 2020). Local 

seedlings had increased survival and germination rates when planted with microbes 

originating from the same environment, demonstrating microbe-mediated local 

adaptation. Another study examined the kidney microbial communities of sympatric pairs of 

dwarf and normal lake white fish (Coregonus clupeaformis) across five different lakes. They 

aimed to test whether microbial diversity and composition evolved in parallel within the 

sympatric pairs across multiple habitats (Sevellec et al., 2014).While there was no clear 

evidence that the kidney microbiome evolved in parallel across the systems, they found a 

genotype-by-environment interaction whereby the difference in microbial community 

between morphs (dwarf or normal) was lake-specific (Sevellec et al., 2014). Similarly, 

Sullam et al. (2015) explored the potential parallel evolution of the gut microbiomes of two 

recently diverged Trinidadian guppy, Poecilia reticulata, ecotypes that exhibit different diets, 

life history traits and morphologies across low and high-predation habitats. They found 



 19 

variation in microbial communities over time, across streams and among ecotypes but this 

was not parallel across all streams (Sullam et al., 2015). These specific examples show that 

host-microbe interactions can be associated with local adaptation. 

 There are multiple theories around how a two linages coevolve, this is the reciprocal 

evolution of a population in response to another and can be applied to host-microbe 

interactions (Zaneveld et al., 2008).The Red Queen’s hypothesis, antagonistic coevolution 

could potentially occur in the presence of a pathogen where the fitness of one species 

increases at the cost of the other species (Van Valen, 1974). Alternatively, mutualistic 

coevolution may occur in host-microbe relationships, where there is obligate symbiosis and 

metabolic collaboration as both species benefits from the presence of the other (Herre et al., 

1999). A well understood example of this is the pea-aphid who has evolved specialised cells 

called bacteriocytes to hold a vertically transmitted endosymbiont, Buchnera aphidicola, 

who in return synthesize amino acids that the aphids require (Braendle et al., 2003). A third 

theory is that of the hologenome, where the host and their microbiome can act as single unit 

of selection, as both the genomes of the host and their microbiome can influence host 

phenotype (Bordenstein and Theis, 2015, Theis et al., 2016), however these are likely to be 

spatially and temporally heterogeneous as well as influenced by neutral processes (Koskella 

and Bergelson, 2020, Theis et al., 2016). 

 At this stage, before diving deeper into the mechanisms of host-microbe interactions, 

I want to clearly define what is meant by “microbes”. 

1.2 Microbes 

 Microbes is a generalised term for bacteria, fungi, archaea or protists, but the main 

focus of host-microbe interactions is often bacteria due to their diversity and abundance. 

Bacteria are omnipresent in the biosphere and make up at least 15% of the biomass on 

Earth, while animals only constitute ~ 0.36% (Bar-On et al., 2018), with their habitats 

ranging from the greatest depths of the world’s oceans (Parkes et al., 1994) and 

hydrothermal vents (Taylor et al., 1999), to the upper reaches of the atmosphere (Smith, 
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2013). Microbes can be free-living or aggregate-attached, with many microbes living on 

or within other organisms, which are referred to as their host (Gilbert et al., 2012). In 

general, the microbe community is referred to as a microbiome, i.e. the combined genetic 

material of microorganisms in a particular environment (Lederberg and McCray, 2001). 

Most microbes that form a host species’ microbiome can have biphasic lifecycles, where 

part of the microbe’s life is spent in a different environment, i.e. as free-living bacteria or 

associated with a different host (Obeng et al., 2021). The acquisition of microbes by their 

host can occur through several potential routes. In mammals, this may occur through both 

vertical transmission, from mother to offspring (Dominguez-Bello et al., 2010, 

Vaishampayan et al., 2010), and horizontal transmission, through social interactions and 

shared environments (Moeller et al., 2016a, Perofsky et al., 2017). Organisms without 

live birth or parental care must acquire their bacteria from the environment. For example, 

the first microbial colonisers of newly hatched fish larvae are sourced from the 

surrounding water and their food supply (Hansen and Olafsen, 1999, Korsnes et al., 2006, 

Reid et al., 2009). Scientific knowledge of the mechanisms by which microbes colonise 

a host, and the impact of host-microbe interactions on both the host organism and the 

microbiome, is increasing at a rapid pace. There is, however, still plenty that needs to be 

understood about these complex relationships. 

1.3 Host-microbe interactions 

 Bacteria within a host’s microbiome have high levels of phenotypic plasticity, 

short generation times, and are capable of horizontal gene transfer, resulting in highly 

dynamic communities that are heavily influenced by local selection pressures (Walter and 

Ley, 2011). Plasticity might increase host tolerance to environmental changes and 

potentially contributes to population-level divergence and local adaptation (Alberdi et al., 

2016, King et al., 2016, Kolodny and Schulenburg, 2020). 
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 Only a small group of microbes are classified as pathogenic (Hornef, 2015), the 

majority of microbes living within a host are thought to be commensal or mutualistic 

(Alberdi et al., 2016, Koskella et al., 2017, McFall-Ngai et al., 2013). Firstly, they can 

aid pathogen defence through colonisation resistance (Gerardo and Parker, 2014, Parker 

et al., 2011). While the underlying mechanisms of this are not clear, theory suggests 

bacterial species outcompete pathogens for niche space through the secretion of 

antimicrobial peptides (Kim et al., 2017b, Lawley and Walker, 2013). Secondly, links 

have been identified between a host’s microbiome and immune system function (Kelly 

and Salinas, 2017, Lee and Hase, 2014). For instance, the presence of Bacillus and 

Lactobacillus within the intestines of fish stimulate the expression of inflammatory 

cytokines (He et al., 2017), increase phagocytic activity (Chen et al., 2019) and increase 

goblet cell formation, which helps produce a protective mucus layer (Topic Popovic et 

al., 2017). Additionally, host behaviours can be influenced by the microbiome (Davidson 

et al., 2020, Vuong et al., 2017), as seen in microbiome-related changes in the odour of 

red harvester ants, which increased the likelihood of the host to be attacked by the rest of 

the colony (Dosmann et al., 2016). Lastly, microbial metabolites within the gut can be 

used as a source of nutrients for the host, transforming indigestible food products, such 

as cellulose and plant-derived pectin, into useable compounds for both the microbes and 

the host (Bäckhead et al., 2005, Turnbaugh et al., 2006). 

 Interestingly, microbes also have the ability to cross the parasite-mutualist 

continuum, becoming pathogenic in the absence of more virulent pathogens or in stressful 

environments, or becoming beneficial in the reverse situation (Chamberlain et al., 2014). 

For example, Caenorhabditis elegans can carry the weakly pathogenic bacteria, 

Enterococcus faecalis, and upon potential infection of the more virulent Staphylococcus 

aureus, E. faecalis crosses the parasitism-mutualism continuum to protect their host 
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(King et al., 2016, Rafaluk-Mohr et al., 2018). As a result of these possible transitions, it 

is difficult to classify bacteria as purely pathogenic or beneficial. 

 One of the key questions in the field of host-microbe interactions is the role a host 

and their environment play in structuring microbial diversity and composition. A greater 

understanding of this will provide insight into host-microbe interactions in their entirety 

(Adair and Douglas, 2017, Alberdi et al., 2016, Spor et al., 2011). 

1.4 What influences the microbiome? 

1.4.1 Host influence 

 Microbiome structure and composition is heavily influenced by host genotype 

(Figure 1.1, Smith et al., 2015, Steury et al., 2019, Sullam et al., 2012, Wang et al., 

2016a). Genetic control can stem from host immunity. For instance, differences within 

the major histocompatibility complex (MHC) gene region, which only exists in jawed 

vertebrates, are correlated with the composition of the human microbiome, resulting in 

the microbiome of genetically similar hosts being more alike than unrelated hosts (Bonder 

et al., 2016, Chen et al., 2018, Steury et al., 2019). Immunity-based selection by the host 

favours genotype-specific microbial communities that are stable with a high level of 

functional redundancy (Ley et al., 2006). Interestingly, the host genotype can have such 

a strong influence on their microbiome, that even after two decades in shared standardised 

laboratory conditions on the same diet, two Hydra species retained significantly different 

microbial communities, similar to their wild counterparts (Fraune and Bosch, 2007). 

Studies on the mammalian microbiomes suggest that host genotypes may be a primary 

cause of intraspecific gut microbiome variation (Zoetendal et al., 2001; Hildebrand et al., 

2013; Linnenbrink et al., 2012). The influence of host genetics, however, appears to be 

weaker in birds, as bird gut microbiomes are more heavily influenced by their host’s diet 

and geography (Hird et al., 2014, Waite and Taylor, 2014, Waite and Taylor, 2015). This 

example shows that the strength of genetic influence varies across taxa. Additionally, 
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sexual dimorphism in the gut microbiome has been shown in largemouth bronze gudgeon 

and mice (Figure 1.1, Elderman et al., 2018a, Li et al., 2016). Studies in zebrafish, 

however, found no difference in the microbiome linked to fish sex (Liu et al., 2016b, 

Stephens et al., 2016). This finding may be linked to the lack of heteromorphic sex 

chromosomes or single sex-determining locus in zebrafish, suggesting that instead, the 

genes contributing to the determination of sex are distributed throughout their genome 

(Liew et al., 2012, Traut and Winking, 2001). 

 The ecosystem on a leash theory highlights of four additional methods of host 

genetic control, the evidence for which is summarised in depth by Foster et al. (2017). 

Firstly, a host is able to control immigration of bacteria, this can be through learned 

behavioural mechanisms, such as avoiding unclean areas or rancid food sources (Welzl 

et al., 2001) or biological as stomach acid is capable of destroying ingested microbes 

(Imhann et al., 2016). Secondly, potentially beneficial species can be targeted, through 

the host providing nutrients to the desired species (Sonnenburg et al., 2005). Hosts can 

also monitor the bacteria residing within them, mammals are able to identify the location 

of microbes through their toll-like receptors or monitor the benefits given by certain 

bacteria (Kiers et al., 2003, Vaishnava et al., 2011). A clear example of benefit 

monitoring is that of legumes and bacteria, such as Bradyrhizobium japonicum that reside 

within their root nodules and are provided nutrients by the plant in exchange for fixing 

nitrogen. If the amount of nitrogen produced by a group of bacteria within a nodule 

decreases, then the plant will stop the nutrient supply (Kiers et al., 2003). Additionally, 

legumes exhibit another form of control, compartmentalising, where bacteria are contain 

in specific areas, in this case the plants root nodules (Kiers et al., 2003) 

 Other non-genetic host influences include pregnancy/gestation (Figure 1.1), 

which has been linked to changes in the diversity and composition of gut microbes in bats 

(Phillips et al., 2012), mice (Elderman et al., 2018b), and the oviparous eastern fence 
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lizard (Trevelline et al., 2019). The direction of this change varies across different taxa, 

with bats showing increased diversity during gestation, whilst the microbial diversity of 

mice and lizards decreased (Elderman et al., 2018b, Phillips et al., 2012, Trevelline et al., 

2019). Interestingly, the changes in microbial diversity observed during pregnancy and 

lactation in Phayre’s leaf monkeys (Trachypithecus phayrei) was negatively correlated 

with progesterone concentrations, suggesting reproductive hormones may moderate 

microbial variation (Mallott et al., 2020). Additionally, microbial diversity and 

composition vary with the developmental stage of a host species (Avershina et al., 2016, 

Kohl et al., 2013, Yan et al., 2016). Such a pattern was identified across three freshwater 

fish, Ctenopharyngodon idellus, Siniperca chuatsi, and Silurus meridional, where 

microbial community composition differed between all three developmental stages 

(larvae, juvenile and adult), despite similar rearing environments (Yan et al., 2016). 

Furthermore, bacterial diversity decreased as all three fish species developed although the 

underlying mechanism has still not been elucidated to date (Yan et al., 2016). Variation 

driven by non-genetic host effect must therefore be considered as a possible confounding 

factor when examining host-microbe interactions if the research question does not 

specifically aim to explore the impact of non-genetic effects. 

 Microbiome diversity and structure can change with host behaviour and social 

ranking (Figure 1.1). For example, in male cichlid fish (Astatotilapia burtoni) which have 

strong social ranking, subordinate individuals harboured lower microbial diversity and 

more pathogenic clades than dominant males, potentially reducing fitness of lower-

ranking males (Singh et al., 2019). Increased social contact in chimpanzees, calculated 

using the proportion of time individuals spent together, was positively correlated with 

species richness within the gut microbiome resulting in homogeneity in microbial 

communities among individuals (Moeller et al., 2016b). Consequently, laboratory studies 

which restrict normal social structure and behaviours through housing individuals 
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separately, or contrastingly, housing study organisms in close contact to each other, may 

be impacting the host microbiome unintentionally. 

 

Figure 1.1: A schematic diagram of the influential factors acting upon the host gut microbiome and 

examples of potential positive impact the gut microbiome may have on its host. Created in biorender.com. 

1.4.2 Host environment 

1.4.2.1 Abiotic influence 

 The environment, including the abiotic and biotic factors in which a host resides 

not only influences the host directly, but also impacts its microbiome (Figure 1.1, Spor et 

al., 2011). In particular, the addition of pollutants, plastics, heavy metals, and pesticides 

to an environment lead to variation in a host’s microbiome; exposure to these chemicals 

correlated with decreases in the abundance of certain bacteria whilst others increased (Jin 

et al., 2018, Kan et al., 2015, Meng et al., 2018). Similarly, antibiotics can cause dysbiosis 

in the gut microbiome of zebrafish with this change associated with a reduction in nutrient 

absorption (Zhou et al., 2018). Laboratory mice given acidic drinking water showed a 

decrease in microbial diversity in comparison to those given neutral pH water (Sofi et al., 

2014). Sullam et al. (2012) showed salinity can influence the microbiome of fish 

regardless of its phylogeny as freshwater fish harbour more similar microbiomes than 
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those in marine habitats. Additionally, seasonal changes can influence the host 

microbiome through temperature changes but also variation in food consumption and 

feeding strategy (Al-Harbi and Naim Uddin, 2004). For example, the abundance of 

bacteria in the intestine of tilapias was lower in winter compared to other seasons (Al-

Harbi and Naim Uddin, 2004). Increased temperatures have been linked with reduced 

microbial diversity in mice (Chevalier et al., 2015), chickens (Zhu et al., 2019), lizards 

(Bestion et al., 2017), and salamanders (Fontaine et al., 2018). Contrarily, temperature 

had no significant effect on the microbial diversity of tadpoles or cows, suggesting the 

influence of temperature may be species-specific (Kohl and Yahn, 2016, Tajima et al., 

2007). Consequently, care must be taken to maintain standard abiotic conditions when 

carrying out laboratory experiments. Within wild field-based experiments, if microbial 

data is to be collected in a time-series care must be taken to either sample at the same 

time period or carry out pilot studies to identify if there are temporal effects influencing 

the microbiome. 

1.4.2.2 Captive vs wild host microbiomes 

 Because of the importance of abiotic factors, it is not surprising that the rearing 

environment of a host alters its host-microbe interactions. As such captivity can influence 

the diversity and community structure of the microbiome, as observed in mammals 

(Clayton et al., 2016, Gibson et al., 2019, McKenzie et al., 2017), fish (Eichmiller et al., 

2016, Restivo et al., 2021), reptiles (Keenan et al., 2013), and birds (Oliveira et al., 2020, 

Wang et al., 2016b). Animals in captive environments experience changes in diet, 

antibiotic exposure, increased stress, human contact, and reduced habitat variation, all of 

which have the potential to alter the structure of a host’s microbiome (McKenzie et al., 

2017, Portz et al., 2006). Reduced microbial diversity has been observed across a range 

of captive canids, primates, and equids when compared to their wild counterparts 

(McKenzie et al., 2017). Not all species, however, show changes between wild and 
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captive hosts; the same study showed that the microbial diversity of bovids, giraffes, 

anteaters, and aardvarks remained similar to their wild counterparts, regardless of 

captivity status (McKenzie et al., 2017). Additionally, Ley et al. (2008a) did not find any 

association between animal captivity and the faecal microbiome of 59 mammal species. 

These mixed results highlight that care must be taken when sampling the microbiome of 

captive organisms from zoos or within laboratories and indeed emphasises that the study 

of wild microbiomes is crucial for drawing ecologically and evolutionarily relevant 

inferences (Hird, 2017). The importance of studying the wild microbiome has been 

recognised in recent years with an increase in studies focusing on both classic model 

organisms and more novel organisms. Maurice et al. (2015) found that seasonal changes 

was the dominant factor influencing the gut microbiome of wild wood mice (Apodemus 

sylvaticus) over a two-year period, suggesting a shift in diet may be a reason behind this, 

such information would have been overlooked in captive situations. Frog species show a 

similar seasonal changes in their skin, stomach and gut microbiome, however this is likely 

driven by behavioural changes in the habitat in which they reside, moving from ponds in 

the spring and summer into drier conditions for autumn ready to hibernate (Xu et al., 

2020). Additionally, a study focused on the gut microbiome of small wild mammal 

species across multiple habitats, found species-specific microbiomes even within a 

complexed shared habitat (Knowles et al., 2019). 

1.4.2.3 Diet 

 Host diet has been identified as one of the most influential factors associated with 

changes in the gut microbiome (Figure 1.1, Foster et al., 2017, Li et al., 2017, Muegge et 

al., 2011, Sullam et al., 2012), and has been identified as one of the main factors 

influencing the disparity between captive and wild microbiomes (McKenzie et al., 2017). 

Food sources act as a source of colonising bacteria (Costello et al., 2012) containing 

different nutrients to be assimilated by different bacterial species within the host, which 
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logically alter the composition of the gut microbiome (David et al., 2014). An example 

of the strong influence diet has on the host microbiome is observed in both mammals and 

fish, whereby herbivores often have higher microbial diversity than omnivores or 

carnivores (David et al., 2014, Larsen et al., 2014, Li et al., 2014, Muegge et al., 2011). 

Particularly, there is a general increase in abundance of cellulose-degrading bacteria 

(Clostridium, Citrobacter and Leptotrichia) in herbivorous fish, whilst Cetobacterium 

and the protease-producing Halomonas dominate carnivore microbiomes, likely assisting 

in nutrient uptake (Liu et al., 2016). Diet has heavily contributed to the evolution of the 

gut microbiome of myrmecophagous (ant and termite-eating) mammals, with the 

convergence of microbial communities across species and global distribution (Delsuc et 

al., 2014). Such convergence could suggest the use of symbiotic bacteria to aid in 

digestion of exoskeletons. These results show diet adaptation can be a major factor of gut 

microbiome composition over evolutionary timescales. Many host-microbe-diet studies 

have focused on the broad influence of dietary groups on the host microbiome (i.e. plant-

based diets vs animal-based diets, or high fat vs high fibre diets) and are often carried out 

in controlled conditions (David et al., 2014, Heinritz et al., 2016). This is not directly 

representative of the microbe-diet interactions within natural systems, whereby 

organisms consume a wide range of food sources, thus further testing is required. 

 Host genetics can play a role in the evolution of feeding strategy, revealing the 

influence of diet on the microbiome is genotype-by-environment dependent. For instance, 

sympatric benthic-limnetic three-spined stickleback show genetic and morphological 

differences, as well as different feeding strategies correlating with differences between 

their gut microbiomes (Rennison et al., 2019a, Schluter, 1995). Sex-specific diets can 

also lead to sex-specific microbiomes, another form of genotype-by-environment 

interaction involving host diet (Bolnick et al., 2014c). As diet has the potential to strongly 

influence a host’s gut microbiome, the need to quantify the feeding ecology of a wild 
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organism is paramount. This can be achieved in several ways, through feeding 

observations, gut content analysis or stable isotope analysis (Rudnick and Resh, 2005). 

Stable isotope analysis is an ideal way to quantify host diet and can also be linked to 

parasite infection status of an individual (Box 1).
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Box 1: Stable isotope analysis 

 

 Stable isotope analysis (SIA) allows for long-term assessment of an individual’s 

diet, and is predicated using the concept that a consumer’s cells are synthesised from 

materials assimilated from their diet (Lorrain et al., 2002, Post, 2002). Most elements in the 

periodic table have several naturally occurring stable isotopes. The two most commonly 

used for assessing feeding ecology of an organism are carbon (C) and nitrogen (N) 

(Crawford et al., 2008). 

 

 Mass spectrometry is used to measure stable isotope ratios by separating the 

different isotopes based on their mass-to-charge ratio. Due to isotopic variation between 

prey items, and the fractionation that occurs following key biological processes such as 

assimilation, the proportion of littoral carbon in a host’s diet as well as their trophic position 

can be estimated (Figure 1.2, Matthews et al., 2010, Post, 2002). The 13C/12C ratio (δ13C) 

describes the organic carbon source of a food web, with the δ13C value of an organism 

regularly found to be within 1 ‰ of the value of its food source (DeNiro and Epstein, 1978). 

The proportion of littoral carbon within an individual’s diet can be calculated by comparing 

a consumer’s δ13C with δ13C of the primary consumers within a system (Matthews et al., 

2010, Post, 2002). Nitrogen (15N/14N) isotope ratios (δ15N) are enriched by ~3.4 ‰ in 

consumers in comparison to their food source, allowing for individual trophic position to 

be calculated (Matthews et al., 2010, Post, 2002). 

 

 Results from stable isotope analysis can be correlated to the microbial diversity of 

a host and can then be tested for the link between feeding ecology and microbial diversity 

(Bolnick et al., 2014b, Bolnick et al., 2014c, Gongora et al., 2021). 
 

 
Figure 1.2: A schematic stable isotope biplot showing the distinction between pelagic and littoral food-webs 

in aquatic systems by carbon (δ13C) and nitrogen (δ13C) isotope ratios. Created in biorender.com. 
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1.4.2.4 Parasites 

 Parasites are one particular element of the environment that correlates with 

feeding ecology and impacts host-microbe interactions. Similar to microbes, parasites are 

ubiquitous, and their abundance and community structure depend on ecological 

conditions (Poulin, 2011). Some parasites are trophically transmitted, while others will 

directly infect their host (Barber, 2013, Stewart et al., 2017). Given the costs of parasitism 

for their host, they form a significant selection pressure that must be considered as an 

integral part of the environment which hosts are exposed to (Barber, 2013, Eizaguirre et 

al., 2012b, Milinski and Bakker, 1990). Importantly for one of the themes of this thesis, 

host-parasite interactions have frequently been linked to local adaptation of host 

populations (Eizaguirre et al., 2012a, Kalbe and Kurtz, 2006, Kaufmann et al., 2017, Lenz 

et al., 2013, Summers et al., 2003). However, it is only relatively recently that the 

importance of the relationship between a host, their parasites and their microbiome has 

been brought to light (Figure 1.1, Dheilly, 2014). Findings on the influence of parasite 

infection on host microbial diversity differ greatly, with studies showing both increased 

(Lee et al., 2014, Rosa et al., 2018) and decreased microbial diversity (Houlden et al., 

2015, McKenney et al., 2015) - suggesting these relationships could be specific to the 

organisms involved in the interaction. 

 In general, it seems that parasites can directly modify the host microbiome by 

disrupting its diversity and community to create more beneficial conditions for its 

establishment (Dheilly et al., 2015). An interesting example is that of the microsporidian 

parasite, Paranosema locustae, which infects locusts and can modify the host’s hindgut 

microbiome and host behaviour (Shi et al., 2014). Specifically, P. locustae acidifies the 

hindgut and modulates the host’s immune response, reducing the abundance and growth 

of microbes and allowing higher infection rates. In turn, the acidification of the hindgut 
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prevents locusts from swarming, as their microbiome is involved in producing 

pheromones that trigger swarming behaviour (Shi et al., 2014). 

 Parasites can also use their own microbiota as a biological weapon (Dheilly et al., 

2015). Entomopathogenic nematodes have a mutualistic relationship with enterobacteria 

Photorhabdus and Xenorhabdus (Adams et al., 2006, Boemare and Akhurst, 2006). Upon 

entering the host, Photorhabdus and Xenorhabdus are released from the nematodes’ 

intestine, creating toxins that kill the host and help with tissue degradation (Boemare and 

Akhurst, 2006). This shows mutualistic coevolution between nematodes and microbes, 

where the nematode provides a home in which the bacteria reside, and in turn the bacteria 

provide a service. The numerous ways a host’s microbiome can both, directly and 

indirectly, assist in a pathogen’s ability to infect their shared host have recently been 

reviewed by Stevens et al. (2021). 

 Microbes can also aid in parasite defence, resulting in coevolution between the 

host and the microbe, as well as between the microbe and the parasite (reviewed in Ford 

and King, 2016). Defensive microbes can protect their host from parasites directly 

through (i) hyperparasitism, where microbes parasitise the parasites, reducing the 

parasites survival (Davies, 2009, Tollenaere et al., 2014), (ii) outcompeting parasites for 

a specific niche, through colonisation resistance (Gerardo and Parker, 2014, Parker et al., 

2011), and (iii) by producing antibiotics or bacteriocins which can reduce parasite growth 

rate or kill them (Gerardo and Parker, 2014, Mideo, 2009). For instance, the uropygial 

gland secretions of hoopoes, Upupa epops, contain Enterococcus faecalis, which 

produces bacteriocins, such as enterocin MR10, that protect the bird’s feathers from a 

wide range of microbial parasites, such the keratinolytic bacterium Bacillus licheniformis 

which can degrade the keratin in feathers (Ruiz-Rodriguez et al., 2013, Ruiz-Rodriguez 

et al., 2009). Microbes can evolve rapidly to both their host and their parasites because 

of the microbes’ short-generation times, high levels of phenotypic plasticity and large 
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population sizes, which could aid in host adaptation (King et al., 2016). Therefore, 

understanding the host-parasite-microbe interactions of wild organisms is important, as 

the complexity of natural systems is difficult to emulate in vitro, and so the influence of 

a diverse array of co-infecting parasites could be missed in studies where a singular 

parasite is used. 

 Noteworthy, the relationship between host diet and parasite infections can be 

explored using stable isotope data (Lockley et al., 2020). Exploring the relationship 

between host-microbe interactions, host diet and parasite infections is a key question in 

the field of host-microbe interactions. 

1.4.3 A combined influence 

 The relative contribution of each of the determining factors has on the host 

microbiome remains to be fully elucidated. For example, recent studies of the human gut 

microbiome suggest host environment is the stronger influencing factor, whilst other 

studies identify host genetics as more important, showing inconsistency in the 

conclusions drawn (Garud and Pollard, 2020, Rothschild et al., 2018). Additionally, 

genotype-by-environment interactions have been shown to influence the host 

microbiome, making it even harder to disentangle which factor is most important in 

determining the microbiome structure (Gallart et al., 2018, Glasl et al., 2019). A recent 

genome-wide association study estimated that approximately 10-20% of the variation in 

the human gut microbiome is driven by environmental factors, whilst host genetics only 

accounts for 10% (Wang et al., 2016a). 

 The combination of abiotic and biotic selection pressures can result in the local 

adaptation of host populations, but what would we expect to observe if local adaptation 

is acting upon the microbiome? It is anticipated that if the evolution of a host and their 

microbiome is linked, then consistent differences within in the host microbiome would 

be observed. So within a locally-adapted population we would expect to see population-

specific microbiomes, with individuals from the same population having more similar 
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microbiomes than to different populations (Delsuc et al., 2014, Kohl et al., 2018, Sevellec 

et al., 2014). 

1.4.4 Microbe-microbe interactions 

 Microbe-microbe interactions are outside of the scope of this thesis; however, 

they are known to impact host microbiome diversity and composition in some 

circumstances, and therefore they require a brief explanation. Microbe-microbe 

interactions occur when microbes interact with other microorganisms within their 

immediate environment (Figure 1.1, Barton and Northup, 2011). The nature of the 

interaction, positive or negative, will depend on the types of microorganism present, as 

well as their abundance (Barton and Northup, 2011). Cross feeding is a positive 

interaction where metabolites created by one bacteria can be utilised by another, as 

demonstrated by Bacteroides thetaiotaomicron and Faecalibacterium prausnitzii in rats, 

where B. thetaiotaomicron produces acetate and F. prausnitzii consumes it (Wrzosek et 

al., 2013). Some microbes are predatory, for example, Myxococcus xanthus consumes 

other microbial cells within its immediate environment (Berleman and Kirby, 2009, 

Keane and Berleman, 2016). Amensalism is another negative interaction, where bacteria 

produce metabolites to suppress others, for instance, Clostridium scindens suppresses 

Clostridium difficile’s growth using bile-derived metabolites within the gut of humans 

and mice (Buffie et al., 2015). Microbes can perform colonisation resistance and defend 

a host from potential pathogens. Whilst the underlying mechanisms remain unknown, it 

is thought they utilise a combination of nutrient competition and secreting antimicrobials 

(Ducarmon et al., 2019). 

1.5 Sampling the microbiome 

1.5.1 Culture-dependent vs culture-independent methods 

 There are several technical approaches for determining the microbial community 

of an organism. These fall into two broad categories, known as culture-dependent and 
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culture-independent methods (Aagaard and Segars, 2014, Isaacson and Kim, 2012). 

Culture-dependent studies extract and cultivate bacteria on a range of different growth 

media. One of the major drawbacks of this approach is a tendency to detect only a 

selection of microbes (Austin, 2006; Wu et al., 2010; Larsen et al., 2013): only 0.1 - 10 

% of microbes seem viable for culture, due to a lack of understanding or ability to 

replicate specific growth conditions in vitro (Amann et al., 1995, Stewart, 2012). 

 As such, culture-independent methods have grown in popularity, as they appear 

less limiting in their capacity to detect diversity. Methods include fluorescence in situ 

hybridization (FISH), denaturing gradient gel electrophoresis (DGGE), temporal 

temperature gradient electrophoresis (TTGE), metagenomics and targeted amplicon 

sequencing (Giraffa and Neviani, 2001, Zhou et al., 2014). In recent years, advances in 

next generation sequencing (NGS) have allowed for fast, accurate and reasonably low 

cost sequencing of entire microbial communities using targeted amplicon regions, making 

it one of the most widely used methods today (Barko et al., 2018, Bik, 2016, Foster and 

Bell, 2012, Ghanbari et al., 2015). 

1.5.2 16S rRNA 

 The small subunit ribosomal RNA (16S rRNA) gene is often the target of NGS 

when identifying microbial abundances and communities (Figure 1.3). This gene is 

ubiquitous across all bacteria (Woese et al., 1990), is approximately 1600 base pairs long 

and consists of nine hypervariable regions and ten conserved regions (Kim et al., 2011). 

This genomic architecture allows for the identification of bacteria at species level by 

comparing sequences to large reference databases of bacterial taxonomy, but still allows 

the use of a universal primer to guarantee broad amplification and comparable results 

(Stackebrandt and Goebel, 1994; Coenye and Vandamme, 2003). The V1 to V4 regions 

provide the most accurate estimates of bacteria abundance and diversity in a sample and 

therefore these regions are recommended for studying host-microbe interactions (Kim et 

al., 2011). The constant rate of near neutral evolution in the 16S rRNA gene further 
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permits inferences of phylogenetic relationships between bacteria taxa and is a powerful 

tool that can provide a comprehensive view of all microbial residents that live within 

hosts (Woese et al., 1990). Consortiums like the Earth Microbiome Project, the Human 

Microbiome Project and the Parasite Microbiome Project are working to increase the 

amount of host microbiome data, as well as to the improve the field through the 

standardisation of procedures and analysis such as a recommended extraction and 

amplification protocols, however in such a rapidly progressing field this remains a 

challenge (Dheilly et al., 2019, Gevers et al., 2012, Gilbert et al., 2014, Gilbert et al., 

2018, Schloss et al., 2011, Turnbaugh et al., 2007). 

 

 

Figure 1.3: A schematic representing the 16S rRNA gene, conserved regions (light orange) and variable 

regions V1-V9 (dark orange) are displayed. Redrawn in part from Fukuda et al. (2016). Created in 

biorender.com. 

1.6 Analysis of microbial data 

1.6.1 Bioinformatic tools 

 As the amount of data generated through next generation sequencing increased, 

bioinformatic tools that are capable of turning raw sequencing data into biologically 

meaningful information are needed. This field is ever-growing but currently, the three 

most commonly used tools are Quantitative Insights Into Microbial Ecology (QIIME1) 

(Caporaso et al., 2010), QIIME2 (Bolyen et al., 2019) and Mothur (Schloss et al., 2009). 

These tools can demultiplex, quality filter, classify operational taxonomic units (OTUs) 

or amplicon sequence variants (ASVs), assign taxonomic and reconstruct phylogenies. 

QIIME allows for the visualisation and statistical analysis both within and outside of the 
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quality control pipeline, whereas Mothur creates files that can be used in programmes 

such as R (Bolyen et al., 2019). QIIME1 and Mothur arbitrarily cluster sequencing reads 

into clusters of 97% similarity called operational taxonomic units (OTUs). The use of 

OTUs in microbial research is becoming less common as clustering sequences can mask 

true biological variation (Edgar, 2017). 

 OTUs are instead beginning to be replaced by ASVs. ASVs are exact sequences 

that capture true biological variation present in the data. Unlike OTUs, ASVs are 

comparable across studies as they are not sample dependent and have a range of additional 

benefits (Table 1.1, Callahan et al., 2017). One caveat of ASVs, however, is that a 

bacterial genome can contain multiple ASVs if there are multiple copies of the targeted 

genetic locus, so it is possible to have more than one ASV for a bacterial species (Callahan 

et al., 2017). QIIME2, the successor of QIIME1, allows for ASVs to be identified and de-

noised using integrated tools such as Divisive Amplicon Denoising Algorithm (DADA2) 

(Callahan et al., 2016), or Deblur (Amir et al., 2017). 

 

Table 1.1: Differences between operational taxonomic units (OTU) and amplicon sequence variants (ASV). 

Information summarised from Callahan et al. (2017). 

Operational Taxonomic Unit (OTU) Amplicon Sequence Variant (ASV) 

Sequences clustered into similar groups, usually 

97% similarity threshold 

Exact sequences 

Requires a reference database to cluster OTUs Does not require a reference database to assign 

ASVs 

Difficulty assigning OTUs from understudied 

environments, due to limited representation in 

reference databases 

ASVs assigned accurately even in understudied 

environments 

OTUs do not capture all biological variation present 

in the data due to reference bias 

ASVs capture all biological variation present in the 

data 

Not fully comparable across studies depending on 

type of OTU clustering i.e. closed-reference/de 

novo OTUs 

Comparable across studies 

Multiple species can be included within an OTU if 

sequences are similar, underestimating bacterial 

diversity 

The same species can be assigned multiple ASVs if 

there are multiple copies of the targeted genetic 

locus, overestimating bacterial diversity 

Chimera detection is complex Chimera detection is simple 
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1.6.2 To rarefy or not to rarefy? 

 An intensely debated topic in microbiome research is whether or not to rarefy 

sequences. Sample library sizes, the number of reads per sample, can vary by orders of 

magnitude within a single sequencing run (McKnight et al., 2019). To address variable 

library sizes, rarefaction can be used. This is when samples are adjusted for differences 

in library sizes to avoid biases (in terms of abundance and diversity) due to variation in 

library size across samples. During the process of rarefaction, a minimum library size is 

chosen, and samples that fall below this threshold are removed, while the remaining 

samples are subsampled to standardise the number of reads across all samples (Willis, 

2019). McMurdie and Holmes (2014) suggested that rarefying removes available valid 

data from the analysis and is therefore inadmissible. They suggested instead using 

negative-binomial (NB) based methods, such as edgeR (Robinson et al., 2010) or DESeq 

(Anders and Huber, 2010). However, these methods do not result in a uniform number of 

reads, which can result in errors in both alpha and beta data analysis (McKnight et al., 

2019) and may not be sufficiently robust (Mandal et al., 2015). There is currently no 

definite consensus within the field, so our research utilises both rarefied and non-rarefied 

datasets. 

1.7 Study Organisms 

 Research on the structure and function of host microbiomes is heavily biased 

towards mammals, which make up less than 10% of vertebrates, leaving the other 90% 

relatively unexplored (Sullam et al., 2012). In addition, most research has been conducted 

under laboratory conditions. As i) it is impossible to replicate the complexity of natural 

systems (Hird, 2017) and ii) captivity can alter microbial structure and diversity within a 

host, in vitro/ex-situ studies have limited potential for extrapolation, and instead more 

attention must be directed towards understanding microbiomes in wild populations 

(McKenzie et al., 2017). To tackle this knowledge gap, we utilised two model organisms 

to explore the wild host microbiome, the three-spined stickleback, and the loggerhead sea 
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turtle. In order to explore the coevolution and possible local adaptation of host-microbe 

interactions, it is important to focus on locally-adapted study species. Both the three-

spined stickleback and the loggerhead sea turtle are locally-adapted to a habitat type or 

nesting island (Baltazar-Soares et al., 2020, Cameron et al., 2019, DeFaveri and Merila, 

2014, Hendry et al., 2002, Lockley et al., 2020, Stiebens et al., 2013b). As with every 

study organism they have advantages and disadvantages for studying host-microbiome 

interactions, these are summarised in Table 1.2. 

Table 1.2: Table summarising the advantages and disadvantages of using three-spined stickleback and 

loggerhead sea turtles as study organisms for host-microbiome interactions. 

Three-spined Stickleback Loggerhead Turtle 

Advantages Disadvantages Advantages Disadvantages 

Classic model 

organism so there is a 

vast amount of 

literature on their 

evolution, physiology, 

and behaviour 

Uncertainty on how 

representative they are 

when trying to 

generalise patterns in 

the vertebrate 

microbiome 

Listed as 'vulnerable' 

so turtles are an 

important organism in 

conservation, studying 

their microbiome may 

assist in conservation 

efforts 

Predominantly females 

sampled due to 

accessibility, 

potentially leading to 

sex bias 

Species widely 

distributed allowing for 

spatial studies 

Fish must be sacrificed 

to sample gut 

microbiome 

Non-destructive 

sampling 

Contamination risk 

when collecting 

samples in the field 

Phenotypically distinct 

ecotypes have different 

feeding strategies, 

allowing for the 

influence of diet to be 

measured 

 
Exhibit philopatric 

behaviour so females 

return to natal beach to 

lay eggs allowing for 

sampling on land 

 

Parasitised by a range 

of parasites, allowing 

for host-parasite-

microbiota interactions 

to be measured 

 
Philopatric behaviour 

reduces gene flow 

among nesting 

aggregations 

 

Can be reared in 

laboratories for 

controlled laboratory 

studies 

 
Nesting groups show 

local adaption so 

microbial differences 

between groups can be 

measured 

 

  
Most studies of turtle 

microbiome focus on 

turtles within captivity 

so there is plenty to 

learn about the wild 

microbiome 
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1.7.1 The three-spined stickleback 

 

Figure 1.4: An image of a subadult three-spined stickleback, Gasterosteus aculeatus. Image taken by 

Pascal Hablutzel. 

 The three-spined stickleback, Gasterosteus aculeatus (Figure 1.4) is a prominent 

model organism that has been used to explore the ecology, development and evolution of 

vertebrates (Gibson, 2005, Peichel et al., 2001, Reid et al., 2021). They have a small body 

size, wide geographic distribution, and can be relatively easily reared in the lab which 

makes them ideal for both natural and laboratory-based studies (Bell and Foster, 1994). 

This vast knowledge makes the three-spined stickleback an ideal system to study host-

microbe interactions in the wild. 

 The three-spined stickleback has undergone multiple colonisations of freshwater 

habitats from marine environments since the last glaciation, resulting in parallel systems 

across the northern hemisphere of marine and freshwater ecotypes. In the freshwater 

habitat, further, more recent differentiation occurred and resulted in the parallel evolution 

of lake and river ecotypes (Bell and Foster, 1994, Eizaguirre et al., 2011, Feulner et al., 

2015, Marques et al., 2016). Adaptive standing genetic variation in sticklebacks is 

observed globally, however fish from the northern Pacific have five times more divergent 

standing genetic variant loci than fish from the Atlantic basin, with a large number of 

alleles being lost as sticklebacks expanded out of the Pacific (Fang et al., 2020). 

Phenotypically distinct ecotype pairs have evolved between specific habitats, including 
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oceanic–freshwater, lake–river, and benthic–limnetic pairs (Bell and Foster, 1994, 

Eizaguirre et al., 2011, Feulner et al., 2015, Marques et al., 2016, McKinnon and Rundle, 

2002). Ecotypes differ in genetics, morphology, physiology, and behaviour (Bolnick et 

al., 2018, Cano et al., 2006, Eizaguirre et al., 2011, Hanson et al., 2017, Ravinet et al., 

2013, Rennison et al., 2019b). In my thesis we specifically utilise lake-river ecotype pairs 

to explore our research questions, and so I will focus on these from now on. 

 Lake-river ecotype pairs have now been described across the entire range of the 

species’ distribution (Berner et al., 2010, Reusch et al., 2001). In general, these ecotypes 

have different feeding strategies: lake fish feed on both benthic and limnetic food sources, 

whilst river sticklebacks are restricted to benthic diets (Berner et al., 2008, 2009; 

Snowberg and Bolnick, 2012). As diet has a strong influence on the gut microbiome 

(Bloodgood et al., 2020, Muegge et al., 2011, Turnbaugh et al., 2009), this naturally 

occurring variation makes sticklebacks a good system for exploring host-microbe-diet 

interactions. In particular, increasing diversity in the stickleback diet has been associated 

with decreased microbial diversity within the gut (Bolnick et al., 2014b). Noteworthy, 

the potential influence of the host immune system on the stickleback microbiome has 

been associated with diet-specific changes which have resulted in different individual 

immune responses to bacteria (Friberg et al., 2019). 

 Like for all species, stickleback diet variation is associated with variation in both 

parasite exposure to trophically transmitted parasites, and feeding near parasitised 

individuals, which ultimately, we speculate may correlate with differences in microbial 

composition (Brunner et al., 2017, Locke et al., 2014, Sanchez-Gonzales et al., 2001, 

Stutz et al., 2014). However, parasite infections can also result in changes in prey 

consumption, feeding strategy and behaviour (Brunner et al., 2017, Lefevre et al., 2009). 

Therefore, host diet is affected by, but also affects, parasite load, which suggests that the 
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complex relationship between a host, their microbiome, diet and parasites must be 

examined holistically. 

 Ecotypes pairs experience variation in parasite infections, with generally lake fish 

being exposed to a greater diversity of parasites than river fish (Bolnick et al., 2020, 

Eizaguirre et al., 2011, Kalbe et al., 2002, Reusch et al., 2001). These host-parasite 

interactions have resulted in ecotype-specific parasite resistance that has been associated 

with immune gene diversity (Eizaguirre et al., 2012b) and expression (Lenz et al., 2013). 

For instance, higher levels of parasite exposure have resulted in the evolution of increased 

resistance of lake stickleback against a diverse range of parasites and higher loads than 

river populations (Eizaguirre et al., 2012a, Eizaguirre et al., 2012b, Lenz et al., 2013, 

Wegner et al., 2003). Host-parasite interactions in sticklebacks can lead to a wide range 

of changes in fish behaviour, colouration, and reproduction (Barber, 2013, Milinski and 

Bakker, 1990), yet host-parasite-microbe interactions in the three-spined stickleback are 

only just beginning to be explored. Ling et al. (2020) found that different host genotypes 

differed in their degree of gut microbiome response to infection by a common internal 

parasite, Schistocephalus solidus, suggesting genotype-by-environmental interactions. 

Despite this emerging evidence of host-parasite-microbe interactions, studies have to date 

over-simplified the number of interactions to a single parasite species or single parasite 

exposure. This is not representative of natural systems where multiple parasite infections 

will occur simultaneously within an individual. 

 Other studies on the determinants of the wild stickleback gut microbiome identify 

fish genetics, sex, immune response and polymorphism in the MHC gene as correlated 

with microbial diversity and community structure (Bolnick et al., 2014a, Bolnick et al., 

2014c, Milligan-Myhre et al., 2016, Small et al., 2017, Steury et al., 2019). Additionally, 

microbial communities have repeatedly shifted in similar directions, with the parallel 

evolution of sympatric benthic-limnetic pairs from three lakes in Canada, showing that 
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benthic ecotypes have similar microbial communities across all three lakes, as do limnetic 

ecotypes (Rennison et al., 2019a). These findings suggest that the gut microbiome could 

confer a fitness advantage within an ecotype’s habitat and may play a key role in 

adaptation. A crucial tool for elucidating the complicated nature of local adaptation is the 

reciprocal common garden experiment, where individuals from different populations are 

placed into a common environment and fitness traits are measured (Kawecki and Ebert, 

2004). The strength of these studies comes from the ability to measure genotype-by-

environment effects, in the form of both the ‘local vs. foreign’ hypothesis as well as 

‘home vs. away’ (de Villemereuil et al., 2016, Hoban et al., 2016, Kawecki and Ebert, 

2004, Savolainen et al., 2013). These hypothesis state that the resident genotype will have 

increased fitness in comparison to the non-resident (Kawecki and Ebert, 2004). Local 

adaptation of the three-spined stickleback has been shown through several common 

garden experiments (DeFaveri and Merila, 2014, Eizaguirre et al., 2012a, Hendry et al., 

2011, Svanback and Schluter, 2012), however, none have yet explored how the gut 

microbiome may differ within locally-adapted populations. We hypothesis two possible 

outcomes concerning the coevolution of the three-spined stickleback and their 

microbiome, as the ecotypes evolve in parallel, each ecotype could show convergence of 

the microbiome suggesting parallel evolution, or if fish show population-specific 

microbiomes this would suggest local adaptation. 

 Due to difficulties in generalising findings across systems, we expanded our 

research questions to a second model organism. Indeed, if host-microbiome interactions 

are involved in facilitating the evolution of local adaptation in the host, patterns of 

population-specific microbiomes should be replicable across systems. Here, we took 

advantage of access to the third largest aggregation of loggerhead sea turtles globally to 

test for pattern of host and microbe local adaptation. 
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1.7.2 The loggerhead sea turtle 

 

Figure 1.5: An image of a female loggerhead sea turtle, Caretta. Image taken by Adrienne Kerley. 

 Loggerhead sea turtles, Caretta (Figure 1.5), are good, but non-classic, model 

organisms with which to explore host-microbe interactions and their association to local 

adaptation. They are classified as “Vulnerable” by IUCN (Casale and Tucker, 2017) 

which is driven by anthropogenic influences such as poaching (Senko et al., 2014, 

Tomillo et al., 2008), human development (Taylor and Cozens, 2010), fisheries by-catch 

(Senko et al., 2014), and pollution (Schuyler et al., 2016). We focused on loggerhead sea 

turtles nesting at the Cabo Verde archipelago, which is the third largest nesting 

aggregation of this species in the world (Marco et al., 2012). Like all sea turtles, the 

loggerhead shows high level of philopatry, whereby individuals return to their place of 

birth to breed and lay their eggs (Figure 1.6, Bowen et al., 2004). Philopatric behaviours 

reduce gene flow among global nesting aggregations (Baltazar-Soares et al., 2020, 

Shamblin et al., 2014), and among nesting groups within nesting aggregations (Baltazar-

Soares et al., 2020, Stiebens et al., 2013b). It is speculated that turtles reach sexual 

maturity around 45 years of age, after which they will return to their nesting grounds to 

reproduce (Laloë et al., 2014). When not in their nesting habitat, turtles from Cabo Verde 
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migrate to and use a large feeding ground off the western-coast of Africa with a 

dichotomous feeding strategy whereby some turtles forage oceanically, and others in 

coastal waters (Hawkes et al., 2006, Pikesley et al., 2015). Interestingly, to date no 

segregation of the feeding strategy has been reported based on the natal island, suggesting 

turtles use the same feeding niches independently of their nesting area. The loggerhead 

sea turtle is an opportunistic omnivore, feeding on a range of benthic and pelagic prey 

such as molluscs, siphonophores, jellyfish and nudibranchs (Frick et al., 2009, Tomas et 

al., 2001). 

 

 

Figure 1.6: A schematic of the lifecycle of a sea turtle. Created in biorender.com 

 In Cabo Verde, each island supports a nesting group described by unique genetic 

diversity at neutral mitochondrial and nuclear markers, suggesting population structure 

in the aggregation (Baltazar-Soares et al., 2020, Stiebens et al., 2013b). It is known there 

are turtles exploiting two feeding strategies, oceanic and neritic, across all islands, with 

an additional third neritic feeding strategy found in turtles from Boa Vista (Cameron et 

al., 2019). Linked to the feeding ecology of loggerhead sea turtles is the infection of the 

leech parasite, Ozobranchus margoi, whereby turtles that have an oceanic feeding 
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strategy show increased infection prevalence than their neritic counterpart (Lockley et 

al., 2020). Interestingly, turtles show nesting-group specific (= island-specific) variation 

in MHC class I genes supporting the idea that high philopatric accuracy has resulted in 

the evolution of local adaptation (Stiebens et al., 2013a). Because feeding ecology, 

parasite infection and variation in immune genes have all been linked with changes in the 

gut microbiome in other organisms, we speculate that locally adapted turtles will harbour 

island-specific microbial variation across nesting group of the Cabo Verde archipelago 

(Dheilly, 2014, Muegge et al., 2011, Steury et al., 2019, Sullam et al., 2012). 

 Most studies on the microbiome of sea turtles have focused on individuals held in 

rehabilitation centres, which prevent testing for local adaptation in natural environments 

(Abdelrhman et al., 2016, Biagi et al., 2019, Bloodgood et al., 2020). The impact of 

rehabilitation has been tested on a small number of green turtles, Chelonia mydas (N = 

12), which showed wild individuals had higher cloacal microbial diversity than those 

within the rehabilitation centre, and microbial communities differed between the two 

groups, potentially suggesting dysbiosis cause by illness or as a result of captivity 

(Ahasan et al., 2017). Care must be taken however in interpreting results from individuals 

that are sick or in recovery, as their microbiomes could potentially differ from their 

healthy counterparts. The first study characterising the loggerhead gut microbiome of 

turtles, held at a rehabilitation centre, was carried out in 2016, demonstrating how the 

field is still in its infancy (Abdelrhman et al., 2016). This study highlighted the dominance 

of Firmicutes, Proteobacteria, Bacteroidetes in both the faecal and intestinal samples of 

eight individuals, with no difference in microbial community composition between 

sample types (Abdelrhman et al., 2016). A study on Mediterranean loggerhead sea turtles 

showed different sizes harboured different microbial communities (Biagi et al., 2019). 

Two studies have identified the presence of antibiotic resistant bacteria, such as 

Citrobacter freundii, Proteus vulgaris, Providencia rettgeri and Pseudomonas 
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aeruginosa, within the mouth and cloaca of loggerhead turtles using culture-dependent 

techniques which likely originated from polluted effluents (Foti et al., 2009, Pace et al., 

2019). 

 A specific study on the gut microbiome of wild loggerhead sea turtles from the 

USA and Australia showed higher microbial diversity in Australian loggerhead sea 

turtles, and variation between their microbial communities (Scheelings et al., 2020). 

However, the small sample size (NUSA= 6, NAus= 18) may not capture a population’s 

complete microbiome diversity and community structure as hosts exhibit a large amount 

of inter-individual microbial variation (Bolnick et al., 2014a, Star et al., 2013). 

Furthermore, given the lack of gene flow and non-overlapping ecology, the comparison 

lacks relevance. Large scale studies covering a large geographical range and containing 

a larger number of individuals than previous research are required to sensibly explore 

what factors might be influencing the loggerhead microbiome and if it is associated with 

host evolution. 

1.8 Thesis outline 

This thesis combines chapters on host-microbe and host-parasite interactions placed 

into an evolutionary context. Microbiology and parasitology were used to understand the 

selection pressures acting on wild vertebrate populations to evolve local adaptation. I also 

focused on a host diet as a functional ecological link between parasites and microbes. 

 

Chapter 1 provides a general introduction to the topics covered throughout this thesis and 

highlights the underlying rational for focusing on two vertebrate species with different 

life histories. 

 

In Chapter 2, I questioned whether locally adapted three-spined stickleback 

(Gasterosteus aculeatus) also showed locally adapted gut microbiomes. Specifically, 
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with my collaborators, we hypothesised that if stickleback and their microbiome were 

locally adapted, we would observe population-specific microbiomes. I first compared the 

gut microbiomes of 11 stickleback populations across Europe and North America to 

identify whether each population harboured distinct microbiomes. I then explored 

whether the observed differences were correlated to variation in host genetics, host local 

environment or a combination of the two. 

 

In Chapter 3, I explored the relationship between parasite infection and feeding ecology, 

both of which are known to influence host-microbe interactions. We performed a field-

based reciprocal common garden experiment using three-spined stickleback. Fish were 

placed into mesocosms in a natural environment, either in a lake or in a river, leaving 

them to feed and being infected by parasites naturally. After 10 months, fish were 

screened for macroparasites and muscle samples collected for stable isotope analysis to 

be used as a long-term proxy of feeding ecology. 

 

In Chapter 4, I tested for genotype-by-environment interactions influencing the three-

spined stickleback microbiomes. We conducted a field-based reciprocal common garden 

experiment which allowed us to test for both genetic and environmental influences acting 

upon the stickleback microbiome. I assessed the microbial diversity and composition of 

the stickleback gut, their parasite loads as well as their feeding ecology through stable 

isotope analysis. This allowed for complex host-parasite-microbe and host-microbe diet 

interactions to be elucidated, which would not have been possible under laboratory 

conditions. 

 

In Chapter 5, I tested whether the patterns I observed in Chapters 2 and 4 could be 

generalised to other systems, by applying these questions to the loggerhead sea turtle, 
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(Caretta caretta), a highly philopatric species with strong patterns of local adaptation. I 

focused on turtles from four different nesting islands in the Cabo Verde archipelago. I 

collected cloacal swab samples to test whether locally adapted nesting groups of turtles 

also showed population-specific microbiomes. Additionally, we tested for host-parasite-

microbe interactions, focusing on the cloacal leech parasite, Ozobranchus margoi. 

 

Lastly, in the General conclusions chapter, I summarised the overall advances my 

research contributed to, also providing reflection on how to move forward on the new 

research avenues emerging from this work. 
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2.1 Abstract 

Symbiotic microbes affect their hosts’ physiology, life history traits and even their 

evolutionary trajectory. Since the last glaciation, the three-spined stickleback 

(Gasterosteus aculeatus) has repeatedly colonised freshwater systems from marine 

environments, resulting in the evolution of genetically differentiated populations of fish 

– referred to as ecotypes - in lake and river habitats. This natural experiment allows for 

the investigation of whether fish belonging to each ecotype have either converged on 

similar communities of gut microbes (parallel evolution) or are population-specific (local 

adaptation). To address this question, we compared the gut microbiomes of G. aculeatus 

fish from 11 populations in Europe and North America. We defined operational 

taxonomic units (OTUs) based on amplicon sequencing of the V3 hypervariable region 

of the bacterial 16S ribosomal RNA gene. Across all populations, we identified 217 

distinct OTUs from 13 bacterial phyla. A total of 93 OTUs were shared across all 

ecotypes, whilst 22, 12 and 10 OTUs were unique to river, lake, and marine populations 

respectively. We identify 18 core OTUs (present in 50% individuals) across all ecotypes. 

However, bacterial diversity and community structure, at both the OTU and phylum level, 

showed that fish microbiomes are best described by the population of origin, rather than 

ecotype, with few bacterial OTUs shared among populations. This result suggests 

population-specific microbiomes potentially the result of local adaptation or neutral 

processes, with a strong environmental determinant of host microbiomes but also some 

genetic contribution. Together, our results demonstrate that microbial communities are 

population-specific and that host-microbe interactions are context-dependent in natural 

populations of stickleback. 
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2.2 Introduction 

 Microbiomes play a crucial role in both the ecology and evolution of their hosts 

(McFall-Ngai et al., 2013). Symbiotic bacteria can provide hosts with benefits such as 

improved nutrient uptake, regulation of host immune function and pathogen defence 

(Kelly and Salinas, 2017, Lawley and Walker, 2013, Lee and Hase, 2014). Given their 

functional importance, microbiomes have also been implicated in the rapid ecological 

adaptation of their hosts (Alberdi et al., 2016). Advances in our understanding of 

vertebrate microbiomes show that both environmental and genetic factors determine the 

diversity and structure of a host's gut microbiome (Grube et al., 2012, Ley et al., 2008a). 

However, our understanding of the relative importance of host genetics versus 

environmental factors in shaping the composition of vertebrate microbiomes is limited. 

 Direct environmental factors such as temperature and humidity, as well as salinity, 

residence time or pH in the aquatic realm determine the diversity of bacteria a host is 

exposed to, and in turn, colonised by (Apprill, 2017, Krause et al., 2012, Lindström and 

Bergström, 2004, Lozupone and Knight, 2007). Ecological assemblages also affect the 

composition of prey and parasites a host is exposed to, both of which indirectly impact 

gut microbiota (David et al., 2014, Ling et al., 2020, Rausch et al., 2013). Different food 

sources not only carry their own specific microbiomes, but also differ in the nutrients they 

contain, which will be assimilated by different bacterial species within the host (Desai et 

al., 2012, Faith et al., 2011, Hildebrandt et al., 2009, Parks et al., 2013, Turnbaugh et al., 

2009, Wu et al., 2011). For instance, diet strongly contributes to the evolution of the gut 

microbiome of ant-eating mammals, with convergence of microbial diversity and 

composition across species and global distribution (Delsuc et al., 2014). These results 

show that diet adaptation is a major factor of gut microbiome composition over 

evolutionary timescales. 
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 In addition to environmental determinism, a host’s genotype can also influence 

the composition of its microbiome (Smith et al., 2015, Steury et al., 2019, Sullam et al., 

2012, Wang et al., 2016a). Genetic control can stem from host immunity and immunity-

related genes (Bates et al., 2007). Variation at important immunity loci, such as within 

the major histocompatibility complex (MHC) gene region, are known to be associated 

with the composition of the human microbiome (Bonder et al., 2016). Immunity-based 

selection by the host favours genotype-specific microbial communities that are stable 

with a high level of functional redundancy (Ley et al., 2006). Closely related individuals 

are shown to harbour more similar microbiomes than unrelated subjects exposed to 

similar environments (Chen et al., 2018, Zoetendal et al., 2001). In some organisms, host 

genotype can override the impact environment has on the gut microbiome - a particularly 

powerful example comes from two Hydra species, that retained distinct microbial 

communities after two decades under standardized laboratory conditions. Even more 

striking is these communities remained similar to their wild counterparts (Fraune and 

Bosch, 2007). In species where sex is genetically determined, a host’s genetics and 

environment can interact to influence their microbiome, for instance in fish, sex-specific 

diets result in different gut microbiomes between the sexes (Bolnick et al., 2014c). In 

humans and mice, the interaction between dietary fibre intake and sex results in changes 

in gut microbiome diversity and composition (Dominianni et al., 2015, Zhang et al., 

2020). 

 It remains to be tested in nature whether populations adapted to similar habitats 

have converged on similar microbiomes. If specific conditions exist across similar, but 

geographically distinct locations, parallel evolution of certain traits can emerge 

(Colosimo et al., 2005, Elmer et al., 2010, Marchinko and Schluter, 2007). Yet, a 

common outcome of evolution is the local adaptation of host populations (Eizaguirre et 

al., 2012a, Savolainen et al., 2013, Sobel et al., 2010). In this context, if a host 
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population’s microbiome were locally adapted, we would expect to see population-

specific microbiomes, with few OTUs shared between populations. On the other hand, if 

parallel evolution of the microbiome has occurred, we would expect to see similar 

microbiomes between host lineages that have adapted to the same habitats. To test such 

a hypothesis requires an organism that has repeatedly colonised and adapted to different 

habitats. 

 The three-spined stickleback (Gasterosteus aculeatus) provides a unique 

opportunity to disentangle the factors contributing to the composition of vertebrate 

microbiomes. Freshwater fish, referred to as lake and river ecotypes, have repeatedly 

evolved from marine and anadromous populations across the northern hemisphere (Bell 

and Foster, 1994, Berner et al., 2009, Eizaguirre et al., 2011, Feulner et al., 2015, 

Marques et al., 2016, Ravinet et al., 2013, Reusch et al., 2001). Within a lake-river pair, 

ecotypes show a large amount of morphological (Cano et al., 2006), physiological (Taylor 

and McPhail, 2000) and genetic differentiation (Feulner et al., 2015, Marques et al., 

2016), which have derived from parallel and non-parallel evolution (Bolnick et al., 2018, 

Feulner et al., 2015, Hanson et al., 2017). The gut microbiome of North American three-

spined stickleback populations varies with diet, sex, ecotype, habitat geomorphology, and 

polymorphism in the adaptive immune genes of the major histocompatibility complex 

(Bolnick et al., 2014a, Bolnick et al., 2014b, Bolnick et al., 2014c, Smith et al., 2015). A 

recent study suggested that, in the three-spined stickleback, microbiome diversity and 

composition were more strongly correlated to a population’s genetic divergence than to 

host environment or geography (Steury et al., 2019). However, whether fish lineages that 

have repeatedly colonised the same habitats have converged on a similar gut microbiome 

has yet to be tested. 

 Here, we use the naturally replicated evolution of three-spined stickleback 

ecotypes, which have undergone parallel divergence across multiple locations 
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independently, from a common ancestor, to test how the microbiome of fish from 

different wild populations and ecotypes vary to identify if this ecotype divergence is 

associated with changes in the microbiota. Specifically, we test the hypothesis that; i) 

similar microbial communities will be shared among individuals within an ecotype across 

different sampling sites, suggesting parallel evolution, or alternatively, or ii) individuals 

from the same population will harbour population-specific microbiomes, which may 

demonstrate local adaptation. Although such patterns may also be driven by neutral 

processes or microbiota demonstrating ecological flexibility. 

2.3 Materials and Methods 

2.3.1 Sample Collection 

 A total of 178 three-spined sticklebacks were collected from 11 locations across 

Europe and North America (Table 2.1). Distances between sampling sites can be found 

in Table 2.2. Three lake-river ecotype pairs from Europe (Npopulation = 6) and one North 

American ecotype pair (Npopulation = 2), one lake ecotype from Greenland (Npopulation = 1), 

and two marine ecotypes from Germany and Canada (Npopulation = 2). Asymmetry in 

sampling was due to access to certain locations and availability of three-spined 

sticklebacks at sampling sites. Fish were caught using a hand net. European sticklebacks 

were euthanised and dissected in the laboratory within three days of capture. North 

American sticklebacks were euthanised, frozen on-site and dissected later. Fish standard 

length, weight, sex, spleen, and liver weight were recorded. Whole intestines were 

dissected using aseptic techniques, weighed, and stored in RNAlater at -80C. Using 

the entire gut allowed us to characterize residential microbiota, found in the intestinal 

epithelium and transient bacteria, located in the gut lumen. 
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Table 2.1: Sample site information with continent, country, ecotype classification, coordinates, number of individual sticklebacks sequenced and retained per population after rarefaction 

to 3000 reads per fish gut sample, N = 178 fish intestine samples sequenced, and N = 157 fish intestine samples retained post-rarefaction. 

Continent Country Population Ecotype No˚ of fish sequenced No˚ of fish post-rarefaction Latitude Longitude 

E
u

ro
p

e 

Germany Großer Plöner See Lake 16 15 54˚09'21.61"N 10˚25'48.52"E 
 Malenter Au River 16 13 54˚12'15.08"N 10˚33'41.90"E 
 Westensee Lake 16 15 54˚17'01.92"N 9˚56'55.71"E 
 Eider River 16 14 54˚18'12.2"N 9˚57'16.4"E 
 Fehmarn Marine 16 15 54˚28'55.2"N 11˚00'36.5"E 

Norway Skogseidvatnet River River 28 25 60˚15'15.05"N 5˚55'29.28"E 

 Skogseidvatnet Lake Lake 18 15 60˚14'41.57"N 5˚54'55.39"E 

N
o

rt
h

 

A
m

er
ic

a 

Canada Brannen Lake Lake 12 8 49˚12'43.08"N 124˚03'44.83"W 
 Millstone River River 12 11 49˚10'34.35"N 123˚57'45.19"W 
 Millstone Estuary Marine 12 10 49˚10'16.60"N 123˚6'12.16"W 

Greenland Badesø Lake Lake 16 16 64˚07'49.78"N 51˚22'21.11"W 
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Table 2.2:Distances in kilometres between sampling sites. 

 Großer Plöner See Malenter Au Westensee Eider Fehmarn Skogseidvatnet River Skogseidvatnet Lake Brannen Lake Millstone River Millstone Estuary Badesø Lake 

Großer Plöner See - 10.1 34.4 35.0 52.2 730.0 729.2 7759.0 7759.0 7732.0 3533.0 

Malenter Au 10.1 - 40.8 41.0 42.4 727.9 727.2 7759.0 7759.0 7731.0 3536.0 

Westensee 34.4 40.8 - 2.2 72.2 706.3 705.5 7731.0 7731.0 7704.0 3501.0 

Eider 35.0 41.0 2.2 - 71.2 704.3 703.5 7730.0 7730.0 7702.0 3500.0 

Fehmarn 52.2 42.4 72.2 71.2 - 710.1 709.4 7749.0 7746.0 7719.0 3536.0 

Skogseidvatnet River 730.0 727.9 706.3 704.3 710.1 - 1.2 7040.0 7040.0 7015.0 2900.0 

Skogseidvatnet Lake 729.2 727.2 705.5 703.5 709.4 1.2 - 7041.0 7041.0 7015.0 2900.0 

Brannen Lake 7759.0 7759.0 7731.0 7730.0 7746.0 7040.0 7041.0 - 8.3 69.8 4448.0 

Millstone River 7759.0 7759.0 7731.0 7730.0 7746.0 7040.0 7041.0 8.3 - 62.5 4446.0 

Millstone Estuary 7732.0 7731.0 7704.0 7702.0 7719.0 7015.0 7015.0 69.8 62.5 - 4406.0 

Badesø Lake 3533.0 3536.0 3501.0 3500.0 3536.0 2900.0 2900.0 4448.0 4446.0 4406.0 - 
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2.3.2 Extraction, amplification, and sequencing 

 DNA was extracted from whole intestines using QIAamp DNA Stool Mini kit 

(Qiagen) following manufacturer’s protocol. Amplification of the V3 hypervariable 

region (152 – 197bp) of the 16S ribosomal RNA gene was carried out using the forward 

primer 341F (5′-TCCTACGGGNGGCWGCAG-3’) and the reverse primer 785R (5’-

TGACTACHVGGGTATCTAAKCC-3’) (Klindworth et al., 2013). The V3 region was 

chosen as it is well documented in most reference databases, covers a broad spectrum of 

microbial diversity and is a single region saving on cost and sequencing time (Garcia-

Lopez et al., 2020). 16S rRNA was amplified using 2 l 5x MyTaq Reaction Buffer, 1.5 

units MyTaq DNA polymerase (Bioline), 2 l BioStabII PCR enhancer (Sigma), 5 ng 

template DNA, and 1.5 l of forward and reverse primer (10 pmol/μl), per 20 l-volume 

reaction. Each individual was marked with a unique barcode at the 5’ end prior to pooling. 

PCRs were conducted using the following protocol: 2 minutes at 96C, 15 seconds at 

96C (x30), 20 seconds at 50C (x30), and 60 seconds at 72C (x30). Amplicons were 

sent to LGC Genomics (Berlin, Germany) for Illumina MiSeq 300bp paired-end 

sequencing. Samples were retained if barcodes matched entirely. Reads longer than 

100bp were retained and primers were allowed 2 mismatches. 

2.3.3 Data analyses 

 Demultiplexing, adaptor, primer and quality trimming were completed using 

Illumina’s CASAVA, TruSeq™, and FLASh 1.2.4 (Supplementary Information 2.1). 

Chimeras were detected and removed, using USEARCH 6.1 (Edgar, 2010). Clustering of 

sequences into Operational taxonomic units (OTUs) was carried out in QIIME 1.9.1 

(Caporaso et al., 2010). OTUs were identified using open-reference OTU picking, using 

the USEARCH algorithm and QIIME defaults at 97% as well as 99% similarity threshold. 

A more conservative threshold was used to allow for the possibility of more subtle 

structure (Chen et al., 2013) linked to the recent divergence between some fish ecotypes 
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(Berner et al., 2008, Reusch et al., 2001). OTUs were taxonomically classified using 

Greengenes 13_8 release (DeSantis et al., 2006). Sequences were rarefied to 3000 reads 

to standardise the sampling effort (Smith et al., 2015). Statistical analyses were conducted 

in R version 3.6.3, packages used include: phyloseq (McMurdie and Holmes, 2013), 

vegan, lmerTest, lme4 (R Core Team, 2020). Mitochondria and chloroplast reads were 

removed as well as unassigned OTUs at the kingdom level. For community composition 

analyses, further filtering was undertaken to remove low abundance taxa, defined as 

OTUs with fewer than 10 reads across at least 2 samples. For microbial diversity metrics, 

these taxa were retained. Normality of model residuals were tested and transformed if 

required to meet test assumptions. All linear models (LM) were backward selected using 

Akaike’s Information Criterion (AIC) values to retain the optimal reduced model. 

 Good’s coverage was calculated in QIIME to estimate sample completeness. 

Understanding whether similar bacteria are common across all populations, across 

ecotypes or whether they are population specific will define whether host-symbiont 

interactions evolve in parallel or are locally adapted. To this end, we identified OTUs that 

were ubiquitous, partially shared or unique to a given ecotype. Core bacteria were 

identified as OTUs present in 50% of the overall fish gut samples but present in at least 

one fish per population (Sullam et al., 2015) across all samples and within ecotypes. 

 Fish microbial diversity (alpha diversity) was calculated at the OTU and phylum 

level, using Shannon’s diversity index. Linear models were used to test for correlation 

between Shannon’s diversity indices and continent, sex, ecotype, standard length, 

population nested within continent, and their interactions. Due to covariance between fish 

standard length, continent and population of origin, residuals of a linear model between 

the variables were used where necessary. 

 Using PERMANOVAs based on Bray-Curtis, weighted UniFrac and unweighted 

UniFrac distance matrices (beta diversity), we tested whether OTU and phylum 



 60 

composition were associated with continent, ecotype, standard length of fish (grouped 

into small, medium and large size categories per population), populations nested within 

continent, sex, and their interactions. Post-hoc tests were then performed on significant 

variables using Bonferroni corrections. In order to test for potential parallel evolution of 

microbial communities, PERMANOVAs on subsets of lake ecotype populations and river 

ecotype populations were performed at OTU and phylum levels with the same variables 

as mentioned above. To investigate microbial community structure of ecotype pairs, we 

used PERMANOVAs, at OTU and phylum levels, based on Bray-Curtis, weighted 

UniFrac and unweighted UniFrac distance matrices, to compare microbial community 

composition between the four lake-river ecotype pairs, German ecotype pair 1: Westensee 

- Eider, German ecotype pair 2: Großer Plöner See – Malenter Au, a Norwegian ecotype 

pair: Skogseidvatnet lake - Skogseidvatnet river and a Canadian ecotype pair: Brannen 

lake - Millstone river. Furthermore, to decipher differences in community structure of 

within lake-river ecotype pairs, PERMANOVAs were carried out on the within the four 

lake-river pairs. Similarity percentages (SIMPERs) were used to identify the OTUs/phyla 

explaining most variation between each lake-river ecotype pair. Mantel tests were used 

to test for correlations between pairwise geographic distances and metrics of stickleback 

gut microbiome differentiations obtained from the PERMANOVAs to test for isolation 

by distance. 

 We used linear models to test for associations between traits thought to be 

important for fish fitness and fish populations. We used standard length (SL), body 

condition (CF = (
𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐿𝑒𝑛𝑔𝑡ℎ2.89
) × 100) (Frischknecht, 1993), splenosomatic (SSI = 

𝑆𝑝𝑙𝑒𝑒𝑛 𝑊𝑒𝑖𝑔ℎ𝑡

𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡
× 100) and hepatosomatic indices (HSI = 

𝐿𝑖𝑣𝑒𝑟 𝑊𝑒𝑖𝑔ℎ𝑡

𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡
× 100) as fish fitness 

traits. Lastly, we tested whether fitness traits were correlated with an interaction between 

the OTUs highlighted as varying in abundance with ecotype pairs in the SIMPER analysis 

and ecotype pair populations using linear models. 
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2.4 Results 

 A total of 1,082,886 reads were obtained from 178 individual gut microbiome 

samples, with an average of 6,084 (SD 2,225) reads per sample. Rarefaction to 3000 

reads based on 97% clusters resulted in 16 samples being removed, additionally, fish who 

were not assigned a sex (N = 5) were also removed, leaving a total of 157 individual 

samples. After rarefaction and removing unassigned kingdoms, mitochondria and 

chloroplasts, we retrieved 4,622 bacteria OTUs that were converted into Shannon’s 

diversity index. Singletons and low abundance OTUs were removed (fewer than 10 reads 

across at least 2 samples), resulting in a total of 217 OTUs across all samples, which were 

used for all community-based analyses. Good’s coverage values for all fish were  96%, 

indicating that the majority of microbial species were accounted for in each sample 

(Supplementary Table 2.1). A total of 13 bacterial phyla were detected, with 4 phyla 

accounting for ~93% of the reads (Supplementary Table 2.2). Firmicutes, Proteobacteria 

and Actinobacteria were common across all fish samples, whereas Spirochaetes were only 

observed in European samples, yet with a large amount of interindividual variation 

(Figure 2.1). 

 OTU clustering at 99% sequence similarity resulted in no significant patterns and 

hence we focus on reporting results from OTUs and phyla identified at the 97% sequence 

similarity level (Supplementary Table 2.3 & 2.4). 
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Figure 2.1: Relative abundance of bacterial composition at phylum level per individual for each of the 11 populations of three-spined stickleback sampled. Phyla with abundance <2% per 

individual are not shown 
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2.4.1 Operational taxonomic units 

 Out of the 217 OTUs observed, 93 were shared across marine, lake and river 

ecotypes. We found 22 OTUs unique to river ecotypes; 12 unique to lake ecotypes, and 

10 unique to marine ecotypes. (Figure 2.2A). When looking specifically at OTU 

abundance, a total of 18 core OTUs were identified in 50% of the samples, in at least one 

fish per population (Figure 2.2B). We found 17 of the 18 core OTUs were classified as 

core across all ecotypes, while a Microbacterium species (OTU 748636) was a core OTU 

in lake and marine fish but not within river fish. Within lake fish, an additional OTU, 

OTU 16121 (Clostridium sp.), was classified as core. No core OTUs were unique to river 

or marine ecotypes. 

 The majority of phyla found, 9 of 13, were present in all three ecotypes (Figure 

2.2C). The phylum Chloroflexi was only observed in river fish, while Fusobacteria was 

solely in fish collected from lakes. Planctomycetes was found in both lake and river fish 

but was not present in marine samples. Verrucomicrobia was present in both river and 

marine fish but absent from lake fish. The number of OTUs and phyla were not randomly 

distributed across fish ecotype (Chi-squared test, OTU: 2(432, N = 3) = 136630, p < 

0.001, Phylum: 2(24, N = 3) = 25405, p < 0.001). 
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Figure 2.2: A) Shared and distinct OTUs sampled across lake, river and marine ecotype fish, B) Shared 

and distinct core OTUs (50%) detected across lake, river and marine ecotype fish. C) Shared and distinct 

microbial phyla detected across lake, river and marine ecotype fish. Shared OTUs and phyla were 

determined by their presence in at least one individual within each ecotype, core OTUs 50% of the overall 

samples but present in at least one fish per population. 

2.4.2 Microbial diversity 

 The Shannon’s diversity index of OTUs was negatively correlated with fish length 

(LM, F1,154 = 4.40, p < 0.05, Table 2). No other variables significantly correlated with 

OTU diversity. At the phylum level, we also found a negative association between 

bacterial diversity and fish size (LM, F1,140 = 9.90, p < 0.01, Table 2.3). We found phylum 

level diversity varied across populations nested within continent (LM, F9,140 = 2.40, p < 

0.05, Table 2.3, Figure 2.3). An interaction between fish sex and continent was also 

detected (LM, F1,140 = 4.09, p < 0.05; Table 2.3, Supplementary Figure 2.1), whereby no 

differences existed between males and females in European populations, while males 



 65 

showed reduced Shannon diversity compared to females in North America (Least Square 

Means: Europe: p > 0.05, North America: p < 0.05). 

Table 2.3: Summary statistics evaluating the effects of continent, population nested within continent, sex, 

ecotype and standard length on microbial diversity using a linear model at the a) OTU level and b) phylum 

level. Models were backward selected using the step function. Significant results are highlighted in bold. 

Df denotes degrees of freedom. 

  Df F P-value   

(a) OTU level         

          Continent (1,154) 3.27 0.072 . 

          Standard Length (1,154) 4.39 0.038 * 

(b) Phylum level     

          Continent (1,140) 1.24 0.268  

          Sex (1,140) 0.45 0.504  

          Standard Length (Residuals) (1,140) 9.90 0.002 ** 

          Continent:Population (9,140) 2.40 0.015 * 

          Continent:Sex (1,140) 4.09 0.045 * 

          Continent:Standard Length (Residuals) (1,140) 0.49 0.484  

          Sex:Standard Length (Residuals) (1,140) 0.001 0.940  

         Continent:Sex:Standard Length (Residuals) (1,140) 3.62 0.059 . 

 

 

Figure 2.3: Shannon diversity of OTUs at the phylum level varies with an interaction between fish 

populations nested within each continent (LM: F9,140 = 2.403, p < 0.05).  
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2.4.3 Stickleback microbiome composition 

 The composition of intestinal microbial communities based on three different -

diversity metrics revealed consistent results for OTU and phylum levels. Specifically, 

within each continent, fish harboured population-specific bacterial communities as shown 

for all three -diversity metrics, estimated at both OTU and the phylum levels 

(PERMANOVA, All -diversity metrics: p < 0.05, Table 2.4). We also found continent 

and ecotype-specific bacterial communities at OTU and phylum level (PERMANOVA, 

All -diversity metrics: p < 0.05, Table 2.4). Fish from marine and lake ecotypes 

consistently differed in their microbial composition, across all three -diversity distances, 

at both OTU and phylum level (pairwise PERMANOVA, All -diversity metrics: p < 

0.05, Supplementary Table 2.5). Marine populations also showed different OTU and 

phylum communities to those observed in river fish and this was particularly true for 

unweighted UniFrac (pairwise PERMANOVA, p < 0.01, Supplementary Table 2.5). 

Microbial communities of lake and river fish differ only for unweighted UniFrac at the 

OTU level (pairwise PERMANOVA, p < 0.05, Supplementary Table 2.5). The main 

difference between distance matrices and phylum or OTU level analysis of microbiomes 

was observed for fish from different length classes that harboured different microbial 

communities with weighted UniFrac and Bray-Curtis at the phylum level but at the OTU 

level the only significant -diversity metrics was Bray-Curtis (PERMANOVA, Phylum: 

Weighted UniFrac: F2,156 = 2.68, p < 0.01, and Bray-Curtis: F2,156 = 2.38, p < 0.05, OTU:  

Bray-Curtis: F2,156 = 1.68, p < 0.05, Table 2.4). We found a pattern of isolation by distance 

whereby stickleback microbiome community composition increased in differentiation 

with increasing distance using unweighted UniFrac and Bray-Curtis (Mantel Unweighted 

UniFrac: R = 0.418, p < 0.05, Bray-Curtis: R = 0.448, p < 0.05, but not when using 

weighted UniFrac: R = 0.205, p = 0.134, Figure 2.4). 
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 In order to test for parallel evolution of the gut microbiome within an ecotype, we 

compared microbial communities among populations of lake fish and among populations 

of river fish respectively. We did not investigate among marine populations as only 2 

sites were sampled. At both the OTU and phylum level, we found that fish harboured 

population-specific bacterial communities within each ecotype, independently of the 

community composition -diversity metric used (p < 0.05, Table 2.5). 

 Three-spined sticklebacks have evolved into lake and river ecotype pairs with 

strong genetic and morphological differences. Our results show that each population pair 

follows transition-specific dynamics at a number of levels.  Firstly, the four lake-river 

ecotype transitions, two German, one Norwegian and one Canadian pair, differed in 

microbial communities at the OTU (PERMANOVA, Weighted UniFrac: F3,115 = 4.95, p 

< 0.001, Unweighted UniFrac: F3,115 = 3.06, p < 0.001 and Bray-Curtis: F3,115 = 4.08, p < 

0.001) and phylum level (PERMANOVA, Weighted UniFrac: F3,115 = 6.46, p < 0.001, 

Unweighted UniFrac: F3,115 = 5.62, p < 0.001 and Bray-Curtis: F3,115 = 6.12, p < 0.001). 

We then tested whether microbiomes of fish consistently differed within an ecotype pair. 

Three out of four lake-river ecotype pairs showed fish bacterial communities differ 

significantly at both OTU and phylum level across the community composition metrics 

(Supplementary Table 2.6 & Supplementary Figure 2.2). The Großer Plöner See (lake) 

and Malenter Au (river) were the only population pair where fish carried similar microbial 

communities (Supplementary Table 2.6 & Supplementary Figure 2.2). Across the four 

ecotype pairs, we found that 30 OTUs significantly differed in abundance between fish 

ecotypes. Among those, 4 were common across population-pairs from both continents. 

All 26 remaining were specific to each lake-river transition. Specifically, 6 OTUs differed 

between Canadian lake-river fish, 11 OTUs for the Norwegian fish, 5 OTUs for the 

Westensee - Eider German fish, and 8 OTUs between the Großer Plöner See - Malenter 

Au fish (Table 2.6). 
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Table 2.4: Nested PERMANOVA of three -diversity metrics showing the effect of continent, standard length classes, ecotype and population (which is nested within continent) at OTU 

and phylum level. Permutations: 1000. Significant results are shown in bold. Df denotes degrees of freedom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Bray-Curtis Weighted UniFrac Unweighted UniFrac 

 Df F R2 P-value F R2 P-value F R2 P-value 

OTU level                     

    Continent (1,156) 4.41 0.02 <0.001 5.54 0.03 <0.001 4.10 0.02 <0.001 

    Ecotype (2,156) 2.47 0.03 <0.01 2.80 0.03 <0.01 3.30 0.04 <0.001 

    Standard Length (Categories) (2,156) 1.68 0.02 <0.05 1.51 0.02 0.113 1.12 0.01 0.275 

    Continent:Population (7,156) 2.94 0.12 <0.001 3.58 0.14 <0.001 2.16 0.09 <0.001 

Phylum level           

    Continent (1,156) 6.04 0.03 <0.001 5.64 0.03 <0.001 8.67 0.05 <0.001 

    Ecotype (2,156) 2.63 0.03 <0.05 2.53 0.03 <0.05 4.26 0.05 <0.001 

    Standard Length (Categories) (2,156) 2.38 0.03 <0.05 2.68 0.03 <0.01 0.75 0.01 0.606 

    Continent:Population (7,156) 4.26 0.16 <0.001 4.26 0.16 <0.001 2.74 0.11 <0.001 
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Figure 2.4: Mantel test for isolation by distance between the matrix of geographic distances and A) Bray 

Curtis (R = 0.448, p < 0.05), B) Unweighted UniFrac (R = 0.418, p < 0.05) and C) Weighted UniFrac (R 

= 0.205, p = 0.134). Colours represent the relative density of points, with red showing higher densities and 

blue lower densities, line shows the correlation between the two distance matrices. 

Table 2.5: PERMANOVA of three -diversity metrics among lake populations and river populations 

showing the effect of population, at OTU and phylum level. Permutations:1000. Significant results are 

shown in bold Df denotes degrees of freedom. 

 Df F R2 P-value  
Lake Populations           

  OTU level     
 

     Bray-Curtis (4,68) 2.81 0.15 <0.001 *** 

     Weighted UniFrac (4,68) 3.00 0.16 <0.001 *** 

     Unweighted UniFrac (4,68) 1.83 0.10 <0.001 *** 

  Phylum level      
     Bray-Curtis (4,68) 4.32 0.21 <0.001 *** 

     Weighted UniFrac (4,68) 3.73 0.19 <0.001 *** 

     Unweighted UniFrac (4,68) 2.56 0.14 0.007 ** 

River Populations      
  OTU level      
     Bray-Curtis (3,62) 3.27 0.14 <0.001 *** 

     Weighted UniFrac (3,62) 5.07 0.20 <0.001 *** 

     Unweighted UniFrac (3,62) 3.06 0.13 <0.001 *** 

  Phylum level      
     Bray-Curtis (3,62) 4.85 0.20 <0.001 *** 

     Weighted UniFrac (3,62) 5.65 0.22 <0.001 *** 

     Unweighted UniFrac (3,62) 4.89 0.20 <0.001 *** 
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Table 2.6: OTUs found in significantly in abundance among lake-river ecotype pairs derived from SIMPER 

analysis. 

OTU Taxonomic information 

  Lake-River Ecotype pair 

 

Canadian 

 

Norwegian 

 German   German  

   Ecotype Pair 

1 
 Ecotype Pair 

2 

4342297 Clostridium sp.    -    - 

288283 Caulobacteraceae family    -  -  - 

16121 Clostridium sp.    -  -  

73202 Clostridium sp.    -  -  - 

53 Clostridium sp.    -  -  

54732 Propionibacterium acnes    -  -  - 

24 Brevinemataceae family  -    -  - 

1088265 Propionibacterium acnes  -    -  - 

848816 Bacillaceae family  -    -  - 

4315319 Deefgea sp.  -    -  - 

697578 Bacillaceae family  -    -  - 

207 Bacillaceae family  -    -  - 

875118 Propionibacterium acnes  -    -  - 

839235 Aeromonadaceae family  -    -  - 

94906 Bacillus humi  -    -  - 

814133 Synechococcus sp.  -    -  - 

103 Bacillaceae family  -    -  - 

95 Spironema sp.  -  -    - 

112057 Renibacterium sp.  -  -    - 

3202924 Propionibacterium acnes  -  -    - 

162 Endozoicimonaceae family -  -    

101445 Methylophilaceae family  -  -  -  

1087597 Propionibacterium acnes  -  -  -  

81821 Methylophilaceae family  -  -  -  

403853 Propionibacterium acnes  -  -  -  

222 Oxalobacteraceae family   -   -   -   

 

2.4.4 OTUs and fish fitness traits 

 Fish standard length, condition factor, splenosomatic or hepatosomatic indexes all 

significantly correlated with fish population (LM, Standard length: F10,146= 28.73, p < 

0.001, CF: F10,146= 6.84, p < 0.001, SSI: F10,144= 18.01, p < 0.001, HSI: F10,146= 5.18, p < 

0.001). We tested whether OTUs identified using ecotype pair SIMPERs were associated 

with fitness traits within ecotype pairs, to test for the possible influence of specific 
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microbes on host fitness. Specifically, the six detected OTUs in the Canadian ecotype 

pair were not associated with any difference in standard length, condition factor, 

splenosomatic or hepatosomatic indexes. In contrast, within the German ecotype pair 1 

(Westensee – Eider) the presence of OTU 4342297, a Clostridium species (Clostridium 

species 1), correlated with fish body condition and splenosomatic index (LM, CF: F1,25= 

7.12, p < 0.05 and SSI: F1,25= 6.77, p < 0.05). Clostridium species 1 was found in greater 

abundance in the lake population than river population. The presence of Clostridium 

species 1 within Westensee correlated with increased body condition and a lower 

splenosomatic index (Figure 2.5A & B). A second Clostridium species (Clostridium 

species 2, OTU 73202) correlated with the standard length of fish within German ecotype 

pair 2 (Großer Plöner See – Malenter Au, LM, F1,24= 7.43, p < 0.05). Clostridium species 

2 was found in higher abundance in the river fish, and the presence of this bacterial species 

was negatively correlated with standard length (Figure 2.5C). OTU 222, a bacterial 

species belonging to the oxalobacteraceae family, was found in higher abundance in 

Malenter Au fish. OTU 222 was associated with changes in fish hepatosomatic index 

between populations from German ecotype pair 2 (LM, F1,24= 5.04, p < 0.05, Figure 

2.5D). A third OTU was associated with fish body condition and hepatosomatic index, 

Propionibacterium acnes (OTU 1087597), of German ecotype pair 2 fish (LM, CF: F1,24= 

4.40, p < 0.05, Figure 4E and HSI: F1,24=5.35, p < 0.05, Figure 2.5F). Propionibacterium 

acnes was found in higher abundance in the river population. For the Norwegian ecotype 

pair, the presence/absence of OTU 24, a bacterial species belonging to the 

brevinemataceae family was associated with differences in the body condition of fish 

(LM, F1,36= 5.23, p < 0.05). The presence of OTU 24 was associated with increased body 

condition in fish from the Skogseidvatnet lake (Figure 2.5G). OTU 24 was found in higher 

abundance within the Norwegian ecotype pair in lake fish. The 18 Core OTUs identified 

were not correlated with any variation in fitness-related variables.  
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Figure 2.5: Reaction norms showing influence of presence/absence of bacterial species on different fish 

fitness traits: body condition, splenosomatic Index hepatosomatic index and standard length across three 

ecotype pairs: German ecotype pair 1: Westensee - Eider, German ecotype pair 2: Großer Plöner See – 

Malenter Au, a Norwegian ecotype pair: Skogseidvatnet lake - Skogseidvatnet river. Canadian ecotype pair 

not included as no fitness traits correlated with an interaction between OTU and fish population. Error 

bars represent standard error. 
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2.5 Discussion 

 Microbes affect their hosts’ physiology as well as their life history traits and even 

their evolutionary trajectory. The three-spined stickleback is present in virtually all water 

bodies across the Northern hemisphere and expresses traits consistent with parallel and 

non-parallel evolution across their morphology and genomic architectures (Bolnick et al., 

2018, Feulner et al., 2015, Hanson et al., 2017). However, the factors contributing to the 

formation of their microbiomes remain elusive (Smith et al., 2015). Here, we investigated 

whether fish carry a similar gut microbiome within habitat type (i.e. potential evidence 

for parallel evolution), or if microbiomes are best explained by population-specific 

communities (i.e. possible local adaptation). We found that bacterial diversity was best 

explained by population specificity. More importantly, we found that the main drivers of 

lake-river divergence were population pair specific and that microbial communities are 

best explained overall by fish population at both phylum and OTU levels. Among the 30 

OTUs that varied in abundance within lake-river ecotype pairs, 5 were correlated with 

fish fitness. Altogether, the observed patterns suggest that local adaptation is a major 

determinant of fish microbiomes. 

 Gut microbes may facilitate colonisation of new habitats and improve the adaptive 

potential of species, through improved ability to process otherwise inadequate food 

sources, as well as playing a role in immune functions (Alberdi et al., 2016, Suchodolski, 

2011). We found 217 OTUs present in fish from our target populations, 93 of them were 

shared in fish across all ecotypes. The mixture of common and population-specific OTUs 

supports the theory that stickleback microbiomes are determined by a combination of 

environmental and genetic factors, as within a population fish have increased relatedness. 

Specifically, 17 core OTUs (50%) were identified in fish from all populations 

suggesting these microbes are either specific to this species or a product of similar 

environmental factors across the different sample locations. The theory surrounding the 
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core microbiome also suggests that rather than OTUs being ubiquitous, it is the functions 

undertaken by the microbes that are core to the host-symbiont interaction (Huttenhower 

et al., 2012). Yet, bacterial functionality currently remains unknown in sticklebacks so 

future research should explore the different functions specific bacteria may carry out 

within the stickleback microbiome. Phyla identified in this study are commonly found in 

the gut of other wild fish, although their roles within the environment or host remain to 

be elucidated (Llewellyn et al., 2014, Smith et al., 2015, Steury et al., 2019). 

 Microbial diversity revealed differences at the phylum level among fish 

populations in a continent specific manner. Particularly, the North American river fish 

showed increased bacterial diversity compared to the other North American populations. 

In the European system, lake fish tended to show increased microbial diversity compared 

to river populations, with the highest diversity observed in German lake populations. This 

pattern was particularly visible at the phylum level, suggesting that while the lake river 

transition occurs in parallel across the northern continents, the underlying consequences 

on host-microbe interactions differ. Shannon’s diversity at the phylum level also varied 

with sex, suggesting that sex-specific traits alter the microbiome. This relationship was 

strongest between females and males in North America, with females having higher alpha 

diversity. The stickleback sex genotype has previously been linked to the gut microbiome 

and revealed a genetic component mediating microbe diversity (Bolnick et al., 2014c). 

Mammalian research has shown that variation in immune function and hormone 

production between the sexes can drive microbial variation (Markle et al., 2013). 

Stickleback diet also varies with sex, and sex-specific infection due to trophically 

transmitted parasites (Brunner et al., 2017, Eizaguirre et al., 2009b), which may correlate 

with differences in microbial composition (Sanchez-Gonzales et al., 2001). Furthermore, 

in larger fish we found that microbial diversity decreased. A potential explanation for this 

is that fish may become more fixed in their feeding ecology with age, reducing the 
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diversity of bacterial species a host of exposed to and revealing relationships between 

microbes and fish ontogeny (Sánchez-Gonzáles, Ruiz-Campos, & Contreras-Balderas, 

2001). Overall, the combination of population-specific and sex-specific microbial 

diversity points towards a combination of environmental and genotypic factors driving 

an individual’s gut microbiome diversity. The investigation of diversity at the phylum 

level enabled to detect patterns that were otherwise masked by the large variation 

observed at the OTU level. 

 Focusing on microbial communities allowed us to elucidate for the role of parallel 

evolution and local adaptation in host-symbiont interactions. Firstly, similarly to 

microbial diversity, we found that stickleback carried population-specific microbial 

communities at both the OTU and phylum levels. These population-specific communities 

translated into fish from different ecotypes and different continents having different 

microbial composition at OTU and phylum levels. Such a result suggests both that 

environmental determinism and evolutionary history contributes to gut communities. It 

is known that selection pressures across continents and ecotypes drive parallel and non-

parallel evolution in stickleback morphology, behaviours, and population structure 

(Chain et al., 2014, Feulner et al., 2015). It is plausible that these selection pressures 

directly affect the community structure of the gut microbiome but also indirectly affect 

the host genetic architecture, which further impacts microbial composition. It is important 

to note that the observed patterns may also be driven by neutral processes and ecological 

flexibility of the microbiome, in order to confirm such findings evidence of genetic 

changes linked to the microbiome would be required. 

 Our findings suggest an important environmental role in shaping microbial 

communities; populations from the marine habitat showed consistent differences with 

fish from the freshwater system, while fewer differences existed within the freshwater 

system. Salt water is known to have a large effect on the gut microbiota of other fish such 
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as salmon (Dehler et al., 2017, Steury et al., 2019). The weak difference observed 

between lake and river ecotype microbiomes likely stem from the more similar abiotic 

factors occurring between freshwater systems, but also likely from the more recent 

colonisation of freshwater habitats resulting in reduced genetic divergence between 

freshwater ecotypes than to the ancestral marine ecotypes (Bell and Foster, 1994, Feulner 

et al., 2015, Jones et al., 2012). Both possibilities, with the environmental role being 

stronger, are supported by the observed isolation by distance with increasing microbe 

community differences with increasing distance (Bolnick et al., 2014a, Bolnick et al., 

2014c, Smith et al., 2015). Similarly, to microbial diversity, we also find correlations 

between microbial community structure and fish standard length. It is likely that the fish 

and the microbiota residing within them are adapting to the different environmental 

pressures that are unique to each population’s local habitat. 

 Additionally, we find other lines of evidence that host-microbe interactions are 

population-specific. Firstly, within a habitat type, where selection pressures are the most 

similar, we found that bacterial communities were different, whether among lake 

populations or among river populations. Secondly, we find that microbial communities 

of each of the four ecotype pairs differed significantly to each other, suggesting ancestral 

host genetic background is important. Finally, within lake-river ecotype pairs, where lake 

and river populations are geographically connected and with related evolutionary 

histories, host populations harboured significantly different microbial communities. This 

pattern was detected for three of four lake-river transitions sampled in this study. All of 

our combined results demonstrate that host microbiomes are determined by factors 

specific to individual populations, which could be the product of localised environmental 

selective pressures and/or increased relatedness of fish within a population (genetic 

determination), resulting in population-specific communities. From a genetic point of 

view, these results are coherent with the genetic structure of most of these populations, 



 77 

which show no shared genomic basis of adaptation across all lake or river ecotypes (Chain 

et al., 2014, Feulner et al., 2015, Lenz et al., 2013, Marques et al., 2016). 

 An ideal way to demonstrate whether the population-specific pattern of host 

microbial communities could lead to the evolution of local adaptation, and therefore 

reflects a strong link with a genetic determinism, is to show that hosts have increased 

fitness in the presence of specific microbes within a given lake-river ecotype pair. We 

find differences between fitness traits across fish populations, that might be driven by 

different selection pressures, such as fish environment or genetics, but it is possible that 

the presence or absence of certain microbiomes could also influence host fitness. 

Microbes can be beneficial by increasing the ability of nutrient uptake and improving host 

immune function (Lawley and Walker, 2013, Suchodolski, 2011). However, their 

beneficial presence can also be context dependent with some crossing the parasite-

mutualist continuum, becoming pathogenic in the absence of more virulent pathogens or 

in stressful environments (Chamberlain et al., 2014, King et al., 2016). We found 5 OTUs 

correlated with fish fitness traits in a population-specific manner, with the presence of 3 

bacterial species having negative effects within the population where they were found in 

a greater abundance. The presence of OTU 24, a bacterial species belonging to the 

brevinemataceae family, was correlated with increased fish body condition in 

Skogseidvatnet lake, where it was found in a greater abundance. The increased abundance 

of Clostridium species 1 (OTU 4342297) within Westensee was correlated in increased 

fish body condition and decreased splenosomatic index. Increased spleen size has been 

linked with costly immunological activation so a lower splenosomatic index and a higher 

body condition suggests fish are fitter (Kalbe et al., 2009). On the other hand, the presence 

Clostridium species 2 within Malenter Au correlated with a reduction in standard length 

of fish, suggesting that the relationship between bacterial species and fish fitness is 

complicated, and closely related bacterial species may not affect fitness in the same way. 
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It may also be that host genetics between the populations lead to differences in host-

microbe interactions. The Clostridium genus is known to contain species that are 

pathogenic to humans and animals (Gibbs, 2009, Turnbull et al., 1990). While none of 

our results support a positive role of microbes in the colonization capacity of stickleback, 

they likely play an important role as agents of selection, with specific species acting 

differentially on different host genotypes (Ford et al., 2017). It is important to note is that 

care must be taken in interpreting the association between fish fitness and the 

presence/absence of specific OTUs as these associations may arise by chance and other 

unmeasured factors may be the cause of the fitness variations. Overall, this analysis points 

towards a major environmental role, rather than a genetic role, in the determinism of gut 

microbes in natural stickleback populations. 

 While we identified population-specific microbial diversity and communities, 

quantifying the relative contribution of environmental and possible genetic factors on 

microbiome is challenging, even with replicated lake-river transitions. To this end, field 

experiments combining quantitative breeding and exposure to different environments 

should be conducted not only sampling microbiomes of fish but also that of food sources 

and water in order to observe the microbes present in the environment. Even though 

laboratory experiments may bring insights into host-symbiont interactions, they are 

unlikely to replicate the complexity of the natural environment and hence will remain 

inconclusive. Overall, our study shows host-symbiont interactions are influenced local 

environmental pressure, suggesting that local adaptation is a major determinant of 

stickleback gut microbiomes. 
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3.1 Abstract 

Host-parasite and predator-prey interactions are strong drivers of local adaptation, but 

how they coevolve in a host population remains elusive. Here, we addressed this 

knowledge gap by performing a field-based common garden experiment using second-

generation lake and river three-spined stickleback (Gasterosteus aculeatus) from Canada 

and Germany. Fish from both countries or ecotypes were placed into mesocosms located 

either in a lake or in a river in Germany, where they could prey on natural items and be 

infected by parasites naturally. After 10 months, fish were retrieved, and parasite load 

was estimated together with carbon (δ13C) and nitrogen (δ15N) stable isotope ratios as 

long-term proxy of feeding ecology. We found that fish exposed to lake conditions 

harboured more parasites than those exposed to river conditions. Interestingly, despite 

exposure to identical environmental conditions, parasite community were different in fish 

from Germany and Canada as well as between fish of different ecotypes (lake or river), 

suggesting different heritable resistance capacity among fish origins. Parasite load 

correlated with variation in the feeding ecology (δ13C/δ15N) and fish fitness proxies, and 

those correlations mostly revealed an advantage with respect to parasite resistance to the 

local fish over foreign fish. Together our results show that feeding ecology is not 

independent of parasite resistance and evolves under local adaptation. 
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3.2 Introduction 

 Local adaptation is a common outcome of species evolution (Kawecki and Ebert, 

2004, Savolainen et al., 2013, Sobel et al., 2010). It is characterised by resident genotypes 

having higher relative fitness in their local habitat than non-residents (Kawecki and Ebert, 

2004). Local adaptation is the result of the interaction between population evolutionary 

history and local environmental conditions, both abiotic and biotic (Kawecki and Ebert, 

2004) with textbook examples often relating to host-parasite interactions (Berryman, 

1992, Haldane, 1949, Summers et al., 2003). Since multiple selection pressures occur at 

once in nature, host-parasite interactions are not independent of other aspects of a host’s 

biology, such as feeding ecology (Anaya-Rojas et al., 2016, Brunner et al., 2017). 

 Parasites can drive the evolution of host behaviours, phenotypes, and even 

population genetic structure (Barber, 2013, Eizaguirre et al., 2012b, Hamilton and Zuk, 

1982, Milinski and Bakker, 1990, Møller, 1990). Indeed, differences in parasite 

abundance and diversity among host populations from contrasting habitat types can result 

in locally adapted immune genotypes, and, in specific cases, can also culminate into host 

speciation (Buckling and Rainey, 2002, Eizaguirre and Lenz, 2010, Eizaguirre et al., 

2012a, Eizaguirre et al., 2009a). 

 Variation in feeding strategies can result in differences in exposure to both 

trophically transmitted and actively infecting parasites, through foraging in close 

proximity to infected individuals or in areas containing high numbers of free living 

parasites (Bakke et al., 1992, Johnson et al., 2009, Locke et al., 2014, Marcogliese and 

Cone, 1997, Stutz et al., 2014). For example, parasites that have intermediate invertebrate 

hosts that reside in oxygen rich littoral zones, infect more brook charr (Salvelinus 

fontinalis) feeding in benthic habitats than those that feeding in pelagic areas (Bertrand 

et al., 2008). Additionally, generalist fish that feed on a large range of prey items are more 

likely to be exposed to and carry a more diverse community of parasite species (Locke et 
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al., 2014). Contrastingly, a specialist predator, predominantly feeding on a parasite’s 

intermediate host would show an increased exposure to this parasite species (Marques et 

al., 2011), likely mediating the evolution of a specific immune response, like that of river 

stickleback against Gyrodactylus sp. (Eizaguirre et al., 2012a). As ontogenic 

development occurs, a host’s diet can change and can result in diverse infection patterns 

within a population. For example, as yellow perch (Perca flavescens) age their feeding 

strategy shifts which correlates with increased helminth infections (Johnson et al., 2004). 

Overall, those examples demonstrate how feeding and diets are associated with exposure 

to parasites. 

 Interestingly, individual differences in parasite load could also result in different 

feeding strategy (Brunner et al., 2017). Specifically, dietary shifts after infection could 

be the result of parasite-mediated effects such as behavioural manipulations that impact 

feeding performance (Barber et al., 2008, Lefevre et al., 2009, Lochmiller and 

Deerenberg, 2000). Alternatively, a host may change feeding strategy, focusing on lower 

quality, easier to catch, food sources in order to still achieve a sufficient caloric intake 

(Milinski, 1984, Ponton et al., 2011). Lastly, infected host may try to compensate the 

costs of infection from increased feeding of smaller less nutritious prey items (Brunner et 

al 2017). Hence, parasite infection both affects and is affected by host diet, highlighting 

the importance of understanding the combination of the evolution of resistance and 

feeding strategy. 

 Previous research on the relationship between feeding ecology and host-parasite 

driven local adaptation has mostly focused on gut content analysis (Bolnick et al., 2020, 

Cirtwill et al., 2016, Emde et al., 2014, Kleinertz et al., 2012, Reimchen and Nosil, 2001). 

Whilst gut content allows for the direct identification of food items, it (i) only reflects 

prey consumed shortly prior to sampling, (ii) can underestimate the amount of 

zooplankton consumed and (iii) if an individual’s stomach is empty provides no 
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information of diet (Arrington et al., 2002, Lafferty et al., 2008, Matthews and 

Mazumder, 2005). Furthermore, items identified may not reflect the true nature of what 

is assimilated, as soft bodied items are digested first and leave no sign of past presence 

(Grey et al., 2002). Stable isotope analysis on the other hand allows for a long-term 

assessment of an individual’s diet, the timeframe of which depends on the tissue samples 

(Lorrain et al., 2002, Post, 2002). Carbon isotope ratios (δ13C) will generally be enriched 

by < 1 ‰ between a consumer and their food source. Such a change allows for the 

identification of the source of primary production in a food web and in turn enables 

making inferences of an organisms foraging habitat (DeNiro and Epstein, 1978, Fry, 

2006). Similarly, the ratio of nitrogen isotope ratios (δ15N) are enriched by 3-4 ‰ in 

consumers in comparison to their food source, indicating the trophic position of an 

organism (Minagawa and Wada, 1984, Post, 2002) and therefore its likely exposure to 

parasites with complex life cycles (Britton et al., 2011, Pegg et al., 2017). 

 The ecological interactions between parasite load and diet are difficult to replicate 

in vitro due to the complexity of both parasite and prey diversities. Therefore, in situ 

experiments are required to advance our understanding of how these ecological factors 

link to local adaptation. The three-spined stickleback (Gasterosteus aculeatus) is a good 

organism to test for host-parasite local adaptation and the influence of diet. Repeated 

colonisation of freshwater habitats across the northern hemisphere since the last 

glaciation has resulted in the evolution of multiple distinct ecotypes which differ in 

genetics, morphology, physiology, and behaviours (Bell and Foster, 1994, Eizaguirre et 

al., 2011, Feulner et al., 2015, McKinnon and Rundle, 2002, Rennison et al., 2019b, 

Taylor and McPhail, 2000). Of great interest is the lake-river parapatric ecotype pair as 

their parasite community composition vary between lake and river ecotypes (Bolnick et 

al., 2020, Eizaguirre et al., 2011, Kalbe et al., 2002, Reusch et al., 2001). Specifically for 

the German system used in this study, lake fish are exposed to a greater diversity and load 
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of parasites than river fish (Eizaguirre et al., 2011, Kalbe et al., 2002), and therefore, lake 

ecotypes have evolved better resistance to a range of parasite taxa (Kalbe and Kurtz, 2006, 

Kurtz et al., 2004). Furthermore, difference is resistance between ecotypes are associated 

with polymorphism at immune genes and their expression (Eizaguirre et al., 2012a, 

Eizaguirre et al., 2012b, Lenz et al., 2013, Wegner et al., 2003). Stickleback can be 

parasitised by a vast range of species, both actively and trophically (Barber, 2007, Barber, 

2013, Stewart et al., 2017), with virtually every part of their anatomy having the potential 

to be exploited by at least one parasite species (Kalbe et al., 2002). Additionally, lake-

river ecotype pairs show morphological differences and different feeding strategies 

(Berner et al., 2008), which likely alter exposure to parasites (Stutz et al., 2014). Lastly, 

variation in abiotic and biotic pressures among habitat types and the response of 

stickleback ecotypes to these heterogeneous habitats makes lake-river pairs a good natural 

system to explore local adaptation of geographically connected fish populations. 

 Here, we focused on two replicated lake-river ecotypes and hypothesised that if 

ecotype pairs from different systems show identical patterns of infection and diet 

preference, this would likely stem from parallel evolution. Alternatively, if we detect 

population-specific patterns, it suggests a relationship between infection (i.e., resistance) 

and diet evolved under local adaptation. To test those hypotheses, we conducted a field-

based common garden experiment using lab-reared G2 three-spined stickleback from 

parapatric lake-river pairs from Germany and Canada, placed in an unfamiliar allopatric 

lake or river habitat in Germany. Fish were placed into allopatric habitats in Germany in 

order to allow for the accurate comparison of fish from different continents, as if German 

fish were placed into their sympatric habitat, they may have an additional advantage over 

Canadian fish. Fish were held in wire mesh mesocosms for 10 months. Individuals were 

screened for ecto and endo macroparasites. Fitness proxies were measured and stable 
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isotopes, δ13C and δ15N, were assessed. This in situ experiment allowed us to explore the 

influence of parasites and diet without the constraints of a laboratory setting. 

3.3 Methods 

3.3.1 Breeding design 

 Wild three-spined sticklebacks were collected using a combination of hand 

netting and minnow traps from two connected lake and stream systems, one in Canada 

(McCreight lake: 50˚28’12.4’’N, 125˚65’31.7’’W, Amour de Cosmos creek: 

50˚23’54.3’’N, 125˚63’62.9’’W) and one in Germany (Westensee lake: 54˚26’89.8’’N, 

9˚96’09.2’’E, Eider stream: 54˚16’65.5’’N, 10˚07’60.1’’E). Individuals were collected 

during the 2014 and 2015 breeding season. First-generation (G1) families were bred from 

20 individuals from each sampling population using in vitro fertilisation. After 

fertilisation, eggs were treated with acriflavine (Dajana) and Methylene Blue (King 

British) to prevent fungal infection. Fertilised Canadian eggs were transported to 

Germany at 4˚C. Transportation conditions were replicated for German fish by storing 

fertilised eggs in the fridge at 4˚C for 4 days. G1 individuals were then incubated, hatched, 

and raised in tanks in the laboratory with constant water flow and fed frozen 

Chironomidae sp. larvae ad libitum at 18˚C, 18:6 Light:Dark (L:D). G1 fish were then 

cycled through different seasons artificially to initiate sexual maturity (Autumn: 12˚C for 

2 weeks, 12:12 L:D, Winter: 6˚C for 4 weeks, 12:12 L:D, Spring: 12˚C for 4 weeks, 12:12 

L:D and Summer: 18˚C until breeding, 18:6 L:D). Sexually mature males were kept in 

individual tanks and given nest materials, green polyester threads (cut to a length of ~ 10 

cm) and a sand-filled petri dish. Unrelated gravid females from the same sampling 

population were placed into the tank with the males and allowed to spawn naturally. 

Breeding pairs were allowed to mate several times to make large family groups of 

identical genetic origin. We obtained a total of 24 second-generation (G2) families (N = 

12 of Canadian origin and N = 12 of German origin).  
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3.3.2 Field-based common garden experiment 

 A dorsal spine clipping was taken for DNA extractions before fish were released 

into the experimental mesocosms. All fish were typed for 14 microsatellites using DNA 

Tissue kit (Invitek, Germany) following the manufacturer’s protocol to allow for sex-

typing and individual fingerprinting (Kalbe et al., 2009). Length and weight of fish were 

measured at this stage. In October 2016, 24 experimental mesocosms, made of 5 mm 

stainless steel mesh (length: 1 m, height: 0.25 m, width: 0.6 m) were placed in two 

geographically connected habitats: Großer Plöner See a large lake (GPS, Nmesocosms = 12, 

Nfish = 288, 54˚14’61.0’’N, 10˚40’86.9’’E) and Malenter Au a small, slow-flowing stream 

(MAU, Nmesocosms = 12, Nfish = 288, 54˚19’62.7’’N, 10˚55’65.9’’E) following the protocol 

laid out in Eizaguirre et al. (2012a). The size of the metal mesh allowed for food, 

parasites, and water to flow freely through the mesocosms but kept experimental 

stickleback separate from wild stickleback populations and predators. These two sites 

were chosen to make sure that fish of German origin were exposed to a different lake-

river system than their natal habitat, so all fish were in an allopatric system, allowing for 

more direct comparisons between fish of different country origins. Malenter Au 

mesocosms were placed in the centre of the stream bed 3 m apart at a depth of 0.5 – 1.5 

m. Großer Plöner See mesocosms were placed 2 m apart at 1 – 1.2 m depth. Each 

mesocosm contained 12 river (♀= 6, ♂= 6) and 12 lake (♀= 6, ♂= 6) individuals from 

either Canadian or German origin. Sexes were separated by plexiglass down the centre of 

the mesocosm to prevent reproduction. Experimental mesocosms were visited weekly to 

check for dead fish and guarantee that mesocosms remained submerged, particularly in 

the stream habitat. Control mesocosms which were held in standardised, parasite free 

conditions in the laboratory (Nmesocosms = 6, Nfish = 144 ) were cycled through the seasons 

to mimic external environmental conditions. All fish were fed ad libitum on the same diet 

of frozen Chironomidae sp. larvae to measure stable isotope fractionation. 
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3.3.3 Sample Collection 

 After 10 months, fish were collected from the mesocosm, housed in aerated water 

from their habitat of exposure and dissected within two days of collection. The dissection 

period lasted 25 days overall. Fish were euthanised with tricaine methanesulfonate 

(MS222, 200mg/l, Sigma). External parts of fish were screened for ecto macroparasites 

under a dissection microscope. Eyes, gills and internal organs, except the spleen and the 

heart, were screened for endo macroparasites, using a compressorium (Kalbe et al., 2002). 

Parasite abundance and diversity were combined into an individual parasite index, IPI 

(Kalbe et al., 2002). Standard length (SL), total length (TL), weight, and organ weight 

(liver, gonads, spleen and head kidney) were measured. Two fitness measures were 

created for body condition (CF = (
𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐿𝑒𝑛𝑔𝑡ℎ
)

3

× 100) (Frischknecht, 1993) and 

splenosomatic index (SSI = 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑊𝑒𝑖𝑔ℎ𝑡

𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡
× 100) (Kalbe et al., 2009). DNA samples were 

taken to identify individuals, their family background and to quantify their growth rate. 

A small section (~ 0.5 cm) of white muscle was dissected from the tail and frozen at -

20°C for stable isotope analysis. 

3.3.3.1 Stable Isotope analysis 

 Muscle samples were dried at 60°C for 48 hours and homogenised using a 

mechanical grinder for 1 minute (30Hz, 2 x 316 stainless steel beads, TissueLyser II, 

Qiagen). Tin capsules (6 x 4 mm). were filled with approximately 1 mg of homogenised 

sample material and folded shut. Samples were analysed on an Integra 2 spectrometer 

(Sercon Instruments, Crewer, UK, Analytical precision: 0.1‰) using continuous flow 

isotope ratio mass spectrometry (CF-IRMS). Carbon (δ13C) and nitrogen (δ15N) isotope 

ratios were calculated as proxies for fish feeding ecology. Accuracy and precision of the 

sample runs was verified every 10 samples using a Protein (Casein) Standard 
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OAS/Isotope to check deviation of δ13C and δ15N readings (Elemental Microanalysis, 

δ13C: -26.98 ± 0.13‰, δ15N: +5.94 ± 0.08‰). 

3.3.4 Data analyses 

 Statistical analyses were conducted in R statistical package version 3.6.3 (R Core 

Team, 2020). R packages lme4 and lmerTest were used for fitting linear mixed effect 

models (LMMs). We tested the normality of model residuals and data transformation was 

conducted if required to meet test assumptions. All models were backwards selected using 

Akaike’s Information Criterion (AIC) values to retain the optimal reduced model 

(Burnham and Anderson, 2004). Collinearity between fixed variables within a model 

were tested and if observed, residuals of their regressions were used. 

3.3.4.1 Testing for fish survival differential 

 The ability for an organism to survive in an environment is key for the evolution 

of local adaptation. To test survival rates of fish, we used a binomial generalised linear 

mixed effect model (GLMM) with fish country of origin (Canada or Germany), habitat 

of exposure (Großer Plöner See or Malenter Au or Laboratory) ecotype (lake or river) as 

well as their interaction as fixed variables. Mesocosm ID, and sex were set as random 

effects. Family group could not be included as a random effect as the family group of 

dead fish could not be confirmed by molecular sampling. Pairwise comparisons were 

conducted between categories of the significant variables using Tukey HSD post-hoc 

tests. 

3.3.4.2 Stable isotope fractionation 

 Firstly, to understand the possible metabolic differences between fish from 

different countries and ecotypes, we tested for fractionation difference of stable isotopes. 

Laboratory fish, which were kept in standardised housing and feeding conditions, in 

mixed families, were used in two separate linear mixed effects models, for δ13C and δ15N, 
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with fish country of origin, ecotype and their interaction as fixed factors, with fish family, 

sex and mesocosm ID as random factors. 

3.3.4.3 Determinants of fish feeding ecology 

 To identify the determinants of fish feeding ecology, we performed a series of 

linear mixed effect models for δ13C and δ15N independently. Fish country of origin, 

ecotype, habitat of exposure, parasite load (IPI) and their interactions were used as 

independent variables. Family, sex and mesocosm ID were set as random factors to 

account for any family-based genetic variation, sexual-dimorphism or possible bias 

driven by mesocosm positioning in the different habitats. Parasite load was collinear with 

habitat of exposure and ecotype therefore the residuals of a linear model including those 

variables were used. 

 We then split the dataset into habitat of exposure, Großer Plöner See and Malenter 

Au to focus on the local vs foreign theory of local adaptation and test whether foreign 

ecotypes or countries of origin were correlated with changes in feeding ecology within 

the same environmental conditions. For each exposure habitat, we ran two linear models, 

δ13C and δ15N, with country of origin, ecotype and parasite load (expressed as residuals 

of the regression between parasite load and ecotype) as fixed factors and family, sex and 

mesocosm ID as random factors. 

 To understand whether the presence of an individual parasite taxon was associated 

with different feeding ecologies, we performed two linear mixed effects models. To retain 

statistical power, we focused on the eye fluke, Diplostomum sp. and the flatworm, 

Gyrodactylus sp. as both parasite taxa were found with >10 % prevalence in both habitats 

of exposure. Two LMMs were used to test for correlations between δ13C or δ15N and fish 

habitat of exposure, country of origin, fish ecotype, parasite taxa abundance and their 

interactions. Family, sex and mesocosm ID set as random factors. Diplostomum sp. 

abundance was collinear with habitat of exposures and ecotype so the residuals of the 
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regression between Diplostomum sp. abundance, habitat of exposure and ecotype were 

used. Gyrodactylus sp. abundance was also collinear with ecotype so residuals of the 

regression between Gyrodactylus sp. abundance and ecotype were used in the models 

including Gyrodactylus. 

3.3.4.4 Estimating plasticity in fish feeding ecology 

 In order to survive in a new or changing environment an organism must adjust 

often relying on adaptive phenotypic plasticity to do so (Crispo, 2007, Fitzpatrick, 2012). 

Our experimental design allows to investigate the plastic potential of fish as individuals 

are placed in either a similar habitat to which they originated from (native) or into an 

alternative habitat. To test how ecotypes adjust to novel prey and become infected in the 

reciprocal habitat, we created a variable that quantifies isotopic change between native 

and reciprocal habitats of fish families that are of lake or river origin (referred to as 

“feeding adjustment factor”). The capacity for a family group to adjust to their novel 

reciprocal habitat was calculated using equation 1 for lake families and equation 2 for 

river families. For example, fish from lake families exposed to river conditions (MAU) 

show a feeding adjustment factor of 0, this means they exploit the same niche as the river 

fish within the river habitat. This would show strong phenotypic plasticity of lake fish. If 

this index deviates significantly from 0, this suggests constraints into using the new niche, 

as well as weaker phenotypic plasticity and the use of sub-optimal feeding ecology. A 

linear model (LM) was used to test if feeding adjustment factor, and therefore feeding 

plasticity, differed with the country of origin, fish ecotype and their interaction. 

 

𝐴 𝑙𝑎𝑘𝑒 𝑓𝑎𝑚𝑖𝑙𝑖𝑒𝑠 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟: 
(𝑀𝑒𝑎𝑛 δ𝐹𝑎𝑚𝑖𝑙𝑦 𝑖𝑛 𝑙𝑎𝑘𝑒− 𝑀𝑒𝑎𝑛 δ𝐹𝑎𝑚𝑖𝑙𝑦 𝑖𝑛 𝑟𝑖𝑣𝑒𝑟)

(𝑀𝑒𝑎𝑛 δ𝐹𝑎𝑚𝑖𝑙𝑦 𝑖𝑛 𝑙𝑎𝑘𝑒− 𝑀𝑒𝑎𝑛 δ𝐴𝑙𝑙 𝑟𝑖𝑣𝑒𝑟 𝑒𝑐𝑜𝑡𝑦𝑝𝑒 𝑓𝑎𝑚𝑖𝑙𝑖𝑒𝑠 𝑖𝑛 𝑟𝑖𝑣𝑒𝑟)
   … Eq. 1 

 

𝐴 𝑟𝑖𝑣𝑒𝑟 𝑓𝑎𝑚𝑖𝑙𝑖𝑒𝑠 𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟: 
(𝑀𝑒𝑎𝑛 δ𝐹𝑎𝑚𝑖𝑙𝑦 𝑖𝑛 𝑟𝑖𝑣𝑒𝑟− 𝑀𝑒𝑎𝑛 δ𝐹𝑎𝑚𝑖𝑙𝑦 𝑖𝑛 𝑙𝑎𝑘𝑒)

(𝑀𝑒𝑎𝑛 δ𝐹𝑎𝑚𝑖𝑙𝑦 𝑖𝑛 𝑟𝑖𝑣𝑒𝑟− 𝑀𝑒𝑎𝑛 δ𝐴𝑙𝑙 𝑙𝑎𝑘𝑒 𝑒𝑐𝑜𝑡𝑦𝑝𝑒 𝑓𝑎𝑚𝑖𝑙𝑖𝑒𝑠 𝑖𝑛 𝑙𝑎𝑘𝑒)
   … Eq. 2 
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3.3.4.5 Parasite load and community structure 

 Once the links between stable isotope ratios and parasite load had been identified, 

we wanted to understand the determinants of parasite load (expressed as individual 

parasite load, IPI, Kalbe et al., 2002). To this end, we performed a LMM with habitats of 

exposure, country of origin, ecotypes, sex and their interactions as explanatory variables 

with family and mesocosm ID as random factors. Within a habitat of exposure, similar 

parasite loads across both fish ecotypes and origins would suggest parasite load is solely 

determined by a host’s environment. On the other hand, similar parasite loads within an 

ecotype but differences between ecotypes would suggest parallel ecotype evolution of 

parasite resistance. Lastly, population-specific parasite load within habitat of exposure 

would be evidence for local adaptation to be the main driver of parasite 

resistance/susceptibility. We used Tukey’s honest significance post-hoc tests (Tukey 

HSD) for pairwise comparisons of interactions. 

 To investigate the determinant of parasite communities, parasite abundances were 

square-root transformed before performing a PERMANOVA with Bray-Curtis 

dissimilarity matrix. We used habitat of exposure, country of origin, fish ecotypes and 

their interactions as explanatory variables. Significant effects were followed by a 

dispersion test with betadisper, from the vegan package, to determine if the observed 

differences were a by-product of data dispersion. 

 After this initial test, fish were then split by habitat of exposure to further explore 

difference in parasite community, as parasite diversity and abundance vary greatly 

between habitat types (Eizaguirre et al., 2011, Kalbe et al., 2002). The correlation 

between country of origin, fish ecotype and their interaction and habitat of exposure 

specific parasite communities were tested using a PERMANOVA. Pairwise 

PERMANOVAs between significant factors were conducted using the pairwise.adonis2 

function from the pairwiseAdonis package. A dispersion test was carried out on all 
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significant effects. Distance-based redundancy analysis (dbRDA) were used to visualise 

and test the influence of δ13C and δ15N values on lake exposure and river exposed parasite 

communities separately. 

3.3.4.6 Parasite load and fish fitness 

 In order to evaluate whether parasite load impacted fish fitness proxies, we 

conducted series of a linear mixed effects models on fish growth rate, both in length 

(length growth rate) and in weight (weight growth rate), body condition (condition 

faction, CF) and splenosomatic index (SSI). CF is a ratio between observed weight and 

the expected weight estimates from the observed length. Additionally, it has been well 

characterised that an increased SSI is associated with costly immunological cell activation 

and reduced life time reproductive success in this fish species (Kalbe et al., 2009). For 

each fitness proxy, we tested the effect of parasite load, fish country of origin, habitat of 

exposure, and fish ecotype, as well as their interactions using a LMM. Family, sex and 

Mesocosm ID were set as random factors. 

3.4 Results 

 High lipid content can bias stable isotope analysis considerably, altering the δ13C 

value as lipids are depleted in 13C, calling for possible mathematical lipid correction if 

samples have greater than 5% lipid content (Carbon to nitrogen ratio, C:N ratio > 3.5, 

Post et al., 2007). In this study, lipid correction was not necessary as fish C:N ratios 

indicated low lipid content (C:N ratio: 3.3 ± 0.1). 

3.4.1 Fish survival differential 

 A total of 459 fish survived the 10 months of the experimental period (Ntotal = 

720). We found the probability of a fish surviving correlated with an interaction between 

their country of origin and habitat of exposure (GLMM, X2
2 = 22.85, p < 0.001). Canadian 

fish broadly had a lower survival rate than German fish in experimental habitats, for 

example only 12.5% of the Canadian fish placed into Großer Plöner See survive the entire 



 93 

course of the 10-month experiment (Table 3.1). Only Canadian fish from Großer Plöner 

See had a significantly increased mortality rate compared to German fish across all 

habitats of exposure (TukeyHSD, p < 0.001, Supplementary Table 3.1). Fish ecotype did 

not correlate with survival rate (GLMM, X2
1 = 0.27, p = 0.6). 

 

Table 3.1: Total survival rate of fish across different habitats of exposure and country of origin. Großer 

Plöner See – lake treatments, Malenter Au – river treatment, Lab – Laboratory control treatment 

Habitat of Exposure Country of Origin Total Survival (%) 

Großer Plöner See 
Canada 12.5 

Germany 78.08 

Malenter Au 
Canada 66.9 

Germany 78.08 

Lab 
Canada 94.59 

Germany 81.94 

 

3.4.2 Feeding ecology 

3.4.2.1 Evaluating stable isotope fractionation 

 How an organism assimilates the organic material they consume is important but 

different fractionation rates of stable isotopes can occur. Here, we compared how fish 

from different origins held under standardised feeding conditions in the laboratory 

assimilated food. Under controlled conditions, river fish ecotypes showed higher δ13C 

than lake fish (LMM, F1,22= 8.53, p < 0.01, river fish: -18.66 ± 0.51, mean ± standard 

deviation, SD, lake fish: -18.98 ± 0.49). Fish country of origin was not associated with 

any differences in carbon fractionation (LMM, F1,7= 3.66, p = 0.099). Neither country of 

origin nor ecotype was correlated with δ15N values of laboratory fish (LMM, Country: 

F1,5= 1.99, p = 0.218, Ecotype: F1,20= 2.18, p = 0.155). This result suggests there could be 

some genetic differences in fractionation between fish ecotype and therefore call for 

caution when interpreting patterns observed for δ13C variation. 
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3.4.2.2 Determinants of fish feeding ecology 

 To explore the complex relationship between host-parasite interactions and host 

diet in the wild, we used fish that had been held in the experimental mesocosms under 

natural environments. Fish δ13C correlated with a four-way interaction between the 

habitat of exposure, country of origin, ecotype, and parasite load (LMM, F1,310 = 5.03, p 

< 0.05). δ15N values were associated with a three-way interaction between the habitat of 

exposure, country of origin and ecotype (LMM, F1,320 = 10.95, p < 0.01). Parasite load 

was removed from the model through backwards selection. 

 Due to the complex nature of the four-way interaction, we split the dataset by 

habitat of exposure and ran LMMs on Großer Plöner See and Malenter Au separately. 

This approach further allowed us to focus on the local vs. foreign theory of local 

adaptation. 

 The δ13C value for Großer Plöner See fish correlated with an interaction between 

fish country of origin and parasite load (LMM, F1,107 = 4.62, p < 0.05, Figure 3.1). Fish 

from both countries of origin showed a positive correlation between δ13C values and 

parasite load, but the correlation was stronger in Canadian fish (Figure 3.1). No variables 

tested were significantly correlated with δ15N values of fish held in the Großer Plöner See 

lake, suggesting regardless of country of origin, ecotype and parasite load, fish feed at 

similar trophic levels (LMM, country of origin: F1,22 = 0.95, p = 0.339, ecotype: F1,24 = 

0.63, p = 0.436 and parasite load: F1,24 = 0.63, p = 0.436).
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 Within the Malenter Au habitat, we found an interaction between fish ecotype and 

parasite load correlated with δ13C values, whereby lake fish showed a positive correlation 

between δ13C values and parasite load, while this correlation was negative for river fish 

(LMM, F1,197 = 4.97, p < 0.05, Figure 3.2). The increase of δ13C values in lake fish, a 

foreign ecotype, as they are more heavily parasitised suggests a dietary shift to more 

benthic food sources, which is not observed in river fish, the local ecotype. No 

correlations were observed between δ15N values and fish country of origin, ecotype or 

parasite load (LMM, country of origin: F1,13 = 3.21, p = 0.096, ecotype: F1,22 = 1.59, p = 

0.219 and parasite load: F1,197 = 0.4, p = 0.528). 

 

 

Figure 3.1: δ13C of fish from Großer Plöner See correlated with residuals of fish parasite load (IPI) and 

country of origin (LMM, F1,107 = 4.62, p < 0.05). 
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Figure 3.2: δ13C of fish from Malenter Au correlated with residuals of fish parasite load (IPI) and ecotype 

(LMM, F1,197 = 4.97, p < 0.05). Residuals of parasite load log-transformed for visual representation. 

3.4.3 The influence of specific parasite taxa on fish feeding ecology 

 Specific parasite taxa can have a huge impact on a host’s fitness and behaviour 

such as the feeding ecology of their host and how feeding varies among fish from different 

origins and within different habitats of exposure. We therefore, focused on Diplostomum 

sp. and Gyrodactylus sp. as they were found in both habitats with a prevalence >10 % 

(Supplementary Table 3.2), with Diplostomum sp. being a common lake parasite and 

Gyrodactylus sp., the main species in the river habitat (Eizaguirre et al., 2012a) 

Diplostomum sp. did not correlate with variation in δ13C values and was removed from 

the final model. However, fish δ15N positively correlated with Diplostomum sp. 

abundance (LMM, F1,215 = 8.79, p < 0.01, Figure 3.3) suggesting more heavily infected 

individuals feed at a higher trophic position, independently of the habitat of exposure. 

 Fish δ13C values correlated with an interaction between Gyrodactylus sp. 

abundance and fish ecotype: δ13C values of lake fish were negatively correlated with 

Gyrodactylus abundance and, whilst river ecotypes showed a positive correlation (LMM, 

F1,316 = 5.87, p < 0.05, Figure 3.4). Gyrodactylus sp. abundance was not correlated with 

δ15N values and was removed from the model through backwards selection. 
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Figure 3.3: Fish δ15N value was positively correlated with residuals of Diplostomum sp. abundance – 

residuals used (LMM, F1,215 = 8.79, p < 0.01). Residuals of Diplostomum sp. abundance log-transformed 

for visual representation. 

 

 

Figure 3.4: Fish δ13C values correlated with an interaction between residuals of Gyrodactylus abundance 

and fish ecotype (LMM, F1,316 = 5.87, p < 0.05). Residuals of Gyrodactylus abundance log-transformed for 

visual representation 
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3.4.3.1 Estimating plasticity in feeding ecology 

 Because there were marked differences between fish ecotypes, but also between 

their country of origin and habitat of exposure, we created a feeding adjustment factor for 

δ13C and δ15N to determine the plastic ability of the lake fish to exploit a similar niche as 

the river fish in the river habitat, and vice versa. Lake ecotypes showed significantly 

greater variation in their δ13C feeding adjustment factor than river ecotypes (lake ecotype: 

mean ± SD, 1.10 ± 0.02, river ecotype: 1.00 ± 0.05, LM, F1,20 = 35.67, p < 0.001, Figure 

3.5A) suggesting that lake families were more capable of changing their feeding 

behaviour to match that of river fish, suggesting a higher plastic ability. Country of origin 

did not correlate with the δ13C feeding adjustment factor and was dropped from the model 

during the model selection process. Neither country of origin nor ecotype correlated with 

the δ15N feeding adjustment factor (LM, country: F1,18 = 2.18, p = 0.157 and ecotype: 

F1,18= 0.02, p = 0.877, Figure 3.5B). Of note, even with the two extreme δ15N feeding 

adjustment factor outliers (family: 123x608 and 114x622) removed, neither country of 

origin nor ecotype are significantly correlated with the δ15N feeding adjustment factor.  
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Figure 3.5: Plots showing A) δ13C feeding adjustment factor and B) δ15N feeding adjustment factor by 

family, ecotype and country of origin. 
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3.4.4 Parasite load and community structure 

 Since we determined that stable isotope ratios of δ13C and δ15N correlate with the 

parasitic environment the fish were exposed to, we undertook to understand the 

determinant of parasite load and communities in our experimental fish. A total of 19 

parasite species were identified. Six taxa were present in both habitats of exposure, 11 

parasite species were specific to Großer Plöner See lake and two species, Apiosoma sp. 

and Acanthocephalus lucii, were found only in the Malenter Au river (Supplementary 

Table 3.2). Parasite load correlated with a three-way interaction including the fish habitat 

of exposure, their country of origin and ecotype (LMM, F1,323 = 5.23, p < 0.05, Figure 

3.6A, Supplementary Table 3.3). Post-hoc tests revealed fish from different habitats of 

exposure had different parasite loads; for example, Canadian lake fish in Großer Plöner 

See had a higher parasite load than Canadian lake fish in Malenter Au. Such a significant 

comparison is not surprising as there are more parasites in lake habitats than river (Tukey 

HSD, p < 0.05, Supplementary Table 3.4). However, no significant pairwise differences 

were found within each habitat of exposure (Tukey HSD, p > 0.05, Supplementary Table 

3.4). Nonetheless, we found an ecotype by habitat of exposure effect, with river fish in 

Großer Plöner See being more heavily parasitised than lake fish, whilst within Malenter 

Au no significant difference in parasite load occurs (LMM, F1,323= 4.73, p < 0.05, Figure 

3.6B, Supplementary Table 3.3, Supplementary Table 3.5). We also found that males had 

a lower parasite load than females overall (LMM, F1,316 = 5.22, p < 0.05, Supplementary 

Table 3.3). 
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Figure 3.6: Relationship between parasite load (IPI) and A) fish habitat of exposure, country of origin and 

ecotype, (LMM, F1,323 = 5.23, p < 0.05) and B) fish habitat of exposure and ecotype (LMM, F1,323= 

4.73, p < 0.05). 

 When investigating the determinants of parasite community, we identified a 

significant interaction between fish habitat of exposure, country of origin and ecotype 

(PERMANOVA, F1,337= 2.49, p < 0.05). A pairwise PERMANOVA showed that all 

pairwise comparisons between the two habitats of exposure were significant (pairwise 

PERMANOVA, p < 0.05, Supplementary Table 3.6). Within Großer Plöner See, German 

lake fish harboured significantly different parasite communities in comparison to German 

river fish and either Canadian ecotype, whilst in Malenter Au only Canada river fish 

harboured significantly different parasite to German river fish (pairwise PERMANOVA, 
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p < 0.05, Supplementary Table 3.6). Noteworthy, heterogenous data dispersion may 

contribute to this pattern (betadisper, F1,330= 4.80, p < 0.001). 

 In order to explore this relationship further, we split fish by their habitats of 

exposure as parasite loads vary greatly between lake and river habitat. Parasite 

community differed significantly within Großer Plöner See with a country of origin by 

ecotype effect, (PERMANOVA, F1,129= 2.53, p < 0.05, Figure 3.7A). Canadian lake and 

river ecotypes had significantly different parasite communities to German lake and river 

ecotypes within the lake (pairwise PERMANOVA, p < 0.05, Supplementary Table 3.7). 

Additionally, German river fish ecotypes harboured significantly different communities 

than German lake fish ecotypes (pairwise PERMANOVA, p < 0.05, Supplementary Table 

3.7). Here as well, those heterogeneous groups showed significant dispersion of data 

(betadisper, F1,126= 8.56, p < 0.001). 

 Similarly to Großer Plöner See, parasite community of Malenter Au fish, 

correlated with a country of origin by ecotype effect (PERMANOVA, F1,207= 4.85, p < 

0.01, Figure 3.7B). However, in the river habitat only one pairwise analysis revealed 

significant differences, involving the Canadian river ecotype and German river ecotype 

(pairwise PERMANOVA, p < 0.05, Supplementary Table 3.7). Here as well data 

dispersion may impact the observed results (betadisper, F1,204= 2.97, p < 0.03). 

 Overall, clear evidence of differences is seen in the lake habitats whereby the 

parasite community is diverse, enabling the genetic effects associated with ecotype and 

country of origin to be detected (Figure 3.7). 
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Figure 3.7: Non-metric multidimensional scaling (NMDS) plot of A) the parasite community of fish held 

within Großer Plöner See based on Bray-Curtis distance coloured by fish country of origin and ecotype 

(PERMANOVA, F1,129= 2.53, p < 0.05) and B) the parasite community of fish held within Malenter Au 

based on Bray-Curtis distance coloured by  fish country of origin and ecotype (PERMANOVA, F1,207= 4.85, 

p < 0.01). 

 Distance-Based Redundancy Analysis (dbRDA) allowed us to correlate parasite 

communities with feeding ecology as shown by stable isotope values. Within the Großer 

Plöner See lake, δ13C and δ15N values were correlated with different parasite community 

composition (dbRDA, δ13C: F1,127 = 3.14, p < 0.01, δ15N: F1,127 = 5.88, p < 0.001, Figure 

3.8A). Similarly, parasite communities of fish exposed to the Malenter Au river, 

correlated with δ15N values but not δ13C (dbRDA, δ15N: F1,205 = 4.65, p < 0.01, δ13C: F1,205 

= 0.61, p = 0.61, Figure 3.8B).  
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Figure 3.8: dbRDA plots showing Bray Curtis matrix on parasite communities with arrows representing 

δ13C and δ15N in A) Großer Plöner See (dbRDA, δ13C: F1,127 = 3.14, p = 0.002, δ15N: F1,127 = 5.88, p 

= 0.001) and B) Malenter Au (dbRDA, δ15N: F1,205 = 4.65, p = 0.006). 

3.4.5 Parasite load and fish fitness 

 Because parasites impose a cost to their hosts, we tested how parasite load 

correlated with fitness proxies. Fish growth rate (calculated from length) correlated with 

an interaction between parasite load and country of origin, whereby Canadian fish growth 

rate correlated positively with parasite load, whilst German fish showed a weaker positive 

correlation (LMM, F1,310= 5.44, p < 0.05, Figure 3.9, Supplementary Table 3.8). Fish SSI 

correlated with an interaction between parasite load, habitat of exposure and ecotype: lake 

fish ecotypes in the Großer Plöner See lake showed weak negative correlation between 

SSI and parasite load, whilst the parasite load of river and lake ecotypes held in the 

Malenter Au river positively correlated with SSI (LMM, F1,322 = 10.45, p < 0.01, Figure 

3.10, Supplementary Table 3.8). Parasite load did not correlate with fish weight growth 

rate or CF. 
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Figure 3.9: Fish length growth rate correlated with an interaction between parasite load and country of 

origin, (LMM, F1,310= 5.44, p < 0.05). 

 

 

Figure 3.10: Fish splenosomatic index correlated with an interaction between parasite load, habitat of 

exposure and ecotype (LMM, F1,322 = 10.45, p < 0.01). GPS – Großer Plöner See, MAU – Malenter Au. 
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3.5 Discussion 

 Parasite-mediated selection and predation are arguably two of the strongest 

selection pressures driving the evolution of local adaptation (Greischar and Koskella, 

2007, Kawecki and Ebert, 2004). Yet, they are not independent from each other as hosts 

may search for specific prey items which expose them to a specific range of parasites 

(Johnson et al., 2009, Locke et al., 2014, Stutz et al., 2014). Here, we performed a field 

experiment focused on two parapatric river-lake stickleback population pairs translocated 

into a new lake and a new river habitat. We first found that Canadian fish had lower 

survival in the new conditions than the German fish. Furthermore, we found direct links 

between parasite load and long-term components of feeding ecology in the form of δ13C 

and δ15N whereby German fish were less infected and continued using optimal prey items. 

Noteworthy, our experimental design enabled us to estimate phenotypic plasticity in 

feeding ecology which revealed to be larger in lake fish than in river fish. Altogether, our 

study shows that feeding ecology is strongly correlated with changes in parasite load and 

community composition and reveal both elements of population-specificity (i.e. local 

adaptation) and parallel evolution. 

 While it is acknowledged that parasite-mediated selection and predation are 

important evolutionary pressures, evaluating how they simultaneously operate is difficult 

under laboratory conditions (Eizaguirre et al., 2012b, Kaufmann et al., 2015). Indeed, it 

is practically impossible to expose fish with the broad diversity of parasites they are 

exposed to in nature (Barber and Scharsack, 2010, Stewart et al., 2017). And similarly, it 

is difficult to feed them with the broad diversity of food items they encounter under 

natural conditions. As such, our field experiment enables us to evaluate, in a very holistic 

manner, how the evolution of parasite resistance and feeding ecology operate and 

correlate with the evolution of local adaptation. 
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 The first key element in the evolution of local adaptation is survival (Fraser et al., 

2011, Kawecki and Ebert, 2004). We found patterns of local adaptation at the country 

level as Canadian fish broadly had a lower survival rate than German fish. This effect 

was strongest under lake conditions. This survival pattern is consistent with predictions 

made in the local vs. foreign theory of local adaptation, whereby local genotypes 

outperform foreign ones (Kawecki and Ebert, 2004). This is not the first time this pattern 

of local adaptation is found in the three-spined stickleback (Eizaguirre et al., 2012a). 

 The second element of local adaptation relates to individual fitness, whereby 

individuals will aim to maximize nutrient intake while minimizing parasite exposure and 

infection (Altizer et al., 2018). In relation to parasite infection, results showed both 

elements of parallel and local adaptation. Independently of the country of origin, lake fish 

exposed to the Großer Plöner See lake habitat showed lower parasite load than river 

ecotypes from both Canada and Germany. The reciprocal result was however unclear in 

the river habitat. As previously speculated, patterns of parallel evolution may be clearer 

under lake conditions as the strength of parasite-mediated selection is stronger in that 

habitat (Eizaguirre et al., 2012a, Eizaguirre et al., 2012b, Eizaguirre et al., 2011, Wegner 

et al., 2003). Indeed, as confirmed in our experiment, lake fish are exposed to more 

diverse parasites than river fish (Eizaguirre et al., 2012b). Different parasite communities 

have resulted in the evolution of specific allele pools at the genes of the major 

histocompatibility complex – the major immune genes of the adaptive immunity 

(Eizaguirre et al., 2011, Wegner et al., 2003). Ecotype-specific adaptation has also be 

detected at the level of genome-wide gene expression (Huang et al., 2016, Lenz et al., 

2013). Noteworthy, we found evidence of local adaptation as German river fish were less 

infected than Canadian river fish in the lake. These results suggest there is a level of local 

adaptation beyond the evolution of parallel ecotypes. In the river habitat, fish are exposed 

to lower parasite load and diversity which may explain why patterns of parallel or local 
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adaptation are less clear than under lake conditions. Overall, our experiment revealed 

both parallel and local adaptation to parasite-mediated selection. 

 One of the main goals of our study was to establish the link between feeding 

ecology and parasite infection in the context of local adaptation. Firstly, when comparing 

fish from both experimental habitat types we found δ13C correlated with a large four-way 

interaction between habitat of exposure, country of origin, ecotype and parasite load. The 

habitats sampled vary greatly in the prey availability and parasites taxa, and the different 

fish lineages have adapted to these specific differences (Brunner et al., 2017, Eizaguirre 

et al., 2011, Kalbe and Kurtz, 2006, Kalbe et al., 2002, McKinnon and Rundle, 2002, 

Taylor and McPhail, 2000). This complex interaction however suggests genotype-by-

environment interactions influence the relationship between parasites and diet. δ15N was 

not correlated with parasite load, although we did observe a habitat of origin, country of 

origin, and ecotype interaction again. This suggests that variation in parasite load is not 

associated with the trophic level in which the stickleback feeds. 

 To explore the relationship further we split by habitat of exposure. Focusing on 

the Großer Plöner See (lake habitat) exposed fish, we found δ13C correlated with an 

interaction between fish country of origin and parasite load, where Canadian fish with 

higher parasite loads fed on more benthic food sources (less negative δ13C) than those 

with lower parasite loads. A potential reason for this is that highly infected fish are trying 

to compensate the costs of infection by changing food source (Brunner et al 2017). A 

second possibility is linked to parasite-mediated behavioural responses, resulting in 

different feeding strategies in highly parasitised fish (Barber et al., 2008, Lefevre et al., 

2009, Lochmiller and Deerenberg, 2000). Whilst we observed a positive correlation 

between δ13C and parasite load in German fish, it is much weaker than that observed in 

Canadian fish. This may stem from adaptation at the country of origin level, where 

German fish are better adapted to tolerating the parasites found in the German lake 
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(Berner et al., 2008, Eizaguirre et al., 2012a, Eizaguirre et al., 2012b, Hendry et al., 2002, 

Kalbe et al., 2002, Lenz et al., 2013). Another potential reason behind such a finding may 

be that the Canadian fish are not adapted to the environmental conditions found in 

Germany and therefore are experiencing greater stress than the German fish, so 

epigenetics may play a role in the increase parasite infection and mortality (Wenzel and 

Piertney, 2014). It is worth noting some of the detailed patterns may also have emerged 

from the differential mortality of Canadian fish in the different habitats of exposure, and 

therefore results may need to be treated with caution. 

 Within Malenter Au (river habitat), we found δ13C was associated with an 

interaction between fish ecotype and parasite load. Lake fish placed in Malenter Au 

showed a positive correlation between parasite load and δ13C. This suggests that by 

feeding on their non-native prey, lake fish exposed to river conditions may acquire more 

parasites. Increased parasite exposure and infection may also come from the specific 

morphology of lake fish being less well adapted to the riverine prey species, resulting in 

a shift in feeding niche which could expose them to a higher diversity or abundance of 

parasites (Locke et al., 2014, Marques et al., 2011). This is supported by the lack of 

correlation between river ecotype parasite load and δ13C. On the other hand, nitrogen 

isotopes were not associated with any variables tested suggesting fish continue to feed at 

the same trophic level regardless of parasite infection, local environment, and genetic 

background. It is impossible in this system to determine whether different feeding 

ecology results in different parasite infection, or whether different infections result in 

different diets. Indeed, compensatory feeding behaviours to overcome the costs of 

parasite infection are common in stickleback and may also happen in nature (Brunner et 

al., 2017, Eizaguirre et al., 2009b, Kalbe et al., 2009). However, independent of the causal 

link, a suboptimal feeding niche use will correlate with increased infection and increasing 

selection for the evolution of local adaptation. 
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 At this stage, it is important to note that elements of stable isotope fractionation 

need to be consider cautiously (DeNiro and Epstein, 1978, Fry, 2006, Minagawa and 

Wada, 1984, Post, 2002). Here, we tested whether fish of different origins, whether from 

Canada or Germany but also from lake or river origin showed different fractionation 

capacity. Specifically, under standardized laboratory conditions, we found that lake and 

river fish showed differential fraction of δ13C values, even though they were fed identical 

food items. This possible genetic component of isotope use may explain some of the 

patterns detected in the field and therefore results associated with δ13C and fish ecotype 

need to be interpreted carefully. Country of origin had no influence on fractionation of 

carbon. Nitrogen isotope values did not differ between any of the fish within the 

controlled mesocosms so we can conclude that no difference in fractionation occurs in 

regard to trophic level. 

 Thanks to the common garden nature of our experiment, we could test the level 

of phenotypic plasticity expressed by the fish exposed to their non-native habitat type. 

However, it is important to note that this study was not fully reciprocal as no mesocosms 

were placed in Canada, it is only reciprocal at the habitat of exposure level. We found 

that lake families show more change in δ13C feeding adjustment values when exposed to 

the river conditions than the river fish exposed to the lake conditions. This indicates lake 

fish are capable to match levels of feeding strategy of river fish and hence have more 

plastic foraging capacity than their river counterparts. This effect could stem from two 

mechanisms. Firstly, the lake environment is more heterogeneous and sustain larger 

populations of fish which could result in greater genetic variation in lake ecotypes, with 

families capable of exploiting both the pelagic and benthic niches of the lake (Feulner et 

al., 2015, Matthews et al., 2010). Alternatively, lake fish could have higher phenotypic 

plasticity than river fish, independently of their niche evolution. Phenotypic plasticity has 

been linked to the adaptive radiation of oceanic and anadromous stickleback into 
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freshwater systems (Wund et al., 2008, Wund et al., 2012). While teasing apart the 

underlying mechanism is not possible in this experiment, further controlled laboratory 

experiments exploring feeding ability and preference as well as assimilation of food 

sources consumed would address this remaining knowledge gap. 

 Overall, our results show local adaptation of host-parasite interactions at multiple 

levels, country of origin, fish ecotype and habitat of exposure. The correlation between 

changes in parasite load and stable isotopes show that a strong relationship between 

parasites and feeding ecology exists, however, whether the change in diet results in the 

change in parasitism or whether parasitism results in shifts in diet remain to be elucidated. 

 

Ethics statement 

 All animal experiments described were approved by the Ministry of Nature, 

Environment and Country Development, Schleswig Holstein, Germany. Permits were 

granted by Canadian and German governmental institutions for all steps from catching 

fish in Canada and bringing them to Germany. 
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4.1 Abstract 

Identifying the determinants of a host’s microbial diversity and structure is complex. 

Here, we explored the relative contributions of host genetics and environment by 

performing a field-based common garden experiment using a second-generation of lake 

and river three-spined stickleback (Gasterosteus aculeatus) from two independent 

systems in Canada and Germany. Fish were placed into mesocosms in either a German 

lake or river and were retrieved at three time points over the course of 10 months. We 

used 16S rRNA amplicon sequencing to characterise amplicon sequence variants (ASVs) 

of the fish intestinal microbiomes. To estimate the role of the environment, we quantified 

the fish parasite load as well as their feeding ecology using carbon (δ13C) and nitrogen 

(δ15N) stable isotopes. We found evidence that fish intestinal microbiomes are distinct 

from the microbiomes of their prey items and surrounding environment, showing host 

environmental filtering. Despite being exposed to identical environmental conditions, fish 

microbial diversity correlated with their country of origin, with German fish harbouring 

a greater diversity than Canadian fish, suggesting potential genetic determinism. 

Interestingly, we found evidence of host-parasite-microbe interactions, with both 

microbial diversity and community composition being associated with fish parasite load. 

Specifically, parasite infection was negatively associated with intestinal microbial 

diversity through interactions with fish habitat of exposure (lake or river) and country of 

origin (Canada or Germany). Finally, microbial diversity was correlated with fish diet 

(trophic position or proportion of littoral carbon) through interactions with habitat of 

exposure, country of origin, and fish ecotype (lake or river) showing complex host-

microbe-diet interactions. Overall, our results show that it is possible to disentangle the 

determinant of host-microbe interactions whether linked to host genetics or 

environmental pressures, specifically parasite infection and diet. 
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4.2 Introduction 

 Host-microbe interactions are textbook examples of being influenced by 

genotype-by-environment interactions (Suzuki, 2017, Walter and Ley, 2011). However, 

the relative influence of these factors remains to be elucidated in natural populations 

(Rennison et al., 2019a). Genotype-by-environment interactions are crucial pre-requisites 

of local adaptation, which is a common outcome of adaptive evolution, detected when 

resident genotypes have increased fitness in their local environment compared to non-

resident genotypes (Kawecki and Ebert, 2004, Savolainen et al., 2013, Sobel et al., 2010). 

 The factors that determine host-microbe interactions can be mostly grouped into 

environmental and genetic categories. Environmental factors can also be further split into 

abiotic or biotic components. Abiotic environmental factors such as temperature or 

salinity correlate with host microbial diversity and community structure (Chiu et al., 

2020, Krause et al., 2012, Lindström and Bergström, 2004, Lozupone and Knight, 2007). 

For instance, the microbiomes of freshwater fish are more similar to other freshwater fish 

than to marine ones, with Aeromonas and Plesiomonas being common in freshwater 

species (Nayak, 2010, Sullam et al., 2012). Biotic factors, on the other hand, include 

elements of feeding ecology (diets) and its associated pressures such as parasite infection 

(Britton and Andreou, 2016). Research on the influence of diet on host microbiomes has 

mainly focused on humans or model organisms under controlled laboratory conditions, 

where hosts are fed specific dietary groups, e.g. plant-based vs. animal-based or high fat 

vs. low fat diets (David et al., 2014, Heinritz et al., 2016, Parks et al., 2013). However, 

this is not directly representative of diet-microbe interactions in natural systems where 

organisms consume a wide range of food sources. Yet, replicating controlled experiments 

in the field is complex, especially in regard to knowing what prey item an organism has 

consumed. To overcome this limit, stable isotope analysis (SIA) has been used as a proxy 

for a long-term assessment of an individual’s diet (Lorrain et al., 2002, Post, 2002). 
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Carbon (δ13C) and nitrogen (δ15N) isotope ratios, in particular, can be used to calculate 

the proportion of littoral carbon in a host’s diet, as well as their trophic position (Matthews 

et al., 2010, Post, 2002). For instance, SIA on cichlid fish, known for their rapid local 

adaptation and speciation potential, showed a lack of distinct niches during the early 

stages of ecological diversification was associated with non-parallel changes of gut 

microbial communities – hence deciphering the role of diet and host genotype in the 

determinant of host microbiome community (Harer et al., 2020). 

 In nature, diet is also associated with parasite infection, as different feeding 

strategies can expose hosts to both trophically transmitted and actively infecting parasites 

(Bakke et al., 1992, Johnson et al., 2009, Locke et al., 2014, Marcogliese and Cone, 1997, 

Stutz et al., 2014). Parasites have the ability to affect a host’s microbiome (Dheilly et al., 

2015, Fredensborg et al., 2020, Llewellyn et al., 2017, Rausch et al., 2013), as studies 

have shown both increased (Lee et al., 2014, Rosa et al., 2018) and decreased microbial 

diversity in association with parasite exposure (Houlden et al., 2015, McKenney et al., 

2015). This may be a response to the influx of parasite-associated microbes, as each 

parasite harbours their own unique microbiome (Dheilly et al., 2015). Parasites also have 

the ability to directly modify the microbiome and alter host immune response to create 

more favourable conditions for their own growth (Dheilly et al., 2015). Interestingly, the 

microbes within a host are not passive in this relationship, with the ability to both facilitate 

infection and assist the host in pathogen defence (Ford and King, 2016, King and Bonsall, 

2017, King et al., 2016, Stevens et al., 2021). It is widely accepted that local adaptation 

of the host can emerge as a response to local parasite communities (Eizaguirre et al., 

2012a, Hamley et al., 2017, Kalbe and Kurtz, 2006, Kaufmann et al., 2017, Lenz et al., 

2013, Summers et al., 2003, Weber et al., 2017), and growing research supports the 

theory that host-parasite-microbe interactions could also be associated with local 

adaptation of a host population (Dheilly et al., 2015, King et al., 2016, Kwiatkowski et 
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al., 2012). To properly test this hypothesis, however, it is important to understand the 

genetic determinants of host’s selection on microbial communities (Smith et al., 2015, 

Steury et al., 2019, Sullam et al., 2012, Wang et al., 2016a). 

 Indeed, microbiomes of genetically similar hosts, for instance at the genes of the 

major histocompatibility complex (MHC), are more similar than those of unrelated hosts 

exposed to similar environments (Bates et al., 2007, Bonder et al., 2016, Chen et al., 

2018, Steury et al., 2019, Zoetendal et al., 2001). Host genetics can also influence their 

microbiome in other ways such as behavioural differences where they will avoid areas 

deemed unsanitary or containing rancid food sources, which will limit immigration of 

potentially harmful bacteria (Welzl et al., 2001). A host can also target the growth of 

bacteria that is beneficial to them, such as those that provide nutrients the host is unable 

to get through their diet by providing nutrients and suitable living conditions for those 

bacteria species (Sonnenburg et al., 2005). A fascinating form of genetic control is when 

a host is able to monitor the location bacteria or the benefits provided by those bacteria 

within their microbiome through their toll-like receptors, implementing further controls 

if required (Kiers et al., 2003, Vaishnava et al., 2011). For example, legumes harbour 

Bradyrhizobium japonicum which produce nitrogen for the host, these are 

compartmentalised in the plants root nodules and given nutrients to survive. However, if 

the host senses that the bacteria stop producing nitrogen they will cut the nutrient supply 

to that root nodule (Kiers et al., 2003). Similarly, as individuals of different sexes exhibit 

different behaviours or may use/process food sources differently, sex genotypes have 

been associated with sex-specific microbiomes (Bolnick et al., 2014c, Dominianni et al., 

2015, Zhang et al., 2020). 

 Resolving whether host environment or genetics underpins microbiome structure 

and association with host local adaptation is challenging. To overcome this problem, 

laboratory experiments have been successfully used (Douglas, 2019, Spor et al., 2011). 
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However, evidence suggesting captivity can affect the host microbiome, coupled with the 

lack of realistic complexity of laboratory experiments, shows sampling wild populations 

is crucial to understanding host-microbe interactions fully (Hird, 2017, McKenzie et al., 

2017). A replicated common garden experiment is an ideal way to study the influence of 

genotype-by-environment interactions and local adaptation on host microbiomes in the 

wild (de Villemereuil et al., 2016). This allows the study of ‘local vs. foreign’ criterion, 

i.e. how hosts fitness from different lineages vary within the same habitat, here with a 

special focus on observing the influence of genetic factors on the microbiome. We can 

also study the ‘home vs. away’ criterion, i.e. how hosts from the same linage vary across 

two different habitats, to explore the role the local environment has on host microbiomes 

(Kawecki and Ebert, 2004). Additionally, signals of local adaptation, such as survival 

rate, host growth, and body condition, can be measured to observe whether fitness varies 

between local and foreign genotypes. Overall, to test for the role of microbiome in host 

local adaptation, it is important to focus on species for which local adaptation has been 

well described. 

 The three-spined stickleback (Gasterosteus aculeatus) is an ideal model organism 

to explore whether locally adapted fish populations have population-specific 

microbiomes, i.e. stems from genetic determinism, or whether the microbial communities 

are mostly determined by local environmental pressures. Since the last glaciation, 

multiple colonisations of freshwater habitats have resulted in natural parallel systems of 

lake-river ecotypes (Bell and Foster, 1994, Eizaguirre et al., 2011, Feulner et al., 2015, 

Marques et al., 2016). These ecotypes differ in genetics, morphology, physiology and 

behaviours (Bolnick et al., 2018, Cano et al., 2006, Eizaguirre et al., 2011, Hanson et al., 

2017, Marques et al., 2016, Ravinet et al., 2013, Rennison et al., 2019b, Taylor and 

McPhail, 2000). They also experience variation in parasite infections, for example lake 

fish are exposed to a greater parasite diversity and load than river fish (Bolnick et al., 
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2020, Eizaguirre et al., 2011, Kalbe et al., 2002, Reusch et al., 2001). As a consequence, 

lake ecotype populations have evolved better resistance to more diverse, higher parasite 

loads than river populations (Eizaguirre et al., 2012a, Eizaguirre et al., 2012b, Kalbe and 

Kurtz, 2006, Lenz et al., 2013, Wegner et al., 2003). Additionally, lake-river ecotype 

pairs have different feeding strategies (Berner et al., 2008), which likely alter exposure 

to parasites (Stutz et al., 2014) and influence the microbial community (Bolnick et al., 

2014b). 

 Studies on the determinants of stickleback gut microbiome identified that fish 

genetics, diet, helminth infection, sex, ecotype and polymorphism in the MHC gene 

correlated with microbial diversity and community structure (Bolnick et al., 2014a, 

Bolnick et al., 2014b, Bolnick et al., 2014c, Ling et al., 2020, Smith et al., 2015, Steury 

et al., 2019). Additionally, parallel evolution of the gut microbiome has been observed 

across independently evolved benthic and limnetic stickleback ecotype pairs from Canada 

(Rennison et al., 2019a). However, no studies have used replicated common garden 

experiments on the three-spined stickleback to test for local adaptation of host 

microbiomes or to explore genotype-by-environment interactions. 

 Here, we conducted a reciprocal common garden experiment by transplanting 

both Canadian and German lake and river three-spined stickleback into a third lake and 

river system in Germany. We tested whether fish origin, the habitat of exposure and 

parasite infection correlated with the diversity and composition of stickleback gut 

microbiomes. Additionally, we tested for signals of local adaptation whereby the presence 

of certain bacterial species would be associated with increased fish fitness proxies. 

Finally, we tested whether diet correlated with microbial diversity. For this, we used the 

proportion of littoral carbon used and fish trophic position calculated from stable isotope 

ratios as direct estimators of diet. This in situ common garden experiment allowed us to 

explore the influence of host environment and genotypes on the stickleback gut 



 119 

microbiome without the constraints associated with laboratory experiments. This study 

was conducted in a broad framework where water and fish prey items were also collected 

and sequenced to determine their microbial community diversity. 

4.3 Methods 

4.3.1 Breeding design 

 Three-spined sticklebacks were collected using hand nets and minnow traps from 

two paired lake and stream populations, one in Canada (McCreight lake: 50˚28’12.4’’N, 

125˚65’31.7’’W, Amour de Cosmos creek: 50˚23’54.3’’N, 125˚63’62.9’’W) and one in 

Germany (Westensee lake: 54˚26’89.8’’N, 9˚96’09.2’’E, Eider stream: 54˚16’65.5’’N, 

10˚07’60.1’’E). Fish were collected during two breeding seasons, 2014 and 2015. A total 

of 20 individuals from each sample population were used to breed first-generation (G1) 

families through in vitro fertilisation. To stop fungal growth, eggs were treated post-

fertilisation with acriflavine (Dajana) and Methylene Blue (King British). Fertilised 

Canadian eggs were held at 4˚C during transportation to Germany. Transportation 

conditions were replicated for German fish by storing fertilised eggs in the fridge at 4˚C 

for 4 days. G1 eggs were then incubated, hatched and fish were raised in tanks in the 

laboratory with constant water flow, fed frozen chironomid larvae ad libitum and held in 

controlled summer conditions at 18˚C, 18:6 Light:Dark (L:D). Sexual maturity was 

triggered in fish by cycling artificially through the seasons (Autumn: 12˚C for 2 weeks, 

12:12 L:D, Winter: 6˚C for 4 weeks, 12:12 L:D, Spring: 12˚C for 4 weeks, 12:12 L:D and 

Summer: 18˚C until breeding, 18:6 L:D). Nest materials, green polyester threads (cut to 

a length of ~ 10 cm) and a sand-filled petri dish, were provided to sexually mature males 

kept in individual tanks. To initiate natural spawning, an unrelated gravid female from 

the same sampling population was placed into the tank with the male. Breeding pairs were 

allowed to mate repeatedly to create family groups of identical genetic origin. We 

obtained a total of 24 second-generation (G2) families (N = 12 of Canadian origin and N 



 120 

= 12 of German origin). Using a G2 fish generation enabled us to reduce the influence of 

possible parental effects. All experiments described were approved by the Ministry of 

Nature, Environment and Country Development, Schleswig Holstein, Germany. Permits 

were granted by Canadian and German governmental institutions for all steps of wild fish 

collection. 

4.3.2 Field-based common garden experiment 

 Before placing the fish into experimental mesocosms in a lake and a river, dorsal 

spine clippings were collected from each individual. DNA extraction on the spine 

clipping was conducted using DNA Tissue kit (Invitek, Germany) following 

manufacturer’s protocols to allow for sex-typing and genotyping for 14 microsatellites 

for later identification of individuals (Kalbe et al., 2009). At that time, fish standard length 

and weight were also recorded to measure individual growth over the course of the 

experimental period. In October 2016, 48 mesocosms made of 5 mm stainless steel mesh 

and a stable framework (L:1 m, H:0.25 m, W:0.6 m) were placed in two geographically 

connected exposure habitats, a large lake Großer Plöner See (GPS, Nmesocosms = 24, 

54˚14’61.0’’N, 10˚40’86.9’’E) and Malenter Au a small, slow-flowing stream (MAU, 

Nmesocosms = 24, 54˚19’62.7’’N, 10˚55’65.9’’E). Field exposure protocols match those 

described in Eizaguirre et al. (2012a). We chose this German lake-river system (Großer 

Plöner See - Malenter Au) as the location for our experimental mesocosms as it is isolated 

from the lake-river system (Westensee lake - Eider stream) that parental German fish 

were collected from. This assured that both Canadian and German fish were exposed to 

a different lake-river system than their natal one, guaranteeing all fish were in an 

allopatric system, enabling more direct comparisons between fish of different origins to 

be made. Mesh size allowed for constant water flow and invertebrates (food sources and 

intermediate hosts for parasites) to pass through, whilst keeping experimental fish 

separate from wild stickleback and predators. Malenter Au mesocosms were placed 3 m 
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apart at a depth of 0.5 – 1.5 m. Großer Plöner See mesocosms were placed 2 m apart at 1 

– 1.2 m depth. Each mesocosm contained 24 fish of either Canadian or German origin, of 

which 12 were river ecotype fish (♀= 6, ♂= 6) and 12 were lake ecotype fish (♀= 6, ♂= 

6, Figure 4.1). Mating was prevented by separating sexes within the mesocosm with a 

plexiglass. Fish were kept in mesocosms for up to 10 months and were sampled at three 

different time points during this experimental period. The first collection time point 

occurred in December 2016, the second in May 2017 and the final time point in July 2017. 

Predicting increasing mortality rates throughout the experiment, we dedicated 25% of the 

mesocosms to the December time point, another 25% to the May time point and the 

remaining 50% of mesocosms were sampled during the final (July) time point. 

Experimental sites were visited weekly to check for dead fish and guarantee that 

mesocosms remained submerged. Six additional mesocosms were kept in controlled 

biotic and abiotic conditions within the laboratory habitat, referred to as the control 

mesocosms. These mesocosms were cycled through the seasons to mimic external 

environmental conditions with controlled temperature and light periods (specific details 

for each season given above). Laboratory fish were fed ad libitum on frozen chironomid 

larvae. 
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Figure 4.1: Experimental design of the field-based common garden experiment. Wild-caught (WC) fish were collected from rivers and lakes (coloured to depict fish ecotype, blue = 

river ecotype, orange = lake ecotype) in Canada (Amour de Cosmos creek and McCreight lake) and Germany (Eider stream and Westensee lake) were bred in vitro. First-generation 

(G1) fish were allowed to breed naturally to produced second-generation fish (G2). G2 fish were placed in mesocosms in a new geographically connected river and lake habitat in 

Germany (Malenter Au and Großer Plöner See). Mesocosms were stocked with either Canadian or German fish and contained 24 fish (6 female river fish, 6 female lake fish, 6 male 

river fish and 6 male lake fish). Sexes within a mesocosm were separated with plexiglass to prevent mating. 25% of mesocosms were collected in December 2017, 25% in May 2017 

and all remaining fish were collected in July 2017. 
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4.3.3 Sample collection 

 Twelve mesocosms from both habitats of exposure were retrieved in December 

and May, and 24 mesocosms July, as well as the six control mesocosms from the 

laboratory. Dissection occurred within two days of sampling. Fish were euthanised with 

tricaine methanesulfonate (MS222, 200mg/l, Sigma). External surfaces of fish were 

screened for ectoparasites under a dissection microscope. Eyes, gills and internal organs, 

except the spleen and the heart, were screened for endoparasites, using a sterilised 

compressorium (Kalbe et al., 2002). Parasite abundance and diversity were combined into 

an individual parasite index, IPI (Kalbe et al., 2002). IPI values were calculated for all fish 

across both habitats of exposure, as well as separating for Großer Plöner See and Malenter 

Au exposed fish. Standard length (SL), total length (TL), total weight, and organ weight 

(spleen and head kidney) were measured. Proxies of fish fitness were estimated using 

body condition (CF = (
𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐿𝑒𝑛𝑔𝑡ℎ
)

3

× 100) (Frischknecht, 1993) and splenosomatic 

index (SSI = 
𝑆𝑝𝑙𝑒𝑒𝑛 𝑊𝑒𝑖𝑔ℎ𝑡

𝐵𝑜𝑑𝑦 𝑊𝑒𝑖𝑔ℎ𝑡
× 100) (Kalbe et al., 2009). Intestines were stored in a 

physiological saline solution (0.64% sodium chloride) at -80°C until DNA extraction. 

 During the July time point, invertebrate samples were collected for microbial 

analysis to compare fish gut microbiomes to that of their food source. A plankton net was 

used to sample invertebrates in Großer Plöner See and Malenter Au. Invertebrates were 

transferred to a sterile falcon tube to be sorted in the laboratory. All invertebrates 

observed that were potential food sources of the three-spined sticklebacks were selected 

with sterile forceps (5 individuals per invertebrate species) and stored in ethanol-filled, 

sterile microcentrifuge tubes at −80 °C until DNA extraction. Invertebrates used to feed 

the laboratory fish were aseptically removed from their packaging, defrosted and placed 

into individual sterile microcentrifuge tubes containing ethanol using sterile forceps. 

Invertebrate samples obtained for microbiome samples included caseless caddisfly 

larvae, mayfly larvae, isopods, Gammarus sp. and white chironomid larvae from 
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Malenter Au, as well as Gammarus sp. and red chironomid larvae from Großer Plöner 

See. White and red chironomid larvae were obtained from the laboratory. 

 Water samples were also collected in July. Five replicates (5 x 500 ml) were 

collected for each habitat of exposure, in sterile Duran bottles, and transported to the 

laboratory on ice. Water samples were filtered using a Thermo Scientific Nalgene 

Polysulfone Filter Holder and Receiver (500 ml capacity). All filtration equipment was 

sterilised by autoclaving immediately before filtration. Water samples were first passed 

through a sterile 0.7 μm Whatman® glass fibre filter to remove large organic matter. Pre-

filtered water was then passed through a sterile 0.22 μm Whatman® nitrocellulose 

membrane filter. Filters were transferred to sterile Falcon tubes and stored at −80 °C until 

DNA extraction. A filter blank was taken at the start and end of processing the replicates 

of each habitat of exposure by loading a 0.22 μm Whatman® nitrocellulose membrane 

filter and passing through 500 ml of sterile distilled water (Milli-Q® water). Aseptic 

techniques were used throughout the filtration process. 

4.3.4 DNA extraction 

 DNA extractions were carried out in a class II biological safety cabinet to reduce 

the risk of contamination. Fish intestines were cut in half to reduce the risk of overloading 

the spin column. To remove excess salt (an artefact of the chosen storage method) from 

fish samples prior to DNA extraction, cut intestines were placed in sterile microcentrifuge 

tubes containing 850 μl of 100% ethanol at -20°C overnight, followed by centrifuging for 

12 minutes at 6000g, the supernatant was then discarded. A second rinse in 850 μl of 70% 

ethanol was carried out, then samples were centrifuged for 12 minutes at 6000g and the 

supernatant was discarded. Intestines were left for 10 minutes in the class II biological 

safety cabinet to make sure ethanol had evaporated prior to starting the DNA extraction 

process. DNA was extracted from samples using DNeasy 96 Blood & Tissue Kit 

(QIAGEN) with the following protocol modifications. For invertebrate samples, whole 
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individuals were used. For water samples, nitrocellulose membrane filters were torn into 

small pieces using sterile forceps to allow for the whole sample to be submerged in the 

lysis buffer. For all samples, lysis was carried out overnight and the elution step was 

conducted twice with 75 μl of warmed elution buffer (50°C) incubated for 5 minutes each 

time before centrifuging, to increase DNA yield. Each 96 Blood & Tissue plate contained 

two blanks to check for contamination at each stage of processing, one to be used as an 

extraction blank and the second as a PCR blank. 

4.3.5 PCR amplification and sequencing 

 The V4 16S ribosomal RNA gene (390 bp) was amplified using the primers 515F 

(5’-GTGYCAGCMGCCGCGGTAA-3’) – 806R (5’-GGACTACNVGGGTWTCTAAT-

3’, (Apprill et al., 2015, Parada et al., 2016). PCR reactions were carried out in duplicate 

to reduce the risk of PCR artefacts or failure. Each reaction consisted of 5 μl 5x PCRBIO 

HiFi buffer, 1 μl of forward and reverse primers (5 pmol/μl), 0.25 μl PCRBIO HiFi 

Polymerase (2 u/µl), 16.75 μl PCR grade H2O and 1 μl Template DNA for a total volume 

of 25 μl. Reactions were conducted on a Bio-Rad T100 Thermal Cycler using the 

following protocol: 1 minute at 95°C, 15 seconds at 95°C (x34), 15 seconds at 65°C (x34), 

30 seconds at 72°C (x34), 5 minutes at 72°C. Amplification was validated using gel 

electrophoresis. PCR duplicates were pooled prior to sequencing. Extraction blanks were 

treated the same as samples during amplification. The only variation in the protocol for 

PCR blanks was the substitution of 1 μl Template DNA with 1 μl PCR grade H2O. 

4.3.6 Illumina sequencing data analysis 

 The Genome Centre, London, carried out PCR product clean up, sequence library 

prep and Illumina MiSeq 300bp paired-end sequencing. FastQC was used to observe the 

quality of demultiplexed paired-end sequencing reads (R1 and R2, Andrews, 2010). 

Primer and adapter sequences were removed using Trimmomatic (Bolger et al., 2014). 

We estimated trimming parameters using Figaro v1.0.0, a bioinformatics tool that allows 
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for post-trimming sequence information to be maximized, whilst expected errors in the 

sequences themselves are minimized (White et al., 2008). An amplicon size of 390bp and 

a minimum overlap of 70bp, to allow for the trimming of up to 100bp from the 

overlapping region, were used as Figaro parameters. This resulted in 28bp and 75bp being 

removed from the 3’ end of the sequence for R1s and R2s respectively. QIIME 2 

v2020.02 (Bolyen et al., 2019) and DADA2 software packages (Callahan et al., 2016) 

were used to denoise, merge R1s and R2s, remove chimeras, and assign amplicon 

sequence variants (ASVs) using default parameters. Taxonomy was assigned using 

Greengenes 13_8 database (McDonald et al., 2012). Previous microbiome studies used 

operational taxonomic units (OTUs) to cluster bacterial sequences by sequence similarity 

(typically at a 97% similarity threshold), however the field has now shifted to using ASVs 

as the preferred method as they are exact sequence variants that are comparable across 

studies, improving reproducibility (Callahan et al., 2017). 

4.3.7 Stable isotope analysis 

 For a subset of fish (N = 268) from the July time point, we sampled a small section 

of white muscle from the tail and stored them at -20°C for stable isotope analysis. 

Additionally, mussels (N = 3) and snails (N = 3) were collected from Großer Plöner See 

and Malenter Au during invertebrate sampling and frozen at −20 °C for stable isotope 

analysis. These filter feeders and grazers were used as baselines for stable isotope analysis 

and allowed for fish trophic position and proportion of littoral carbon to be calculated. 

Stable isotope samples were desiccated at 60°C for 48 hours and homogenised using a 

mechanical grinder for 1 minute (30Hz, 2 x 316 stainless steel beads, TissueLyser II, 

Qiagen). Mussel and snail samples were removed from their shells before drying. 

Approximately 1 mg of homogenised sample was loaded into tin capsules (6 x 4 mm). 

We measured carbon and nitrogen isotopes. Samples were analysed on an Integra 2 

spectrometer (Sercon Instruments, Crewer, UK, Analytical precision: 0.1‰) using 
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continuous-flow isotope ratio mass spectrometry (CF-IRMS). Isotope ratios were 

calculated for carbon (δ13C) and nitrogen (δ15N). Isotopic ratio accuracy was verified 

using a Protein (Casein) Standard OAS/Isotope every 10 samples (Elemental 

Microanalysis, δ13C: -26.98 ± 0.13‰, δ15N: +5.94 ± 0.08‰). 

 Proportion of littoral carbon (α) within an individual’s diet was calculated by 

comparing fish δ13C with the average δ13C of the primary consumers within the system 

(𝛼 =  
δ13𝐶𝑓𝑖𝑠ℎ− δ13𝐶𝑚𝑢𝑠𝑠𝑒𝑙𝑠 

δ13𝐶𝑠𝑛𝑎𝑖𝑙𝑠− δ13𝐶𝑚𝑢𝑠𝑠𝑒𝑙𝑠
). In freshwater systems, filter feeders such as mussels and 

clams represent pelagic baselines, whilst grazers such as snails are the littoral baselines 

(Post, 2002). Nitrogen isotope ratios are enriched by ~3.4 ‰ in consumers in comparison 

to their food source, allowing for individual trophic position (tpos) to be calculated (Post, 

2002). To calculate tpos, the baseline δ15N of a system is required (δ15𝑁𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 =

 αδ15𝑁𝑠𝑛𝑎𝑖𝑙𝑠 +  (1 − α)δ15𝑁𝑚𝑢𝑠𝑠𝑒𝑙𝑠), this value can then be used to calculate an 

individual’s trophic position (𝑡𝑝𝑜𝑠 = 2 +  
1

3.4
(δ15𝑁𝑓𝑖𝑠ℎ −  δ15𝑁𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)). 

4.3.8 Statistical analyses 

 Statistical analyses were conducted in R version 3.6.3, packages used include: 

phyloseq, vegan, lmerTest, lme4 (McMurdie and Holmes, 2013, R Core Team, 2020). 

The normality of model residuals were tested and data transformation was conducted, if 

required, to meet test assumptions. Collinearity between fixed factors within a model was 

tested using linear models (LM) and if observed, residuals of their regressions were used. 

All models were backward selected using Akaike’s Information Criterion (AIC) values 

to retain the optimal reduced model (Burnham and Anderson, 2004). Restricted 

Maximum Likelihood was used for all linear mixed effect models due to the slight 

variation in sample numbers due to fish mortality during the course of the experiment. To 

test for correlations between parasite load (IPI) and microbial community composition, an 

infection category was assigned to each fish in relation to their IPI. Fish with an IPI in the 
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lower tertile were classified as having a low infection, those in the upper tertile were 

classified as having high infections, the remaining individuals were classified as medium. 

4.3.8.1 Amplicon sequence variants 

 ASVs classified as mitochondria or chloroplast, as well as ASVs with fewer than 

ten reads across at least two samples, were removed from the dataset. Additionally, 

samples with fewer than 500 reads were removed from our dataset. Analyses were run on 

non-rarefied data and data were rarefied to 1000 reads to test for the consistency of the 

detected patterns. 

 Understanding whether similar bacteria are common across all sample types and 

habitats of exposure can help to highlight the influence of the environment on microbes. 

Bacteria, at the ASV and phylum level, were classified as shared, partially shared or 

unique between sample types, including fish gut, invertebrate and water samples. Fish-

specific shared, partially shared or unique ASVs and phyla were also identified across the 

three habitats of exposure (Großer Plöner See – lake, Malenter Au – river, and 

laboratory). Additionally, we identified core ASVs within fish gut samples across the 

three exposure habitats. ASVs were classified as core microbiome if they were present in 

at least 65% of fish within a habitat of exposure. 

4.3.8.2 Testing for survival differential 

 Whether an organism survives in an environment is essential for the evolution of 

local adaptation. To test fish survival, we used a binomial generalised linear mixed effect 

model (GLMM) to test whether survival was associated with their country of origin 

(Canada or Germany), habitat of exposure (Großer Plöner See or Malenter Au) or ecotype 

(lake or river) and the interaction of these three variables, with mesocosm ID, collection 

month and sex set as random effects. Control mesocosms were tested separately as they 
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were sampled at a single time point. Tukey post-hoc tests were carried out to examine 

pairwise comparisons between categories of the significant variables. 

4.3.8.3 Do different sample types have different microbiomes? 

 To determine the role of environment in influencing the diversity of microbes in 

fish guts, it is important to know how they compared to the microbial diversity found in 

invertebrates and water. To explore this question, we fitted linear mixed effects models 

(LMM) to test for associations between Shannon Diversity, Faith’s Phylogenetic 

Diversity (PD) and Gini-Simpson indexes, with sample type and habitat of exposure, as 

well as their interaction. Due to invertebrate and water samples only being collected in 

July, we used collection month as a random effect. A Tukey post-hoc test between sample 

type and the habitats of exposure examined pairwise comparisons between significant 

factors. 

 To investigate whether microbial community composition differed among the 

sample types and their habitat of exposure, we used PERMANOVAs based on 

unweighted UniFrac distance, weighted UniFrac distance and Bray-Curtis dissimilarity. 

Collection month was set as a block using strata (i.e. random factor for a PERMANOVA). 

Pairwise PERMANOVAs were calculated between significant factors using the 

pairwise.adonis2 function from the pairwiseAdonis package. All significant effects were 

followed by a dispersion test with betadisper, from the vegan package, to ascertain the 

observed differences were not related to heterogeneity in dispersion. 

4.3.8.4 Do fish held in different habitats harbour different microbiomes? 

 After establishing the difference between the field-based fish, laboratory fish and 

different sample types, we focused on what influences stickleback gut microbiome 

diversity and composition under wild conditions. Firstly, the determinants of variation in 

fish microbial diversity linked to habitat of exposure, country of origin, ecotype, family 
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background but also month of sampling and mesocosm ID were identified using a 

variance component analysis from the VCA package (Schuetzenmeister and Dufey, 

2019). 

 Then, linear mixed effects models (LMM) were used to test for differences in 

microbial diversity (Shannon, PD, Gini-Simpson) associated with fish habitat of 

exposure, country of origin, ecotype, IPI and sex, as well as their two and three-way 

interactions. Mesocosm ID and month of collection were used as random effects. Tukey 

post-hoc tests between significant factors were used for pairwise comparisons. 

 PERMANOVAs were used to test whether fish habitat of exposure, country of 

origin, ecotype and IPI group, as well as their two and three-way interactions correlated 

with microbial community composition across the three -diversity metrics. Collection 

month was used as a block. Pairwise PERMANOVAs were calculated between 

significant factors. All significant effects were followed by a dispersion test. A similarity 

percentage analysis (SIMPER) was conducted to identify ASVs that significantly 

contribute most to variation among significant groups using the simper.pretty function 

(Steinberger, 2018), followed by Kruskal-Wallis tests with false discovery rate (FDR) 

corrected p-values using the function kruskal.pretty (Steinberger, 2018). 

4.3.8.5 Do fish within a singular habitat have different microbiomes? 

 Due to the strong effect that the habitat of exposure has on microbial diversity and 

composition, we split the dataset for the two habitats of exposure, Malenter Au and 

Großer Plöner See. To determine differences in microbial diversity within the two 

separate habitats, linear mixed effects models (LMM) that included fish country of origin, 

ecotype, IPI and sex as well as their two and three-way interactions as fixed predictors 

were used. We assigned mesocosm ID and month of collection as random effects. Tukey 

post-hoc tests were carried out on significant factors. 
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 PERMANOVAs were used to test whether fish country of origin, ecotype and IPI 

group as well as their two and three-way interactions correlated with microbial 

community composition (all -diversity metrics). Month of collection was used as a 

block. Pairwise PERMANOVAs were calculated for significant effects. All significant 

effects were followed by a dispersion test. A SIMPER was conducted to identify ASVs 

that significantly contribute most to variation among significant groups followed by 

Kruskal-Wallis tests. 

4.3.8.6 The influence of feeding ecology on the gut microbiome 

 Diet is known to have a strong influence on the gut microbiome of a host (David 

et al., 2014). Therefore, we tested for correlations between microbial diversity (Shannon, 

PD and Gini-Simpson), fish diet, i.e. littoral carbon and trophic position, habitat of 

exposure, country of origin, ecotype, sex as well as their two and three-way interactions 

using LMMs. Mesocosm ID was used as a random effect. Stable isotope samples were 

only collected in July so month of collection was not required as a random effect. 

Proportional use of littoral carbon was expressed as the residuals of the regression 

between littoral carbon, habitat of exposure and fish trophic position. Residuals were also 

used for fish trophic position as this variable was collinear with habitat of exposure. We 

did not test the habitats of exposure separately for this part of the analysis as we were 

interested in the interaction between habitat of exposure and other factors tested. 

 Next, we explored the influence of fish diet, littoral carbon and trophic position, 

on the relative abundance of ASVs. Only common ASVs that had a mean relative 

abundance of  > 0.01% were selected. We used quasibinomial generalised linear mixed 

models (GLMS) to evaluate the association between individual ASV relative abundance 

and both fish proportional use of littoral carbon and trophic position. Chi-squared tests 

were used to identify whether the number of significant models obtained exceeded the 
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5% null expectation. We applied FDR analysis to account for false positives (type I error) 

arising from multiple statistical comparisons to obtain the number of significant models. 

4.3.8.7 Microbes and fish fitness 

 Finally, we tested whether fitness traits were correlated with an interaction 

between individual ASVs and habitat of exposure. We used a similarity percentage 

analysis (SIMPER), followed by Kruskal-Wallis tests, to identify ASVs of interest that 

significantly contributed most to variation among habitat of exposure between the country 

of origin groups. Fish were split into their country of origin as previous tests showed 

microbiomes of fish from Canada and Germany differed within the same habitat. Linear 

models were used to identify whether the interaction between ASVs of interest and habitat 

of exposure correlated with fish fitness traits. Fish traits tested were standard length at the 

end of the experiment (SL), body condition (CF) and splenosomatic index (SSI) as a 

proxy for immune activation. 

4.4 Results 

4.4.1 Fish survival differential 

 Out of 1296 fish used at the start of the experiment, from 54 experimental 

mesocosms in Großer Plöner See and Malenter Au, as well as in the control mesocosms, 

1000 fish survived (Supplementary Table 4.5). Within the experimental habitats, we 

found the likelihood of survival correlated with an interaction between country of origin 

and habitat of exposure (GLMM, X2
2 = 8.02, p < 0.01). Canadian fish placed within 

Großer Plöner See had a reduced likelihood of survival in comparison to Canadian fish 

within Malenter Au or German fish in either habitat of exposure (TukeyHSD, p < 0.001, 

Figure 4.2, Supplementary Table 4.6). Fish survival was not correlated with ecotype 

(GLMM, X2
1 = 0.93, p = 0.35). Fish held in controlled laboratory conditions also showed 

that country of origin correlated with the likelihood of survival (GLMM, X2
1 = 5.14, p < 
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0.05). However, in the laboratory German fish had a decreased likelihood of survival in 

comparison to Canadian fish (Figure 4.2). 

 

 

Figure 4.2: Fish likelihood of survival differed with an interaction between habitat of exposure and country 

of origin (GLMM, Experimental mesocosms, GPS and MAU: X2
1 = 8.02, p < 0.01, control mesocosms: X2

1 

= 5.14, p < 0.05). 

4.4.2 Microbiome descriptive summary 

 After removing primers and chimeras, 3,511,703 reads were retained from the 751 

sample sequences. A total of 309 samples were removed as they had fewer than 500 reads, 

retaining 3,211,982 reads across 442 samples, of which 120 also had stable isotope data. 

Additional analysis was carried out on samples rarefied to 1000 reads (N = 364), and both 

non-rarefied and rarefied datasets were used for core microbiome identification, bacterial 

diversity and community composition analysis. Because of overall similarity in patterns, 

only non-rarefied results are reported (but see Supplementary Materials – Chapter 4 for 

rarefied results). Rarefaction curves for the non-rarefied and rarefied datasets showed 

they reached saturation plateaus (Supplementary Figure 4.1). Extraction and PCR blanks 

contained extremely low read numbers, showing the reliability of the protocols. 

 A total of 30 different phyla were identified across all sample types, with fish 

showing a large amount of inter-individual variation (Supplementary Figure 4.2). Within 
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fish samples, Proteobacteria was one of the most dominant phyla with a mean relative 

abundance of 58 ± 1% (standard error, SE). Firmicutes were the next most dominant phyla 

(13 ± 1%), followed by Planctomycetes (10 ± 1%). Proteobacteria and Firmicutes were 

also dominant within invertebrate samples (63 ± 3% and 5 ± 1%), as well as Bacteroidetes 

(18 ± 2%). Similarly, water samples also had a high relative abundance of Proteobacteria 

(31 ± 5%) and Bacteroidetes (32 ± 10%), as well as a high abundance of Actinobacteria 

(34 ± 6%). 

4.4.3 Amplicon sequence variants 

 We identified 2562 ASVs across all samples. A total of 1639 ASVs were 

ubiquitous across all sample types. Fish samples contained 62 fish-specific ASVs, whilst 

invertebrates had 59 and 75 ASVs were found only in water samples (Figure 4.3A). When 

focusing on bacterial phyla, we found 28 of the 30 phyla sequenced were present in all 

sample types (Figure 4.3B). The phylum OP1 was only found in water samples. A second 

phylum, NC10, was unique to invertebrate samples. No bacterial phyla were unique to 

fish samples. 

 We found a similar mix of shared and unique ASVs when comparing fish from 

different habitats of exposure. Fish contained 2201 ASVs, 305 of which were ubiquitous 

across all habitats of exposure (Figure 4.3C). Fish held within Malenter Au harboured 

737 unique ASVs in comparison to Großer Plöner See’s 222 unique ASVs and laboratory 

fish’s 207 ASVs. At the phylum level, fish from Malenter Au contained two unique phyla, 

Synergistetes and SR1, whilst Großer Plöner See and laboratory fish contained no unique 

phyla (Figure 4.3D). 

 When we examined the core gut microbiome of fish across the three habitats of 

exposure, two ASVs, a Ralstonia species and an ASV belonging to the family 

Oxalobacteraceae, were identified as core in all exposure habitats at a 65% prevalence 

threshold. Propionibacterium acnes and a Rickettsiella species (Rickettsiella species 1) 
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were present in at least 65% of Malenter Au fish. Fish within Großer Plöner See had three 

core ASVs, a Synechococcus species, a Rickettsiella species (Rickettsiella species 2) and 

an ASV belonging to the Isosphaeraceae family. An additional five core ASVs were 

identified in control fish from the laboratory, two ASVs belonging to the Rhizobiales 

order, two ASVs belonging to the Bacillaceae family and Reyranella massiliensis. 

 

 

Figure 4.3: A) Shared and distinct ASVs across fish, water and invertebrate samples. B) Shared and distinct 

phyla across lake, fish, water and invertebrate samples. C) Fish shared and distinct ASVs across habitats 

of exposure, Malenter Au, Großer Plöner See and laboratory control. D) Fish shared and distinct phyla 

across habitats of exposure, Malenter Au, Großer Plöner See and laboratory control. 

4.4.4 A comparison of the microbes in fish, invertebrates, and water 

 We identified an interaction between sample type and habitat of exposure across 

both experimental habitats and controlled laboratory settings (LMM, Shannon: F4,432= 

7.40, p < 0.001, PD: F4,432= 5.32, p < 0.001, Gini-Simpson: F4,432= 8.02, p < 0.001, Figure 

4.4). Among the different habitats of exposure, we found microbial diversity was higher 

in invertebrate samples than fish samples from Großer Plöner See and Malenter Au 

(TukeyHSD, all diversity indexes: p < 0.01, Supplementary Table 4.7). Within the 

experimental habitats of exposure, microbial diversity did not differ between fish and 
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water samples (TukeyHSD, all diversity indexes: p > 0.05, Supplementary Table 4.7). In 

the control mesocosms, fish had higher microbial diversity than water samples 

(TukeyHSD, Shannon diversity and Gini-Simpson: p < 0.01, Supplementary Table 4.7). 

Among sample types, invertebrate microbial diversity did not differ between Großer 

Plöner See and Malenter Au, however, the invertebrates used to feed the laboratory fish 

harboured less diverse microbiomes than wild invertebrates from Großer Plöner See or 

Malenter Au (TukeyHSD, all diversity indexes: p < 0.05, Supplementary Table 4.7). Only 

Malenter Au and laboratory water samples differed in microbial diversity (TukeyHSD, 

Shannon diversity and Gini-Simpson: p < 0.05, Supplementary Table 4.7). Of greatest 

interest is that the microbial diversity of fish varied among all three habitats of exposure 

(TukeyHSD, all diversity indexes: p < 0.05, Supplementary Table 4.7). 

 

 

Figure 4.4: Boxplots show Shannon diversity significantly correlated with an interaction between sample 

type and habitat of exposure (LMM, Shannon: F4,432= 7.40, p < 0.001). Shannon diversity is split by 

sampling months to reflect the random effect used in the statistical model. 

 Microbial community composition was best described by an interaction between 

sample type and habitat of exposure (PERMANOVA, Unweighted UniFrac: F4,441 = 4.39, 

p < 0.001, Weighted UniFrac: F4,441= 5.68, p < 0.001, Bray-Curtis: F4,441= 4.80, p < 0.001, 

Figure 4.5, Supplementary Table 4.8). Noteworthy, data dispersion may explain a part of 

the observed pattern (betadisper, all -diversity metrics: p < 0.001, Supplementary Table 
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4.8). All pairwise interactions between sample types and locations were significant 

(Supplementary Table 4.9). Overall, it is obvious that each sample type is composed of 

its own microbiome, suggesting host-specific effects contribute to fish microbial 

community. We therefore focused on fish exposed to the different experimental habitats 

of exposure for the remainder of the analysis. 

 

 

Figure 4.5: Principal Coordinates Analysis (PCoA) plot of the unweighted UniFrac distance microbial 

community of different habitats of exposure (colour) and sample types (shape) (PERMANOVA, F1,230 = 

5.03, p < 0.01). Plots are split by month of collection as sampling period was used as a block in the 

PERMANOVA. 

4.4.5 Do fish in different habitats have different microbiomes? 

 To first describe the determinants of microbial diversity, we conducted a variance 

component analysis. We found that month of collection explained the largest component 

of the observed variation in microbial diversity (VCA, mean of all diversity index: 19.77 
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± 9.17% SD, Table 4.1). Mesocosm ID also explained a significant effect (VCA, 14.04 ± 

6.76%, Table 4.1). Additionally, fish habitat of exposure, country of origin and family 

were small components of the observed microbial variation (Table 4.1). 

 Focusing on fish across both experimental habitats of exposure, we found 

microbial diversity correlated with an interaction between habitat of exposure and fish 

parasite load Ipi, with microbial diversity of Malenter Au fish being more negatively 

correlated with Ipi than Großer Plöner See fish (LMM, Shannon: F1,184= 8.82, p < 0.01, 

PD: F1,230= 5.23, p < 0.05, Gini-Simpson: F1,209= 5.07, p < 0.05, Figure 4.6A). 

Furthermore, we found that fish origin was associated with microbial diversity, with 

German fish having a higher microbial diversity than Canadian fish for Shannon diversity 

index (LMM, F1,32= 4.49, p < 0.05, Figure 4.6B). and Gini-Simpson index (LMM, F1,32= 

4.80 p < 0.05). 

 

Table 4.1: Variance componence analysis explaining variability in fish microbial diversity due to month of 

collection, habitat of exposure, fish country of origin, ecotype, family group and mesocosm ID. Average of 

all indexes was calculated by calculating the mean of the combined variance components of the three 

indexes. 

Factor 

  

Average of all 

indexes 

  

Shannon 

Diversity 

  

Phylogenetic 

Diversity 

  

Gini-Simpson 

Diversity 

 % Total SD  % Total SD  % Total SD  % Total SD 

Total  - -  100.00 1.56  100.00 5.47  100.00 0.33 

Month of Collection  19.77 9.17  24.56 0.77  25.54 2.76  9.19 0.10 

Habitat of Exposure  2.69 0.58  3.29 0.28  2.66 0.89  2.13 0.05 

Country of Origin  5.95 2.23  6.67 0.40  3.44 1.01  7.72 0.09 

Ecotype  0.00 0.00  0.00 0.00  0.00 0.00  0.00 0.00 

Mesocosm ID  14.04 6.76  16.50 0.63  6.39 1.38  19.24 0.14 

Family  0.27 0.23  0.29 0.08  0.04 0.11  0.49 0.02 

Error   57.28 7.45   48.69 1.09   61.92 4.30   61.23 0.26 
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Figure 4.6: Shannon diversity was linked to A) an interaction between habitat of exposure and fish Ipi 

(LMM, Shannon: F1,184= 8.82, p < 0.01), fish Ipi was log transformed for visualisation and B) fish country 

of origin (LMM, F1,32= 4.49, p < 0.05). 

 Microbial community composition of fish was best described by an interaction 

between habitat of exposure and Ipi group (PERMANOVA, Unweighted UniFrac: F2,319 

= 1.85, p < 0.01, Weighted UniFrac: F2,319 = 2.18, p < 0.05, Bray-Curtis: F2,319 = 1.52, p 

< 0.05, Supplementary Table 4.8). Specifically, within Malenter Au high IPI infected fish 

showed a significantly different community composition to both low and medium IPI 

infected fish (pairwise PERMANOVA, Unweighted UniFrac: F1,101 = 7.53, p < 0.01, 

Weighted UniFrac: F1,101 = 6.09, p < 0.01, Bray-Curtis: F1,101 = 3.95, p < 0.01, 

Supplementary Table 4.10). No significant pairwise interactions were observed within 

fish in Großer Plöner See (Supplementary Table 4.10). No ASVs were identified in 

significantly different abundance between habitats of exposure and IPI pairs after FDR 

corrections. We found a second interaction between fish habitat of exposure and country 

of origin significantly correlated with microbial community (PERMANOVA, 

Unweighted UniFrac: F1,319 = 4.04, p < 0.01, Weighted UniFrac: F1,319 = 4.91, p < 0.01, 

Bray-Curtis: F1,319 = 3.90, p < 0.01, Figure 4.7, Supplementary Table 4.8). Within both 
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habitats of exposure, German and Canadian fish had significantly different microbial 

composition (pairwise PERMANOVA, all -diversity metrics: p < 0.01, Supplementary 

Table 4.11). We also found that fish from the same country of origin had different 

microbial community composition across the two habitats of exposure (pairwise 

PERMANOVA, all -diversity metrics: p < 0.01, Supplementary Table 4.11). These 

differences stemmed from 16 ASVs found in significantly different abundance between 

combined habitat of exposure and country groups (SIMPER, Supplementary Table 4.12). 

These ASVs belonged to the following phyla: Cyanobacteria, Firmicutes, 

Planctomycetes, Proteobacteria, Tenericutes, Verrucomicrobia. Here as well, data 

dispersion may have impact the observed results (betadisper, all -diversity metrics: p < 

0.05, Supplementary Table 4.8). 

 

 

Figure 4.7: Principal Coordinates Analysis (PCoA) plot of Bray-Curtis distance of different country of 

origins and habitat of exposure (PERMANOVA, F1,319 = 3.90, p < 0.01). Plot are split by month of collection 

as it was used as a block in the PERMANOVA. 
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4.4.6 Microbial diversity and community in separated habitats of exposure 

4.4.6.1 Fish exposed to Malenter Au river conditions. 

Having determined that habitat of exposure correlated strongly with microbial 

diversity and composition, we investigated habitat-specific effects which may be 

otherwise hidden in a global analysis. Within the Malenter Au river, we found microbial 

diversity was associated with an interaction between fish country of origin and IPI, with 

microbial diversity of German fish being more negatively correlated with IPI than 

Canadian fish (LMM, Shannon: F1,195= 9.41, p < 0.01and Gini-Simpson: F1,191= 8.74, p 

<0.01, Figure 4.8A). We found a second significant interaction between IPI and sex of 

fish, where microbial diversity of females was more negatively correlated with IPI than 

males (LMM, Shannon: F1,192= 6.32, p < 0.05 and Gini-Simpson: F1,193= 13.81, p < 0.001, 

Figure 4.8B). Interestingly, no specific ecotype effects were detected. 

 

 

Figure 4.8: Within the Malenter Au habitat of exposure Shannon diversity is linked to A) an interaction 

between IPI and country of origin (LMM, Shannon: F1,195= 9.41, p < 0.01). B) an interaction between IPI 

and sex of fish (LMM, Shannon: F1,192= 6.32, p < 0.05). IPI log-transformed for visual representation. 

 Within Malenter Au, microbial community showed significant variation with an 

interaction between fish country of origin and IPI infection load, and we observed tighter 
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clusters in German fish, suggesting they have more similar microbiomes that Canadian 

individuals (PERMANOVA, Bray-Curtis: F2,202 = 1.51, p < 0.05, Figure 4.9, 

Supplementary Table 4.8). Specifically, microbial communities between German and 

Canadian fish varied when comparing all IPI groups (pairwise PERMANOVA, p < 0.05, 

Table 4.2). Within each country of origin, fish with medium IPI infection harboured 

significantly differently microbial communities to fish with a high IPI infection (pairwise 

PERMANOVA, p < 0.05, Table 4.2). However, data dispersion may have impacted the 

observed results (betadisper, all -diversity metrics: p < 0.05, Supplementary Table 4). 

We then performed a SIMPER analysis to identify the ASVs contributing to the observed 

difference. We detected 16 ASVs significantly contributing to the difference between 

country of origin and IPI groups (Supplementary Table 4.13). Particularly 

Carnobacterium viridans was consistently found in higher abundance in Canadian fish 

than German fish, regardless of IPI groups. 
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Figure 4.9: Within Malenter Au, Bray-Curtis diversity of fish showed significant variation with an 

interaction between country of origin and IPI group (PERMANOVA, Bray-Curtis: F2,202 = 1.51, p < 0.05). 

Plot are split by month of collection as it was used as a block in the PERMANOVA. 

Table 4.2: Selected Pairwise PERMANOVA results (pairwise.adonis2 function) from Malenter Au dataset 

for the interaction of country of origin and IPI group using Bray-Curtis distance. Month of collection used 

as block. Significant results are highlighted in bold, Df denotes degrees of freedom. 

    
Df 

Sums 

Of Sqs 

Mean 

Sqs 
F.Model R2 Pr(>F) 

German Fish       

 Low IPI - High IPI 1,59 0.40 0.40 1.23 0.02 0.148 

 Medium IPI - High IPI 1,54 1.62 1.62 4.55 0.08 0.023 

 Low IPI - Medium IPI 1,44 1.51 1.51 4.09 0.09 0.094 

Canadian Fish       

 Low IPI - High IPI 1,89 1.41 1.41 3.43 0.04 0.098 

 Medium IPI - High IPI 1,79 1.14 1.14 2.69 0.03 0.007 

 Low IPI - Medium IPI 1,75 0.74 0.74 1.84 0.02 0.148 

Low IPI group       

 German Fish - Canadian Fish 1,67 1.18 1.18 3.16 0.05 0.001 

Medium IPI group       

 German Fish - Canadian Fish 1,67 1.54 1.54 4.16 0.06 0.001 

High IPI group       
  German Fish - Canadian Fish 1,66 0.60 0.60 1.43 0.02 0.045 
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4.4.6.2 Fish exposed to Großer Plöner See lake conditions 

 None of the variables tested were significantly correlated with microbial diversity 

for fish exposed to the Großer Plöner See lake conditions. However, we found a number 

of effects for community composition. Once again, we found that country of origin was 

correlated with microbial community composition (PERMANOVA, Weighted UniFrac: 

F1,116 = 3.74, p < 0.05 and Bray-Curtis: F1,116 = 2.61, p < 0.05, Figure 4.10, Supplementary 

Table 4). We found no difference in dispersion of country groups within the Großer 

Plöner See exposure habitat (betadisper, p > 0.05, Supplementary Table 4). Interestingly, 

a single ASV, Rickettsiella species, was found in a significantly higher abundance in 

Canadian fish compared to German fish. Here as well, we found no effect of ecotype of 

origin. 

 

 

Figure 4.10: Country of origin was correlated with microbial community composition of fish within Großer 

Plöner See (PERMANOVA, Bray-Curtis: F1,116 = 2.61, p < 0.05). Plot are split by month of collection as 

it was used as a block in the PERMANOVA. 
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4.4.7 The influence of feeding ecology on the gut microbiome 

 For a subset of fish, we obtained stable isotope readings for carbon and nitrogen. 

Interestingly, Shannon diversity of river ecotype fish was negatively correlated with fish 

trophic position (LMM, Shannon: F1,31= 4.47, p < 0.05, Figure 4.11A). Next, we found 

that an interaction between fish country of origin and proportional use of littoral carbon 

was associated with variation in phylogenetic diversity (LMM, PD: F1,32= 4.84, p < 0.05, 

Figure 4.11B). Particularly, microbial phylogenetic diversity of Canadian fish decreased 

with proportion of littoral carbon, whilst German fish were positively correlated. We also 

found a second interaction between fish proportional use of littoral carbon and their 

habitat of exposure correlating with changes in phylogenetic diversity (LMM, PD: F1,30= 

7.15, p < 0.05, Figure 4.11C). Fish exposed to Malenter Au showed a weak positive 

correlation between microbial phylogenetic diversity and proportion of littoral carbon, 

whilst Großer Plöner See exhibited a negative correlation. 

 

 

Figure 4.11: A) Shannon diversity correlated with fish ecotype and trophic position (LMM, Shannon: F1,31= 

4.47, p < 0.05). B) Phylogenetic diversity correlated with an interaction between country of origin and 

proportional use of littoral carbon (LMM, PD: F1,32= 4.84, p < 0.05). C) Phylogenetic diversity correlated 

with an interaction between fish proportional use of littoral carbon and the habitat of exposure (LMM, PD: 

F1,30= 7.15, p < 0.05). 

 A total of 388 ASVs had > 0.01% relative abundance and were tested for 

correlations with fish proportional use of littoral carbon and trophic position. After false 

discovery rate corrections, the relative abundance of 32 ASVs were associated with fish 
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trophic position (Figure 4.12). For the majority of ASVs, their relative abundance was 

positively correlated with fish trophic position. The relative abundance of 20 ASVs were 

associated with fish proportional use of littoral carbon, however after false discovery rate 

corrections, the number of significant ASVs was not significantly greater than the 5% 

expected due to false positives alone (p = 0.889). 

 

 

Figure 4.12: Heatmap showing the effects of diet on ASV relative abundance. Columns contain the models 

of diet effects, littoral carbon and trophic position for ASVs from a bacterial class in each row. Each row 

of the heatmap corresponds to a bacterial class. Vertical bars represent an ASV with a mean relative 

abundance >0.01%. Red bars represent ASVs whose relative abundance increases with the diet metric. The 

blue bars represent ASVs whose relative abundance decreased with the diet metric. Under the different diet 

metrics we indicate the number of ASVs for which an effect of the metric was observed. Asterisk indicates 

that the number of significant ASVs surpasses the expected 5% false positive rate. 

4.4.8 Microbes and fish fitness 

 All models stated below show an interaction between ASVs of interest and habitat 

of exposure. See Table 4.3 for summary of models. Within Canadian fish, the presence 

of Carnobacterium viridans, which had a greater abundance in Malenter Au, correlated 
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with fish standard length (SL) (LM, SL: F1,172= 4.23, p < 0.05, Figure 4.13A). Serratia 

species (Serratia species 1), which was found in higher abundance in Malenter Au, 

correlated with fish SL and splenosomatic index (SSI) (LM, SL: F1,172= 10.16, p < 0.01, 

Figure 4.13B and SSI: F1,172= 4.29, p < 0.05, Figure 4.13C). The remaining 5 ASVs 

identified for Canadian fish were not associated with standard length, body condition or 

splenosomatic index. In German fish, we found Rickettsiella species 1 in higher 

abundance in Großer Plöner See and was correlated with fish SL and body condition (CF) 

(LM, SL: F1,140= 7.16, p < 0.01, Figure 4.13D and CF: F1,140= 6.47, p < 0.05, Figure 

4.13E). A second Rickettsiella species (Rickettsiella species 2), which had an increased 

abundance in Malenter Au, correlated with fish SL and CF (LM, SL: F1,140= 15.50, p < 

0.001, Figure 4.13F and CF: F1,140= 9.08, p < 0.01, Figure 4.13G). The presence of 

Luteolibacter species 1, found in greater abundance in Malenter Au fish, correlated with 

fish SL and CF (LM, SL: F1,140= 21.60, p < 0.001, Figure 4.13H and CF: F1,140= 10.18, p 

< 0.01, Figure 4.13I). Bacillus species 1, higher in Großer Plöner See correlated with fish 

SL and CF (LM, SL: F1,140= 6.56, p < 0.05, Figure 4.13J and CF: F1,140= 7.97, p < 0.01, 

Figure 4.13K). Next, we found an ASV belonging to the class CK-1C4-19, which was 

found in higher abundance in Malenter Au fish, correlated with fish SL (LM, SL: F1,140= 

2.41, p < 0.05, Figure 4.13L). Gemmataceae family 1, again found in higher abundance 

in Malenter Au fish, correlated with all three fitness traits (LM, SL: F1,140= 7.93, p < 0.01, 

Figure 4.13M, CF: F1,140= 5.75, p < 0.05, Figure 4.13N, and SSI: F1,140= 4.16, p < 0.05, 

Figure 4.13O). Finally, the presence of a Rhodobacter species (Rhodobacter species 1), 

which was in higher abundance in Großer Plöner See fish, correlated with CF and SSI 

(LM, CF: F1,140= 4.85, p < 0.05, Figure 4.13P and SSI: F1,140= 8.18, p < 0.01, Figure 

4.13Q). 
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Table 4.3: Summary table of linear models using habitat of exposure and individual ASVs to explain fish fitness traits, standard length (SL), body condition (CF) and splenosomatic 

index (SSI), split into Canadian fish and German fish. Found in greater abundance refers to the habitat in which the ASV is found in higher abundance (MAU – Malenter Au, GPS – 

Großer Plöner See). 

ASV 
Found in greater 

abundance in: 
Df 

 
Fish Fitness Trait 

 
Standard Length 

 
Body Condition 

 
Splenosomatic index  

  F value P value   F value P value   F value P value 

Canadian Fish: 
           

 
Carnobacterium viridans MAU 1,172 

 
15.50 < 0.001 

 
3.68 0.057 

 
0.21 0.644  

Serratia species 1 MAU 1,172 
 

4.29 0.040 
 

1.80 0.182 
 

10.16 0.002 

German Fish: 
           

 
Rickettsiella species 1 GPS 1,140 

 
7.16 0.008 

 
6.47 0.012 

 
2.43 0.121  

Rickettsiella species 2 MAU 1,140 
 

15.50 < 0.001 
 

9.08 0.003 
 

1.17 0.281  
Luteolibacter species 1 MAU 1,140 

 
21.60 < 0.001 

 
10.18 0.002 

 
1.91 0.170  

Bacillus species 1  GPS 1,140 
 

6.56 0.011 
 

7.98 0.005 
 

0.09 0.759  
CK-1C4-19 class MAU 1,140 

 
2.41 0.123 

 
3.60 0.060 

 
0.17 0.679  

Gemmataceae family 1 MAU 1,140 
 

7.93 0.006 
 

5.75 0.018 
 

4.16 0.043 

  Rhodobacter species 1 GPS 1,140   0.17 0.678   4.85 0.029   8.18 0.005 
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Figure 4.13: Norm of reaction showing influence of presence/absence of ASVs on different fish fitness 

traits: standard length (SL), body condition (CF) and splenosomatic index (SSI) within experimental 

habitats of exposure, Malenter Au (MAU) and Großer Plöner See (GPS) separated by country of origin, 

Canadian and German fish.  
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4.5 Discussion 

 The influence host (genetic) and environmental factors have on the host 

microbiome are difficult to disentangle in natural populations (Rennison et al., 2019a). 

In this study, we attempted to address this knowledge gap, using Canadian and German 

parapatric lake-river three-spined stickleback pairs, translocated into new lake and river 

habitats in Germany. Firstly, we found evidence of host contribution, as i) the microbiome 

of the three-spined stickleback was distinct from that of their food source (invertebrates) 

and the surrounding water; and ii) fish country of origin was repeatedly associated with 

variation gut microbiome even in shared habitats of exposure. We showed, on the other 

hand, host environment correlated with changes in the gut microbiome, through temporal 

variation (highlighted in the VCA results) and habitat-specific microbiomes. We revealed 

genotype-by-environment interactions through correlations between the gut microbiome 

and parasite infection, as well as diet. Finally, we identified signals of host local 

adaptation (at the country level) through fish survival and exploring the influence of 

individual ASVs on fish fitness traits. Altogether, our results confirm that host’s genetics 

and their environment correlate strongly with changes in the gut microbiome in the wild, 

with complex host-parasite-microbe and host-microbe-diet interactions occurring. 

 The influence of stickleback genetics on microbial diversity and composition was 

identified repeatedly throughout our study. Firstly, we can confirm fish gut microbiota 

are not simply a subset of the microbes of their prey and surrounding water as we found 

62 fish-specific ASVs (belonging to a mix of phyla but high numbers of: Planctomycetes 

Proteobacteria and Firmicutes), as well as significant variation in the microbial diversity 

and composition between the invertebrates and water samples across exposure habitats. 

This could be driven by host environmental filtering, which has been shown to regulate 

the microbial community in freshwater fish (Bolnick et al., 2014b, Yan et al., 2016). 
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Additionally, some organisms can actively filter environmental microbes, allowing 

certain species to colonise whilst avoiding others, such as in the case of the Hawaiian 

bobtail squid, Euprymna scolopes, and Vibrio fischeri (Nyholm and McFall-Ngai, 2004, 

Ohbayashi et al., 2015). Secondly, we found fish country of origin repeatedly correlated 

with variation in the gut microbiome, both as main effects and as interactions with habitat 

of exposure and fish parasite load, IPI. One potential explanation relates to a combination 

of drift, demographic effect and local selection pressures in the ancestral environment 

which have led to changes in fish genetic architecture (Chain et al., 2014, Feulner et al., 

2015), resulting in country-specific variation in the fish microbiome, even when placed 

in the same exposure habitat. Interestingly, we did not find strong evidence of microbial 

variation between lake and river ecotype pairs. This could suggest that the genetic 

difference among pairs is still not strong enough to overcome the influence of the local 

environment on the host microbiome, potentially because lake-river ecotypes 

differentiated much more recently than Canadian and German lineages (Chain et al., 

2014, Feulner et al., 2015). Genetic variation in sticklebacks is observed globally (Feulner 

et al., 2015, Marques et al., 2016, Ravinet et al., 2013). However fish from the northern 

Pacific show increased standing genetic variation compared to fish from the Atlantic 

basin, with a large number of alleles being lost as sticklebacks expanded out of the Pacific 

(Fang et al., 2020). We also found fish sex, which is genetically determined, interacted 

with IPI in the Malenter Au habitat, with females’ microbial diversity being more 

negatively correlated with parasite infection than males. Stickleback sex has previously 

been linked to changes in the gut microbiome, revealing a genetic component mediating 

microbial diversity (Bolnick et al., 2014c). Sex-specific microbial variation may be 

driven by sex-specific immune responses and hormones – a common trait of fish 

metabolism (Koren et al., 2012, Markle et al., 2013). 
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 This study also highlighted environmental influences on the stickleback gut 

microbiome. We found 20% of the total variance in microbial diversity was explained by 

the month the fish were sampled. This temporal effect is likely driven by seasonal changes 

in abiotic variables and ecological communities (Friberg et al., 2019, Uren Webster et al., 

2020). Previous studies on other wild organisms, such as mice and frogs, have highlighted 

seasonal changed are a strong driving factor behind microbial variation (Maurice et al., 

2015, Xu et al., 2020). An alternative explanation may be that we are seeing a 

successional change in the microbiome with fish age, as diversity and composition vary 

greatly throughout fish development (Stephens et al., 2016, Yan et al., 2016). This could 

be explored through controlled experiments in the laboratory by sampling fish of the same 

genotype and age housed in different environmental conditions. 

 In our study, habitat of exposure repeatedly correlated with variation in the gut 

microbiome. Firstly, we found a large number of ASVs that were habitat of exposure 

specific, with Malenter Au harbouring two unique core ASVs, Propionibacterium acnes 

and a Rickettsiella species. Propionibacterium acnes is a common bacteria found in the 

intestine of freshwater and marine fish (Austin, 2006, Green et al., 2013). Interestingly, 

members of the genus Rickettsiella are known intracellular bacterial pathogens of 

arthropods which can also be pathogenic if transferred to vertebrates, with some species 

causing typhus and Rocky Mountain spotted fever (Cordaux et al., 2007, Perlman et al., 

2006). We also identify two phyla that were unique to Malenter Au fish, Synergistetes, 

which is often found in the microbiota of animals (Godon et al., 2005) and SR1 which 

has previously been found in high-temperature marine environments and fresh-water 

lakes (Davis et al., 2009). Fish held in Großer Plöner See had three core ASVs, a 

Synechococcus species, a Rickettsiella species and an ASV belonging to the 

Isosphaeraceae family. The genus Synechococcus belongs to the phylum cyanobacteria 
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and are classed as key components of freshwater picophytoplankton (Callieri, 2008). 

Secondly, we showed that fish from the same country harboured different microbiomes 

across the two exposure habitats. A similar study on translocated salmon showed a near-

complete turn over in gut microbiome composition pre and post-translocation, which was 

correlated with environmental factors, whilst host genetics had little impact (Uren 

Webster et al., 2020). This suggests the relative influence these factors have on the 

microbiome may vary across species as stickleback did not show a complete turnover of 

their microbiome community. Altogether, these results show clear environmental 

influence on the gut microbiome. While we did not measure temperature or pH for 

instance, it is likely that lake and stream abiotic conditions vary. We measured however 

the biotic components of the environment. 

 Thanks to our field experimental exposure, we have been able to evaluate the link 

between biotic environmental factors, in particular parasite infection and diet, and fish 

microbiome. Whether infection or predation, both showed genotype-by-environment 

interactions correlated with microbial diversity and composition. For instance, fish 

parasite load (IPI) was associated with changes in the gut microbiome through interactions 

with habitat of exposure, country of origin and sex. A large body of research has focused 

on stickleback host-parasite interactions, showing sex and ecotype-specific infections, 

with genetic variation in immune genes driving variation in parasite resistance (Brunner 

et al., 2017, Eizaguirre et al., 2012a, Eizaguirre et al., 2012b, Eizaguirre et al., 2009b, 

Feulner et al., 2015, Lenz et al., 2013). Specifically, in the German system, fish in Großer 

Plöner See are exposed to a greater load and diversity of parasites than Malenter Au fish 

(Eizaguirre et al., 2011, Kalbe et al., 2002). Parasite communities play a role in driving 

the local adaptation of a host (Eizaguirre et al., 2012b, Feulner et al., 2015), but their 

relationship with a host’s microbiome is often overlooked (Leung et al., 2018). Host-
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parasite-microbe interactions in stickleback remain relatively unexplored, with studies 

generally focusing on single infections within controlled conditions (Ling et al., 2020). 

Parasite infection can change the physiology of a host, for example, helminth infections 

can alter the mucus production and epithelial cell turnover in the gastrointestinal tract of 

a host (Hasnain et al., 2013, Kim and Khan, 2013, Tsubokawa et al., 2015). These 

parasite-mediated changes impact the intestinal microbiome as the mucus layer is used 

by bacteria both as a food source and somewhere to live (Leung et al., 2018). Of interest, 

two Rickettsiella species, that are potential intracellular bacterial pathogens, were 

consistently found in higher abundance in fish with low parasite load in comparison to 

highly infected groups (Cordaux et al., 2007, Perlman et al., 2006). We also identified a 

Luteolibacter species which has previously been found in the intestine of killifish 

(Phalloceros caudimaculatus) in highly polluted streams (Nolorbe-Payahua et al., 2020), 

which is repeatedly found in higher abundance in low and medium infection groups than 

high infection groups, from both countries of origin. This suggests a negative interaction 

between parasite load and microbe infection, possibly as a result of immune responses 

preventing microbes from colonizing or residing within the host. Further laboratory 

experiments could test this direct link, further highlighting how field and laboratory 

studies can complement each other to identify ecologically relevant species interactions. 

 Additionally, we observed diet-microbe interactions where microbial diversity 

was positively correlated with the proportion of littoral carbon in a fish diet exposed to 

Malenter Au (river habitat). This correlation was however reversed in fish exposed to 

Großer Plöner See conditions. This indicated that lower microbial diversity was 

associated with fish consuming more benthic food sources, such as invertebrates in 

Großer Plöner See, but with more pelagic food sources such as zooplankton in Malenter 

Au. A similar pattern is seen between German and Canadian fish, where German fish 
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showed increased microbial diversity with more benthic food sources, whilst Canadian 

fish had decreased microbial diversity. Microbial diversity of lake ecotypes increased as 

they feed at higher trophic levels, whilst river ecotypes that feed at higher trophic levels 

had a reduced microbial diversity. These results show genotype-by-environment 

interactions and should be explored further in controlled laboratory settings to determine 

the causality, it is likely linked however with the lack of favourite prey items accessible 

in the mesocosms. Furthermore, the relative abundance of several individual ASVs were 

significantly associated with fish trophic position. These ASVs predominantly belonged 

to two bacterial classes. Firstly, Planctomycetia are common decomposers found in 

aquatic systems that feed on algae, and are known to assist isopod in digestion (Aires et 

al., 2018). Secondly, Alphaproteobacteria are often found in wastewater (Kragelund et 

al., 2006). As Planctomycetia is associated with invertebrates it is logical that we find it 

linked to trophic position of sticklebacks as they consume a wide range of invertebrates, 

often showing interindividual variation leading to varied stable isotope signals (Bolnick 

et al., 2014b). Diet has been repeatedly linked to changes within a host microbiome across 

a range of wild organisms (Baldo et al., 2015, Brice et al., 2019, Friberg et al., 2019, 

Youngblut et al., 2019), these  previous findings combined with the results demonstrated 

here show that the impact of diet is relevant across species and should be taken into 

consideration whenever studying host microbiomes. 

 When exposed to experimental habitats, Canadian fish in Großer Plöner See had 

a reduced likelihood of survival compared to Canadian fish in Malenter Au and German 

fish in either habitat. A reduction in the survival of a foreign genotype, Canadian fish, in 

comparison to a local genotype, German fish, in the same habitat is a signal of local 

adaptation (Kawecki and Ebert, 2004). However, it is important to highlight that this led 
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to low sample sizes from the Großer Plöner See mesocosms in the July time point which 

may impact some of our findings. 

 Whilst bacteria can be beneficial to a host (Alberdi et al., 2016, Koskella et al., 

2017, McFall-Ngai et al., 2013), they are also known to cross the parasite-mutualist 

continuum, becoming pathogenic in the absence of more virulent pathogens or in stressful 

environments (Chamberlain et al., 2014, King et al., 2016). It is possible that the presence 

or absence of certain bacteria could influence host fitness (Gould et al., 2018, Shu et al., 

2018). Among the 16 ASVs that varied in abundance between the exposure habitats, nine 

were correlated with fish fitness. The presence of five ASVs had positive effects on fish 

fitness within the habitat where the ASV was found in higher abundance. The remaining 

four ASVs had negative or no effect on fish fitness. Positive effects of ASV presence 

included increased fish size, body condition and reduced splenosomatic index. Increased 

spleen size has been linked with costly immunological activation so a lower 

splenosomatic index and a higher body condition suggests fish are fitter (Kalbe et al., 

2009). These positive correlations suggest increased fitness of fish in the presence of 

individual ASVs and are to be expected if the evolution of local adaptation in the host 

also correlates with the evolution of host-specific microbiomes. 

 Our results are not limited simply to the three-spined stickleback or fish but can 

be used to infer the impact of host genetics and the environment on microbiomes across 

species, as the patterns observed in this study have also been shown in other species such 

as mice and amphibians (Knowles et al., 2019, Leung et al., 2018, Ling et al., 2020, 

Maurice et al., 2015). We show wild host-microbe interactions are influenced by a 

combination of host genetics and environmental pressures such as parasite infection and 

diet. The complex interactions between host-parasite-prey and microbes showed that 

exploring wild host microbiome in relation to parasites and diet is crucial to improve our 
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understanding of species’ evolution. Field experiments also serve to validate laboratory-

based findings as such complexity cannot be easily simulated in controlled conditions. 

 

Ethics statement 

 All animal experiments described were approved by the Ministry of Nature, 

Environment and Country Development, Schleswig Holstein, Germany. Permits were 

granted by Canadian and German governmental institutions for all steps from catching 

fish in Canada and bringing them to Germany. 
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5.1 Abstract 

Host microbiomes are determined by a continuum of variables, ranging from the sole 

impact of the environment to the dual effect of environmental and host genetics. Under 

what conditions one is more important than the other is still highly debated, particularly 

in wild populations. Here, we focused on the loggerhead sea turtles, Caretta, that nest on 

different islands of the Cabo Verde archipelago, but which are known to spend the vast 

majority of their lifetime in shared feeding grounds. We investigated the effects of 

philopatric nesting groups (genetic effect) on different islands, parasite infection 

(environment) and turtle size (combined environment x genetics) on host internal cloacal 

microbiome. Proteobacteria, Bacteroidetes, Lentisphaerae, Fusobacteria and Firmicutes 

were the most common phyla detected. We found that the nesting island of a turtle, its 

infection status with the leech Ozobranchus margoi, as well as their interaction, were the 

best descriptors of microbial diversity and community composition, suggesting both 

environmental and genetic factors influence the cloacal microbiome. Specifically, turtles 

nesting on Santo Antão, the most genetically and geographically distinct nesting group 

sampled, carried distinct microbial communities compared to turtles nesting on all other 

islands. This pattern was driven by a greater abundance of specific amplicon sequence 

variants (ASVs) belonging to Lentisphaerae, Bacteroidetes, and Firmicutes. Our study 

shows that cloacal microbiome diversity and composition are influenced by genotype-by-

environment interactions, which reflects local adaptation and indicates that despite living 

in a shared environment, the locally adapted turtle nesting groups harboured nesting 

group-specific microbiomes. 
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5.2 Introduction 

 Over the last decade, research has increased our understanding of the determinants 

of microbiome diversity and structure, as well as the role they play for a host’s 

metabolism (Lee and Mazmanian, 2010, McFall-Ngai et al., 2013). Particularly, 

microbiomes influence immune function and nutrient uptake, both contributing to the 

host’s body condition and ultimately reproductive fitness (Alberdi et al., 2016, Bouskra 

et al., 2008, Lawley and Walker, 2013, Macpherson and Harris, 2004, McFall-Ngai et al., 

2013, Suchodolski, 2011). 

 Determining what drives variation in microbiome diversity and structure is 

complex, particularly in wild populations. To overcome challenges inherent to field 

studies, microbial research has often focused on humans, mice, and rats as they offer 

molecular resources which are still unmatched in other systems. However, studies have 

mostly been held under controlled conditions to account for unwanted environmental 

variation (Kostic et al., 2013, Ley et al., 2008a, Ley et al., 2008b). Yet, individual hosts 

do not exist in isolation, and are part of an ecosystem that varies in ecological conditions. 

They also interact with conspecifics, parasites and prey, all of which are known to alter 

internal microbiomes (McFall-Ngai et al., 2013). Given what we have learned from those 

controlled lab-studies, it is now time to expand to a more diverse range of wild species, 

and verify the causes and consequences of microbiome diversity and structure in natural 

settings (Hird, 2017). Studies focusing on wild organisms have increased in recent years 

exploring the wild microbiome of mice (Davidson et al., 2020, Raulo et al., 2021, Schmidt 

et al., 2019), amphibians (Jervis et al., 2021), primates (Lee et al., 2021, Tung et al., 2015) 

and fish (Dulski et al., 2020, Minich et al., 2020) but more studies with a focus on cryptic 

and endangered species and the potential insights into their health that can come from 

understanding their microbiome are needed. 
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 A host’s microbial composition is influenced by external environmental factors, 

as well as their genetic make-up shaping their internal physiology and metabolism (Spor 

et al., 2011). Temperature, pH, pollutant exposure, and salinity are examples of external 

variables that alter a host’s microbiome (Chiu et al., 2020, Krause et al., 2012, Lozupone 

and Knight, 2007, Meng et al., 2018, Sullam et al., 2012). Host diet also strongly 

correlates with microbial diversity and composition (Bloodgood et al., 2020, Bolnick et 

al., 2014b, David et al., 2014). Herbivorous individuals, for example fish, harbour more 

cellulose-degrading bacteria such as Clostridium, Citrobacter and Leptotrichia compared 

to their omnivorous and carnivorous counterparts (Liu et al., 2016). Interestingly, hosts’ 

diets are not independent of other biotic interactions such as parasite infection since 

during foraging and feeding, hosts are exposed to diverse parasites (Schmid-Hempel, 

2011). Once infected, genetic factors associated with the response to parasites even lead 

to different microbiomes compared to non-infected individuals (Ling et al., 2020). This 

effect is well shown in the model fish system Gasterosteus aculeatus, that, once infected 

with the trophically-transmitted parasite Schistocephalus solidus, showed different fish 

families carried different microbial communities (Ling et al., 2020). Such differences 

among families were, however, not detectable before the infection (Ling et al., 2020). 

Other host genetic effects on host-parasite-microbiome interactions have been detected 

in the relative abundance of several microbial orders, such as Planctomycetales and 

Campylobacterales between male and female three-spined stickleback (Ling et al., 2020). 

Indeed, prior to infection, males and females harboured distinct microbiomes, but this 

difference disappeared upon infection (Ling et al., 2020). This is because the activation 

of the immune system of the host upon infection will change the host-microbiome 

interactions (Leung et al., 2018), and also because parasites can also directly interact with 

the host microbiome, competing, for instance, for space (Dheilly et al., 2015). Overall, it 
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is evident that host-parasite-microbiome interactions are becoming a prime focus in 

microbiology research, particularly so because certain elements of the microbiota can also 

protect the host against infection (Ford and King, 2016, Holm et al., 2015, Jaenike et al., 

2010, White et al., 2018). 

 Because host-parasite and host-microbiome interactions can be context-

dependent, it is not surprising that local adaptation has been proposed as an evolutionary 

outcome of host-parasite-microbiome interactions (Brucker and Bordenstein, 2012, 

McFall-Ngai et al., 2013, Rudman et al., 2019). Local adaptation is detected when a 

resident population has increased fitness in their local environment compared to foreign 

migrants (Kawecki and Ebert, 2004, Savolainen et al., 2013). Focusing on microbiomes, 

local adaptation can be observed when a locally adapted host shows population-specific 

microbiomes even when the environmental conditions are similar. Because host 

microbiomes may facilitate the evolution of host local adaptation across geographical 

scales, studying one species in a single location may only result in a partial understanding 

of a host microbial diversity and community (Rennison et al., 2019a). 

 Whilst an impossible laboratory model organism, sea turtles make a good study 

system to test the influence of genetic and environmental factors in a natural system. Sea 

turtles are philopatric, returning to their place of birth to breed and deposit their eggs, and 

also have a wide distribution (Bowen et al., 2004). Such natal behaviour reduces gene 

flow among nesting aggregations (Baltazar-Soares et al., 2020, Shamblin et al., 2014), 

and even among nesting groups within nesting aggregations (Baltazar-Soares et al., 2020, 

Stiebens et al., 2013b). In certain parts of the world, turtles show nesting group-specific 

feeding ecology (Cameron et al., 2019), parasite infection (Lockley et al., 2020) and 

immune gene diversity (Stiebens et al., 2013a). All these findings suggest nesting groups 

are locally adapted to their nesting sites, even though turtles spend the majority of their 
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lifetime in a shared oceanic feeding environment, away from their nesting sites. 

Noteworthy, when it comes to microbial research, studies are biased towards mammals, 

fish and other model organisms, leaving important taxa unexplored, making sea turtles a 

very interesting yet understudied organism (Sullam et al., 2012). Additionally, six out the 

seven sea turtle species are classified as “vulnerable” or higher on the IUCN red list 

(Casale and Tucker, 2017), therefore it is important to have a deep understanding of their 

physiology and biology in order to better protect them. Previous studies have highlighted 

the importance the host microbiome plays in the health, physiology, and behaviour of 

animals (Alberdi et al., 2016, Koskella et al., 2017, McFall-Ngai et al., 2013) so it is 

crucial to improve our understanding of these cryptic, vulnerable organisms in order to 

aid in their conservation. 

 To date, most studies on the sea turtle microbiome have focused on individuals 

held in rehabilitation centres, which prevents testing for how turtles’ local adaptation 

correlates with microbial patterns of diversity and community composition (Abdelrhman 

et al., 2016, Ahasan et al., 2018, Biagi et al., 2019, Bloodgood et al., 2020). These captive 

individuals are sick or in recovery states, so their microbiomes may differ from healthy, 

wild, individuals. Of the limited studies on the wild microbiome of sea turtles, Scheelings 

et al. (2020) found higher microbial diversity in the gut microbiome of loggerhead sea 

turtles from Australia compared to those nesting in the USA. They suggested variation 

between their microbial communities showed that environmental and genetic factors can 

influence turtles’ microbiomes. Not only was the sample size of this study small (NUSA= 

6, NAus= 18), but the scale of genetic differentiation was too large to test for local 

adaptation given the impossible gene flow between those rookeries and the lack of an 

overlapping feeding ground. As such, the patterns of microbial diversity and structure 

remain unclear among turtles studied at an ecologically-relevant scale. Noteworthy, the 
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size of loggerhead turtles correlated with changes in their microbial community structure 

with larger, older individuals showing less variation in community structure and small 

young individuals showing a wider spread of microbial communities (Biagi et al., 2019). 

 Here, we focused on loggerhead sea turtles (Caretta caretta) nesting on islands in 

the Cabo Verde archipelago. Each island supports a unique nesting group, locally adapted 

in terms of feeding (Cameron et al., 2019), parasite infection (Lockley et al., 2020) and 

immune gene diversity (Stiebens et al., 2013a), all of which have the potential to interact 

with the diversity and community structure of the microbiome (Dheilly, 2014, Ford and 

King, 2016, Spor et al., 2011). Whilst loggerhead sea turtles can be infected with several 

different parasites, in this rookery, the leech Ozobranchus margoi correlates with feeding 

ecology, whereby oceanic turtles showed increased infection prevalence than their neritic 

counterparts (Lockley et al., 2020). Furthermore, the infection by this ectoparasite has 

been linked with the evolution of size-dependent changes in reproductive strategy 

(Lockley et al., 2020). There is limited knowledge about the life cycle and biology of 

these leech parasites, such as whether they can survive separate from the turtle or how 

they are transmitted between individuals, however it is known that they are capable of 

completing their entire life cycle on the turtle (McGowin et al., 2011). In association with 

island-specific environmental conditions, parasite-mediated selection for local adaptation 

acting upon nesting groups could further result in nesting-group specific microbiomes. 

Focusing on turtles nesting on four islands, we tested whether microbial diversity and 

structure (1) vary among nesting groups to investigate microbial composition within a 

cryptic and vulnerable species potentially identifying local adaptation to nesting islands, 

(2) differ with infection by the leech Ozobranchus margoi, and (3) correlate with turtle 

size. Because certain storage methods may affect the microbe obtained from a sample 

(Choo et al., 2015, Kim et al., 2017a, Song et al., 2016), we also tested (4) whether cloacal 
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microbial diversity and composition varied with sample storage methods. We used 

cloacal swab samples and next-generation sequencing to identify microbial diversity and 

composition. 

5.3 Methods 

5.3.1 Sample collection 

 Female turtles were sampled during the nesting season in 2019 on four islands of 

the Cabo Verde archipelago: Boa Vista, Maio, Sal, and Santo Antão (Turtles = 135, Figure 

5.1). Cloacal swab samples (Isohelix, SK-3S) were collected from female loggerhead sea 

turtles during oviposition. Swabs were inserted into the dilated cloaca and rolled gently 

on the cloacal wall without contact with the sand. Two swabs were collected per 

individual. One swab was placed in a sterile Eppendorf tube and stored at -20 C within 

10 hours of collection, referred to as the ‘dry swab’. The second sample type, referred to 

as ‘wet swab’, was placed in a sterile Eppendorf tube containing 0.5 ml BuccalFix Buffer 

(Isohelix) and shaken. Theoretically, BuccalFix Buffer allows for stable storage at 

ambient temperatures. At the end of the nesting season, samples were transported back to 

the UK on ice and stored until extraction. After oviposition turtles were tagged with PIT 

(AVID) tags to avoid multiple sampling (Cameron et al., 2019, Stiebens et al., 2013b). 

Curved carapace length (CCL) and curved carapace width (CCW) were measured (±0.1 

cm), and the presence of the leech parasite, O. margoi, on the cloaca was recorded 

(Lockley et al., 2020). Additionally, two sand samples were collected from Sal and Santo 

Antão, samples were collected randomly within the nesting beach at ~ 30–35 cm, digging 

by hand using sterile gloves. 
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Figure 5.1: Map of the Cabo Verde archipelago in the eastern Atlantic, approximately 570 km from the 

coast of Senegal, West Africa. Islands where samples were collected are highlighted in green. 

5.3.2 DNA extraction 

 DNA was extracted from swab samples using DNeasy 96 Blood & Tissue Kit 

(QIAGEN) with the following protocol modifications. Proteinase K, Buffer ATL, and 

Buffer AL–ethanol steps were carried out in 2 ml Eppendorf tubes. For dry swabs, we 

doubled the volume of proteinase K, Buffer ATL, and Buffer AL–ethanol (40 μl, 360 μl, 

820 μl respectively), to cover the entire swab during lysis. This was not necessary for the 

wet swabs stored in BuccalFix Buffer. Samples were left to lyse overnight. For sand 

samples, 0.25 g of sand was aseptically transferred to a sterile 2 ml Eppendorf and 

extracted using the same modifications as dry swabs. Each extraction plate had 2 blanks, 

containing no swab sample: one to be used as an extraction blank throughout the 

extraction process, amplification and sequencing; the other as a PCR blank. For all 

samples, the elution step was conducted twice with 75 μl of warmed elution buffer (50 

°C) incubated for 5 minutes each time before centrifuging, to increase DNA yield. 

5.3.3 PCR amplification and sequencing 

 We amplified the V4 region of 16S ribosomal RNA gene (390 bp) using the 

primers 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) – 806R (5’-
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GGACTACNVGGGTWTCTAAT-3’, (Apprill et al., 2015, Parada et al., 2016). PCR 

products were amplified using 5 μl 5x PCRBIO HiFi buffer, 1 μl of both primers (5 

pmol/μl), 0.25 μl PCRBIO HiFi Polymerase (2u/µl), 16.75 μl PCR grade H2O and 1 μl 

Template DNA for a total volume of 25 μl. Each reaction was conducted in duplicate on 

a Bio-Rad T100 Thermal Cycler using the following protocol: 1 minute at 95 °C, 15 

seconds at 95 °C (x34), 15 seconds at 65 °C (x34), 30 seconds at 72 °C (x34), 5 minutes 

at 72 °C. Amplification was validated using gel electrophoresis. Duplicated reactions 

were pooled prior to sequencing. Extraction blanks were handled in the same way as 

samples, but PCR blanks had 1 μl Template DNA substituted with 1 μl PCR grade H2O. 

5.3.4 Illumina sequencing data analysis 

 Amplicons were sent to the Genome Centre, London, for PCR product clean up, 

Illumina MiSeq library prep and 300 bp paired-end sequencing. The quality of 

demultiplexed paired-end sequencing reads (R1 and R2) was evaluated using FastQC 

(Andrews, 2010). Primer and adapter sequences were removed using Trimmomatic 

(Bolger et al., 2014). We trimmed sequences to minimise sequencing errors whilst 

maximising read retention, using the bioinformatics tool, Figaro v1.0.0, to estimate 

trimming thresholds (White et al., 2008). Figaro parameters were set to an estimated 

amplicon size of 390 bp, and a minimum overlap of 70 bp, allowing up to 100 bp to be 

trimmed from the overlapping region, resulting in 30 bp and 78 bp being removed from 

the 3’ end of the sequence for R1s and R2s respectively. QIIME 2 v2020.02 (Bolyen et 

al., 2019) and DADA2 software packages (Callahan et al., 2016) were used to analyse 

the pre-processed reads into amplicon sequence variants (ASVs) using default 

parameters. Taxonomy was assigned using Greengenes 13_8 database (McDonald et al., 

2012). ASVs have recently become the preferred method of characterising 16S rRNA 

gene sequences over operational taxonomic units (OTUs) as OTUs cluster sequences by 
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sequence similarity (typically at a 97% similarity threshold) which may mask true 

biological variation and can be troublesome to compare across studies (Edgar, 2017). 

ASVs are exact sequence variants that are comparable across studies improving 

reproducibility (Callahan et al., 2017). 

5.3.5 Statistical analyses 

 Statistical analyses were conducted in R version 3.6.3, packages used include: 

‘phyloseq’, ‘vegan’, ‘lmerTest’, ‘lme4’ (R Core Team, 2020). Normality of model 

residuals were tested and transformed if required to meet test assumptions. All models 

were backward selected using Akaike’s Information Criterion (AIC) values to retain the 

optimal reduced model. 

 ASVs classified as mitochondria or chloroplasts, and those that were present in 

only one sample, were removed from the dataset. Additionally, samples with fewer than 

500 reads were removed from our dataset. Sand samples (N = 2) and blanks (N = 1 after 

filtering out samples with <500 reads) were not included in statistical analyses but were 

used for visual calibration and estimating risks of contamination. All analyses were 

conducted on non-rarefied data and data rarefied to 2000 reads in order to test for the 

consistency of the detected patterns. Rarefaction curves for both non-rarefied and rarefied 

datasets were plotted to verify saturation had been reached. To test for the correlation 

between turtle size and microbial community composition, a size category was assigned 

to each turtle in relation to their CCL. Turtles with a CCL in the lower tertile were 

classified as small, those in the upper tertile were classified as large, the remaining 

individuals were classified as medium. 

5.3.5.1 Core microbiome 

 We examined the core microbiome of turtle cloaca samples to look for common 

ASVs across turtle nesting islands, storage methods and rarefied and non-rarefied 
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datasets. ASVs were classified as part of the core microbiome if they were present in at 

least 65% of all samples. Core ASVs were identified separately for the dry and the wet 

swabs in both rarefied and non-rarefied datasets. 

5.3.5.2 Identifying the determinants of microbial diversity and structure. 

 Due to observed difference between storage methods and the paired nature of the 

swab samples, dry and wet swabs were split and analysed separately for our main 

biological questions. Firstly, we used LMMs to test for correlations between microbial 

diversity (Shannon, Gini-Simpson and PD) and turtle nesting island, the presence of the 

leech parasite (infected vs non-infected), CCL size groups, as well as their interactions. 

Extraction plate ID was set as a random factor. Tukey post-hoc tests between significant 

factors were used for pairwise comparisons. 

 To investigate the determinant of microbial community composition, we used 

PERMANOVAs based on Bray-Curtis, weighted UniFrac and unweighted UniFrac 

distance matrices. We compared microbial community composition between turtle 

nesting islands, the presence of the leech parasite, CCL size groups, and all their 

interactions. Pairwise PERMANOVAs were calculated between significant factors using 

the pairwise.adonis2 function from the pairwiseAdonis package (Martinez Arbizu, 2020). 

All significant effects were followed by a dispersion test to ascertain the observed 

differences were not related to differences in data dispersion. Following the 

PERMANOVA, SIMPER and Kruskal-Wallis tests were conducted to identify which 

ASVs contribute most to variation among significant groups. Where significant 

relationships between microbial community and a given variable were identified, a non-

metric multidimensional scaling (NMDS) plot was used to visualise the result. 
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5.3.5.3 Testing for storage methods 

 To test for differences among storage methods, a linear mixed effects model 

(LMM) was used to compare microbial diversity between swab types with extraction 

plate ID set as a random factor. Shannon’s diversity index, Gini-Simpson index and 

Phylogenetic Diversity (PD) were used as measures of microbial diversity. Using 

PERMANOVAs based on Bray-Curtis dissimilarity matrix, weighted UniFrac and 

unweighted UniFrac distance matrices, we tested for differences in microbial composition 

between swab types. All significant effects were followed by a dispersion test with 

betadisper (vegan package) to ascertain that the observed differences were not related to 

differences in data dispersion. To identify which ASVs contributed most to the 

differences between swab types, we conducted similarity percentage analysis (SIMPER) 

using the simper.pretty function, to highlight ASVs that were associated with the between 

group variations (Steinberger, 2018). Simper tests were followed by Kruskal-Wallis tests 

using the function kruskal.pretty to test for their statistical significance (Steinberger, 

2018). 

 To estimate whether one of the sampling methods yielded better sequence 

information, we used a LMM to compare non-rarefied sequence quality scores (Phred-33 

scores) of each swab type, with extraction plate ID set as a random factor. Additionally, 

we used a LMM to compare the number of non-rarefied reads (log-transformed) between 

swab types, again with extraction plate ID set as a random factor. 

5.4 Results 

 After filtering, 1,691,245 high-quality reads were retained from 234 samples, 

including 127 dry, and 104 wet samples (Table 5.1). 44 samples were removed as they 

had fewer than 500 reads (Supplementary Table 5.1). As expected, extraction blanks and 

all three PCR blanks contained extremely low read numbers, showing the reliability of 
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the protocols to avoid contamination. After rarefying to 2000 reads, 175 samples were 

retained (Table 5.1), both non-rarefied and rarefied datasets were used for core 

microbiome identification, bacterial diversity and community composition analysis. 

Rarefaction curves for both non-rarefied and rarefied datasets reached saturation plateaus 

(Supplementary Figure 5.1). 

 We identified 1690 ASVs across all samples. On average 57 ± 34(SD) ASVs were 

observed in swab samples, while sand samples harboured more ASVs with an average of 

75 ± 9, and the remaining extraction blank contained 17 ASVs (Figure 5.2A). A similar 

pattern was seen at the phylum level (Figure 5.2B). Turtle samples harboured 30 different 

phyla, with Proteobacteria (59%), Bacteroidetes (13%), Lentisphaerae (6%), 

Fusobacteria (5%), Firmicutes (5%) being the most abundant, whilst still showing a large 

amount of inter-individual variation (Figure 5.3). We found 69.26% of turtles sampled 

were infected with O. margoi. For CCL size grouping, turtles shorter than 77 cm were 

classified as small, 77 cm – 79.5 cm were medium, and large turtles were longer than 79.5 

cm 

 

Table 5.1: Number of 16S rRNA samples: dry swabs, wet swabs, sand and extraction blanks retained for 

non-rarefied and rarefied microbial diversity and community composition. 

  Island 

  Boa Vista Maio Sal Santo Antão NA Total 

N
o

n
-r

a
re

fi
ed

 Dry Swab 26 28 48 25 - 127 

Wet Swab 21 21 42 20 - 104 

Sand - - 1 1 - 2 

Extraction Blank - - - - 1 1 

Total 47 49 91 46 1 234 

R
a

re
fi

ed
 

Dry Swab 23 21 44 23 - 111 

Wet Swab 14 11 24 12 - 61 

Sand - - 1 1 - 2 

Extraction Blank - - - - 1 1 

Total 38 33 68 35 1 175 
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Figure 5.2: Variation in A) observed number of ASVs across sample types and B) observed number of 

microbial phyla among sample types. Non-rarefied data displayed. 
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Figure 5.3: Relative abundance of microbial phyla identified in turtle samples categorised by island (Boa 

Vista, Maio and Santo Antão) and swab type (dry and wet). Bars represent individual turtle samples. The 

top 10 phyla observed in the individual are displayed, remaining phyla were grouped ‘other’. Square 

brackets show the Greengenes database notation for proposed taxonomy. 

5.4.1 Core microbiome 

 Seven ASVs were identified as core bacteria across turtles from all nesting islands 

at a 65% prevalence threshold (Table 5.2). Among these ASVs, three were shared among 

dry and wet swab samples: a Helicobacter species, an unclassified Oxalobacteraceae and 

an unclassified Vibrionales. Those three ASVs belonged to the phylum Proteobacteria. 

An additional three ASVs were detected solely in the dry samples (in both non-rarefied 
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and rarefied dataset). Those were Propionibacterium acnes, a Brachyspira species and 

Photobacterium demsela, belonging to Actinobacteria, Spirochaetes and Proteobacteria 

phyla, respectively. An unclassified Lentisphaerales ASV was identified in both dry swab 

sample datasets, and in the rarefied wet swab samples. 
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Table 5.2: Taxonomic information for seven core ASVs identified across non-rarefied and rarefied, dry and wet swabs. All taxa belong to the kingdom Bacteria. ASVs in bold were 

identified as core across all datasets analysed. 

  Phylum Class Order Family Genus Species 

N
o
n

-r
a

re
fi

ed
 

D
ry

 

Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter - 

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae - - 

Proteobacteria Gammaproteobacteria Vibrionales - - - 

Lentisphaerae [Lentisphaeria] Lentisphaerales - - - 

Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium acnes 

Spirochaetes [Brachyspirae] [Brachyspirales] Brachyspiraceae Brachyspira - 

Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium damselae 

N
o
n

-r
a

re
fi

ed
 

W
et

 

Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter - 

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae - - 

Proteobacteria Gammaproteobacteria Vibrionales - - - 

R
a

re
fi

ed
 

D
ry

 

Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter - 

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae - - 

Proteobacteria Gammaproteobacteria Vibrionales - - - 

Lentisphaerae [Lentisphaeria] Lentisphaerales - - - 

Actinobacteria Actinobacteria Actinomycetales Propionibacteriaceae Propionibacterium acnes 

Spirochaetes [Brachyspirae] [Brachyspirales] Brachyspiraceae Brachyspira - 

Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium damselae 

R
a

re
fi

ed
 

W
et

 

Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter - 

Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae - - 

Proteobacteria Gammaproteobacteria Vibrionales - - - 

Lentisphaerae [Lentisphaeria] Lentisphaerales - - - 



5.4.2 Diversity and community structure inferred from dry swab samples 

 Given the philopatric nature of sea turtles and our objective to determine whether 

genetic and environmental factors are associated with microbial diversity and 

composition, we tested for correlations between microbial communities and turtle from 

different nesting islands, the presence of O. margoi and turtle size. For both non-rarefied 

and rarefied datasets, we found that microbial diversity of the dry swabs correlated with 

an interaction between turtle nesting island and O. margoi infection (LMM, non-rarefied: 

log-transformed Gini-Simpson: F3,118 = 2.92, p < 0.05; rarefied: Shannon: F3,102 = 3.11, p 

< 0.05 and log-transformed Gini-Simpson: F3,102 = 2.82, p < 0.05; Table 5.3, Figure 5.4). 

For the non-rarefied dataset, infected turtles nesting on Boa Vista had increased diversity 

in comparison to non-infected turtles, whilst turtles from Santo Antão showed the reverse 

patterns based on their infection status. No significant pairwise comparisons were 

identified when accounting for multiple testing (all post hoc Tukey tests p > 0.05, 

Supplementary Table 5.3). Phylogenetic diversity was not correlated with any of the 

tested variables regardless of rarefaction, and for the non-rarefied dataset, Shannon 

Diversity was also not related to any tested variables (Table 5.3). Nonetheless, overall, 

independently of the rarefied or the non-rarefied datasets, when significant correlations 

were found with microbial diversity, they involved nesting island and parasite infection 

(Table 5.3). Turtle curved carapace length was not correlated with microbial diversity. 
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Figure 5.4: Microbial diversity of non-rarefied dry swab samples varied with an interaction between turtle 

nesting island and O. margoi infection (LMM, Gini-Simpson: F3,118 = 2.92, p < 0.05). No significant 

pairwise comparisons were identified.  
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Table 5.3: Summary table reporting best reduced models of the effect of turtle nesting island, O. margoi 

infection (Parasite) and CCL size group (CCL) along with their three-way interactions on Shannon 

diversity index, Gini-Simpson index and phylogenetic diversity. All models were backward selected using 

AIC. Some models ran on log-transformed data to meet the assumptions of the test. Significant results are 

in bold. 

  Non-Rarefied   Rarefied 

      Df F p       Df F p 

D
ry

 S
w

a
b

s 

Shannon Diversity Index    Shannon Diversity Index 
 

Island 3,109 0.66 0.5758 
  

Island 3,102 1.45 0.232 
 

Parasite 1,110 0.02 0.8848 
  

Parasite 1,102 0.08 0.774 
 

CCL 1,110 0.10 0.747 
  

Island:Parasite 3,102 3.11 0.030 
 

Island:Parasite 3,108 0.42 0.7359 
      

 
Island:CCL 3,109 0.77 0.5156 

      

 
Parasite:CCL 1,110 0.02 0.8786 

      

  Island:Parasite:CCL 3,108 0.48 0.6969             

Gini-Simpson Index (log-transformed)  
 

Gini-Simpson Index (log-transformed) 
 

Island 3,118 2.54 0.060 
  

Island 3,102 1.32 0.273 
 

Parasite 1,118 0.00 0.996 
  

Parasite 1,102 0.00 0.980 

  Island:Parasite 3,118 2.92 0.037     Island:Parasite 3,102 2.82 0.043 

Phylogenetic Diversity 
 

Phylogenetic Diversity 
 

Island 3,109 0.15 0.932 
  

Island 3,94 0.36 0.784 
 

Parasite 1,110 0.02 0.900 
  

Parasite 1,94 0.06 0.813 
 

CCL 1,110 0.00 0.956 
  

CCL 1,94 0.16 0.686 
 

Island:Parasite 3,107 0.44 0.727 
  

Island:Parasite 3,94 0.19 0.902 
 

Island:CCL 3,109 0.17 0.916 
  

Island:CCL 3,94 0.39 0.764 
 

Parasite:CCL 1,110 0.03 0.860 
  

Parasite:CCL 1,94 0.08 0.774 

  Island:Parasite:CCL 1,107 0.44 0.727     Island:Parasite:CCL 3,94 0.21 0.890 

W
et

 S
w

a
b

s 

Shannon Diversity Index   Shannon Diversity Index 
 

Island 3,86 1.12 0.348 
  

Island 3,43 1.37 0.264 
 

Parasite 1,85 1.98 0.164 
  

Parasite 1,43 0.11 0.739 
 

CCL 1,85 0.47 0.494 
  

CCL 1,43 0.04 0.851 
 

Island:Parasite 3,86 0.50 0.681 
  

Island:Parasite 3,43 0.76 0.520 
 

Island:CCL 3,86 1.19 0.319 
  

Island:CCL 3,43 1.39 0.259 
 

Parasite:CCL 1,85 1.90 0.172 
  

Parasite:CCL 1,43 0.08 0.783 

  Island:Parasite:CCL 3,86 0.52 0.668     Island:Parasite:CCL 3,43 0.75 0.529 

Gini-Simpson Index (log-transformed)    Gini-Simpson Index (log-transformed)  
 

Island 3,86 0.28 0.840 
  

Island 3,43 0.48 0.697 
 

Parasite 1,85 0.88 0.351 
  

Parasite 1,43 0.29 0.593 
 

CCL 1,85 0.07 0.792 
  

CCL 1,43 0.01 0.920 
 

Island:Parasite 3,86 0.10 0.958 
  

Island:Parasite 3,43 0.11 0.954 
 

Island:CCL 3,86 0.33 0.804 
  

Island:CCL 3,43 0.48 0.699 
 

Parasite:CCL 1,85 0.85 0.360 
  

Parasite:CCL 1,43 0.24 0.626 

  Island:Parasite:CCL 3,86 0.12 0.951     Island:Parasite:CCL 1,43 0.09 0.965 

Phylogenetic Diversity 
   

Phylogenetic Diversity 
   

 
Island 3,86 0.30 0.826 

  
Island 3,43 0.81 0.495 

 
Parasite 1,85 0.01 0.903 

  
Parasite 1,43 0.02 0.899 

 
CCL 1,85 0.07 0.794 

  
CCL 1,43 0.28 0.601 

 
Island:Parasite 3,86 0.57 0.638 

  
Island:Parasite 1,43 1.34 0.274 

 
Island:CCL 3,86 0.30 0.824 

  
Island:CCL 3,43 0.82 0.492 

 
Parasite:CCL 1,85 0.00 0.953 

  
Parasite:CCL 1,43 0.01 0.941 

  Island:Parasite:CCL 3,86 0.59 0.626     Island:Parasite:CCL 3,43 1.32 0.280 
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 Turtles nesting on different islands tended to harbour different microbial 

communities. For the non-rarefied dataset, we found a significant effect of nesting island 

on microbial community composition, regardless of distance metric (PERMANOVA, 

Unweighted UniFrac: F3,125 = 1.69, p < 0.001, Weighted UniFrac: F3,125 = 1.51, p < 0.05 

and Bray-Curtis: F3,125 = 1.39 p < 0.05, Figure 5.5A, Table 5.4). Pairwise 

PERMANOVAs showed that the microbial community of turtles from Santo Antão 

differed significantly from those of turtles from all other islands (pairwise 

PERMANOVA, Unweighted UniFrac: Santo Antão – Boa Vista: F1,48 = 2.21, p < 0.01, 

Santo Antão – Sal: F1,71 = 2.38, p < 0.01 and Santo Antão – Maio: F1,51 = 2.06, p < 0.05, 

Supplementary Table 5.4). Consistent with non-rarefied data, microbial community 

composition of dry swabs using the rarefied dataset was also significantly different among 

turtles nesting on the different islands (PERMANOVA, Unweighted UniFrac: F3,109 = 

1.45, p < 0.01, Table 5.4); however, when rarefied, a significant relationship was found 

for the unweighted UniFrac metric only. For the rarefied dataset, community composition 

of Santo Antão turtles significantly differed from turtles nesting on Boa Vista and Sal 

(Santo Antão - Boa Vista: F1,43 = 1.90, p < 0.05, Santo Antão - Sal: F1,56 = 2.04, p < 0.01). 

Noteworthy, data dispersion may explain a part of the observed pattern for rarefied dry 

swabs, however data dispersion is homogenous for non-rarefied dry swabs (betadisper, 

Table 5.4). 

 We found eight ASVs for the non-rarefied dataset and seven ASVs for the rarefied 

dry swab dataset that significantly differed in abundance among turtles from different 

nesting islands. For the non-rarefied dataset, five of these ASVs belonged to the phylum 

Proteobacteria, the most dominant phylum in our samples (Table 5.6, Supplementary 

Table 5.5). Furthermore, we identified an ASV belonging to the Lentisphaeria class that 

was consistently in higher abundance in turtles from Santo Antão in comparison to turtles 

from other nesting islands (Supplementary Table 5.5).  Focusing on Santo Antão turtles 
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further revealed two Proteobacteria ASVs differed in abundance with Boa Vista turtles, 

and two Proteobacteria ASVs with Maio turtles. Lastly, one Bacteroidetes ASV was more 

common in Santo Antão than in Sal and Maio turtles (Table 5.5, Supplementary Table 

5.5). Other ASVs differed in abundance among turtles from different islands. For 

instance, a Proteobacteria and Tenericutes ASVs differ between turtles nesting on Boa 

Vista and Sal turtles (Table 5.5, Supplementary Table 5.5). The complete pairwise 

comparison is reported in Table Supplementary Table 5.5.  In the rarefied dataset, five of 

the seven ASVs identified by SIMPER were the same as those identified in the non-

rarefied dataset. These were the Pasteurellaceae family ASV, the Lentisphaerales order 

ASV, Shewanella algae, Campylobacter species and a Paraprevotellaceae family ASV 

(Table 5.6, Supplementary Table 5.6). The slight difference between ASVs highlighted 

by the SIMPER analyses of each dataset shows the potential impact of the storage method 

is rather minimal. 

 When investigating the link between microbiomes and parasite infection, we 

found that the presence of O. margoi was correlated with changes in host microbial 

community, with more overall inter-individual variation detectable in non-infected 

turtles. This was the case for both the non-rarefied and rarefied datasets, but only when 

using the unweighted UniFrac distance metric (PERMANOVA, non-rarefied: F1,125= 

1.60, p < 0.05; rarefied: F1,109 = 1.79, p < 0.05; Figure 5.5B, Table 5.4), We found no 

differences in data dispersion between infected and non-infected groups (betadisper, all 

β-diversity metrics: p > 0.05, Table 5.4). Five ASVs were found in significantly different 

abundances between turtles infected with O. margoi and those that were not for the non-

rarefied dataset from the SIMPER analysis (Table 5.6, Supplementary Table 5.7). 

Specifically, a Fusobacterium species, two ASVs belonging to the class 

Gammaproteobacteria and an ASV belonging to the family Bacteroidaceae were 

significantly more abundant in infected turtles, whilst one ASV, a Helicobacter species, 
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was more abundant in non-infected turtles. For rarefied data, the difference between 

infected and non-infected turtles was mostly associated with three ASVs (Table 5.6, 

Supplementary Table 5.7) of these, a Helicobacter species and an ASV assigned to the 

Cardiobacterials order were also identified in non-rarefied dry swab samples. 

Interestingly for the rarefied dataset from dry swabs, no significant effects of nesting 

island, turtle size, or O. margoi infection on microbial composition were detected when 

using weighted UniFrac or Bray-Curtis distances. 

 

 

Figure 5.5: Non-metric multidimensional scaling (NMDS) plot of the microbial community within non-

rarefied dry swab samples A) based on unweighted UniFrac by island (PERMANOVA, F3,125 = 1.69, p < 

0.001) and B) the microbial community based on unweighted UniFrac by O. margoi infection 

(PERMANOVA, F1,125= 1.60, p < 0.05). 



Table 5.4: Summary of all PERMANOVA and betadisper results. Significant results are in bold. 

Dataset Factor Df 
  Unweighted UniFrac Distance   Weighted UniFrac Distance   Bray-Curtis Dissimilarity 

  F-value R2 P-value   F-value R2 P-value   F-value R2 P-value 

N
o

n
-R

ar
ef

ie
d
 

W
et

 a
n

d
 D

ry
 

S
w

ab
s 

Swab Type 1   5.03 0.02 0.001   2.32 0.10 0.014   4.35 0.02 0.001 

Residuals 229  - 0.98 -  - 0.99 -  - 0.98 - 

Total 230   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Swab Type dispersion 1,229   1.81 999 0.180   0.07 999 0.788   0.16 999 0.692 

R
ar

ef
ie

d
 

W
et

 a
n

d
 D

ry
 

S
w

ab
s 

Swab Type 1   1.82 0.01 0.047   2.52 0.01 0.012   1.80 0.01 0.028 

Residuals 170  - 0.99 -  - 0.99 -  - 0.99 - 

Total 171   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Swab Type dispersion 1,170   0.20 999 0.660   0.99 999 0.320   0.89 999 0.346 

N
o

n
-R

ar
ef

ie
d
 

D
ry

 S
w

ab
s 

Island 3  1.69 0.04 0.001  1.51 0.04 0.048  1.39 0.03 0.013 

Cloacal Parasites 1  1.59 0.01 0.036  0.93 0.01 0.486  1.69 0.01 0.023 

CCL size group 2  0.91 0.01 0.650  0.58 0.01 0.941  0.99 0.02 0.463 

Island:Cloacal Parasites 3  0.94 0.02 0.618  1.16 0.03 0.264  1.13 0.03 0.186 

Island:CCL size group 6  0.99 0.05 0.518  0.99 0.05 0.470  1.11 0.05 0.170 

Cloacal Parasites:CCL size group 2  1.00 0.02 0.456  1.02 0.02 0.419  0.77 0.01 0.895 

Island:Cloacal Parasites:CCL size group 5  1.01 0.04 0.459  0.93 0.04 0.566  1.09 0.04 0.208 

Residuals 103  - 0.81 -  - 0.82 -  - 0.81 - 

Total 125   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Island dispersion 3,122  3.47 999 0.018  1.83 999 0.144  1.41 999 0.242 

Cloacal Parasite dispersion 1,124   3.36 999 0.071   - - -   0.09 999 0.767 

R
ar

ef
ie

d
 

D
ry

 S
w

ab
s 

Island 3  1.45 0.04 0.008  1.36 0.04 0.116  1.28 0.03 0.084 

Cloacal Parasites 1  1.66 0.01 0.043  0.96 0.01 0.434  1.66 0.01 0.053 

CCL size group 2  0.84 0.02 0.789  0.65 0.01 0.871  1.13 0.02 0.292 

Island:Cloacal Parasites 3  1.14 0.03 0.184  1.16 0.03 0.236  1.20 0.03 0.163 

Island:CCL size group 6  1.04 0.06 0.321  1.03 0.06 0.390  1.17 0.06 0.151 

Cloacal Parasites:CCL size group 2  1.16 0.02 0.208  0.99 0.02 0.439  0.82 0.01 0.783 
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Island:Cloacal Parasites:CCL size group 5  0.97 0.04 0.546  0.98 0.04 0.485  1.12 0.05 0.213 

Residuals 87  - 0.78 -  - 0.79 -  - 0.77 - 

Total 109   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Island dispersion 3,106   3.34 999 0.022   - - -   - - - 

Cloacal Parasite dispersion 1,108   0.24 999 0.627   - - -   - - - 

N
o

n
-R

ar
ef

ie
d
 

W
et

 S
w

ab
s 

Island 3  1.03 0.03 0.379  1.12 0.03 0.298  1.23 0.04 0.083 

Cloacal Parasites 1  1.56 0.02 0.040  1.35 0.01 0.205  1.59 0.02 0.028 

CCL size group 2  1.12 0.02 0.260  1.06 0.02 0.368  1.00 0.02 0.467 

Island:Cloacal Parasites 3  0.94 0.03 0.578  1.25 0.04 0.175  1.11 0.03 0.239 

Island:CCL size group 6  1.08 0.06 0.231  1.63 0.09 0.008  1.24 0.07 0.020 

Cloacal Parasites:CCL size group 2  0.87 0.02 0.704  0.68 0.01 0.827  0.85 0.02 0.787 

Island:Cloacal Parasites:CCL size group 5  0.92 0.05 0.716  0.77 0.04 0.892  0.94 0.05 0.659 

Residuals 80  - 0.78 -  - 0.76 -  - 0.77 - 

Total 102  - 1.00 -  - 1.00 -  - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Cloacal Parasite dispersion 1,101   1.27 999 0.260   - - -   0.10 999 0.758 

Island:CCL size group dispersion 11,92   - - -   1.09 999 0.380   2.59 999 0.007 

R
ar

ef
ie

d
 

W
et

 S
w

ab
s 

Island 3   1.07 0.05 0.323   1.50 0.07 0.089   1.43 0.07 0.039 

Cloacal Parasites 1  2.20 0.04 0.012  2.19 0.03 0.033  1.72 0.03 0.032 

CCL size group 2  0.96 0.03 0.510  1.07 0.03 0.378  0.99 0.03 0.467 

Island:Cloacal Parasites 3  1.41 0.07 0.053  1.20 0.05 0.220  1.11 0.05 0.240 

Island:CCL size group 6  0.95 0.09 0.600  1.49 0.13 0.066  1.16 0.11 0.128 

Cloacal Parasites:CCL size group 2  1.26 0.04 0.149  1.22 0.04 0.253  1.02 0.03 0.412 

Island:Cloacal Parasites:CCL size group 5  1.22 0.10 0.103  1.31 0.10 0.110  1.05 0.08 0.354 

Residuals 37  - 0.59 -  - 0.55 -  - 0.59 - 

Total 59  - 1.00 -  - 1.00 -  - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Island dispersion  3,56   - - -   - - -   3.40 999 0.024 

Cloacal Parasite dispersion 1,58   1.38 999 0.246   0.08 999 0.783   0.24 999 0.630 
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Table 5.5: Number of ASVs found in significantly different abundance (SIMPER) between turtles across 

different nesting islands. 

  Boa Vista Sal Maio Santo Antão 

Boa Vista - 2 4 3 

Sal - - 2 2 

Maio - - - 4 

Santo Antão - - - - 

 

5.4.3 Diversity and community structure inferred from wet swab samples 

 Compared to the samples stored in dry conditions, those stored in BuccalFix 

Buffer yielded a lower overall average number of ASVs, but all 30 phyla were represented 

(Figure 5.2 and Figure 5.3). Unlike the dry swab samples, we found no significant 

correlation between microbial diversity of wet swab samples and the nesting island of a 

turtle or the presence of cloacal parasites for any of the diversity indices used (Table 5.3). 

Like the dry swab samples, microbial diversity of wet swab samples was unrelated to 

turtle size. These results for the wet swab samples were independent of rarefaction (Table 

5.3). 

 Microbial community of non-rarefied wet swab samples correlated significantly 

with an interaction between the nesting island of a turtle and its size (PERMANOVA, 

Weighted UniFrac: F1,102 = 1.62, p < 0.01, and Bray-Curtis: F1,102 = 1.24 p < 0.05, Figure 

5.6, Table 5.4). A pairwise PERMANOVA showed that small and large turtles from Maio 

carried significantly different microbial communities for both weighted UniFrac and 

Bray-Curtis distance metrics (pairwise PERMANOVA, Weighted UniFrac: F1,13 = 1.83, 

p < 0.05 and Bray-Curtis: F1,13 = 1.53 p < 0.05, Supplementary Table 5.8). Medium-sized 

turtles from Santo Antão harboured significantly different communities to small and large 

turtles from the same nesting island, but the bacterial community of small and large turtles 

were not significantly different from each other (pairwise PERMANOVA, Weighted 

UniFrac: Medium vs Small F1,8 = 2.36, p < 0.05, Medium vs Large F1,15 = 2.72. p < 0.05, 
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Small vs Large F1,14 = 0.58. p = 0.824, Supplementary Table 5.8). We found no 

differences in data dispersion between turtle size groups (betadisper, all β-diversity 

metrics: p > 0.05, Table 5.4). In total, 29 ASVs showed differences in abundance across 

turtle nesting islands and size groups (Table 5.6, Supplementary Table 5.9). Interestingly, 

focusing on turtles nesting on Boa Vista, three ASVs showed to be different amongst 

turtles from different size groups, a Fusobacterium, a Vibrio, and an unclassified 

Actinobacteria (Supplementary Table 5.9). Turtles from Santo Antão had the most ASVs 

with significantly different abundances between turtles of different size, with five ASVs 

specifically explaining the community difference between large and medium turtles, all 

of which were in higher abundance in large turtles (Supplementary Table 5.9). 

  Additionally, the presence of O. margoi correlated with different microbial 

communities between infected and non-infected turtles, with the noticeable fact that non-

infected turtles clustered more tightly compared with infected individuals 

(PERMANOVA, Unweighted UniFrac: F1,102 = 1.56, p < 0.05, and Bray-Curtis: F1,102 = 

1.60, p < 0.05, Figure 5.7, Table 5.4). We found no differences in data dispersion between 

infected and non-infected individuals (betadisper, all -diversity metrics: p > 0.05, Table 

5.4). Specifically, we found that infected individuals had five ASVs in significantly 

higher abundance than non-infected turtles, Paludibater and unclassified 

Leptotrichiaceae, Carbiobacteriales, Bacteroidales and Lentisphaerales (Table 5.6, 

Supplementary Table 5.10). 

 Overall, rarefied wet swab samples revealed similar patterns to non-rarefied 

samples, with turtles’ nesting island and parasite infections being the best variables to 

explain differences in microbial communities (PERMANOVA, Bray-Curtis: nesting 

island - F3,59 = 1.43, p < 0.05 and cloacal parasites - F1,59 = 1.67, p < 0.05, Table 5.4). For 

this rarefied dataset, there were 10 ASVs driving differences in microbial communities 

in turtles from different nesting islands (Table 5.6, Supplementary Table 5.11) and six 
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explaining the differences between infected and non-infected turtles. Four of those six 

were also identified in the non-rarefied dataset (an unclassified Cardiobacteriales, 

Lentisphaerales, Leptotrichiaceae and Paludibacter, Table 5.6, Supplementary Table 

5.12). 

 Overall, our results show that independently of the dataset used, rarefied vs. non-

rarefied, microbial community composition is consistently structured by turtle nesting 

island and the presence of the leech parasite, O. margoi. An effect of turtle size on 

microbial composition was only detected in the wet swab dataset, and this pattern was 

not consistent across all datasets. 

 

 

Figure 5.6: Non-metric multidimensional scaling (NMDS) plot of the microbial community within non-

rarefied wet swab samples based on Bray-Curtis by island and CCL size category (PERMANOVA, F1,102 = 

1.26 p < 0.05). 
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Figure 5.7: Non-metric multidimensional scaling (NMDS) plot of the microbial community within non-

rarefied wet swab samples based on Bray-Curtis distance by O. margoi infection (PERMANOVA, F1,102 = 

1.60, p < 0.05). 

5.4.4 Comparison among sample storage methods 

 Focusing on the non-rarefied dataset, we investigated whether the storage method, 

frozen or in BuccalFix Buffer, altered the microbial diversity. Firstly, we found wet swabs 

had significantly lower sequence quality scores (Phred-33 scores) than dry swabs (wet: 

33.12 ± 0.7 (SD), dry: 33.45 ± 0.6, LMM, F1,229= 11.00, p < 0.01, Figure 5.8A). Wet swab 

samples on average had fewer high-quality reads after filtering than dry swabs (LMM, 

F1,229= 21.01, p < 0.001, wet: 6101 ± 7162 reads, dry: 8256 ± 5966 reads, Figure 5.8B). 

 Secondly, we found that phylogenetic diversity (PD) differed between our two 

collection methods, with dry swab samples having higher diversity (11.93 ± 4.28) than 

wet swab samples (9.62 ± 4.33, LMM, PD: F1,229 = 20.4, p < 0.001, Figure 5.9). No 

difference between swab type was detected when using Shannon diversity or Gini-

Simpson index (LMM, Shannon: F1,229 = 0.02, p = 0.88, Gini-Simpson: F1,229 = 0.06, p = 

0.80, Figure 5.9). After rarefying to 2000 reads, no differences in the microbial diversity 

between dry and wet swabs were identified (LMM, Shannon: F1,169 = 0.71, p = 0.4, Gini-

Simpson: F1,169 = 0.06, p = 0.81, PD: F1,169 = 3.06, p = 0.08). 
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Figure 5.8: Boxplots showing A) higher average sequence quality scores in dry swab samples (LMM, 

F1,229= 11.00, p < 0.01) and B) higher average number of reads for dry swab samples (LMM, F1,229= 21.01, 

p < 0.001). Asterisks show significant comparisons. 

 

Figure 5.9: Sample storage method resulted in significantly higher phylogenetic diversity (PD) in dry swabs 

than wet swabs, other alpha diversity indexes were not different (LMM, PD: F1,229 = 20.4, p < 0.001, 

Shannon: F1,229 = 0.02, p = 0.88, Gini-Simpson: F1,229 = 0.06, p = 0.80). Non-rarefied data displayed. 

Asterisks show significant comparisons. 

 Independently of the distance matrix used, we found that differences in microbial 

diversity translated into different bacterial community compositions between dry and wet 

swab samples on the non-rarefied dataset (PERMANOVA, Unweighted UniFrac: F1,230 = 
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5.03, p < 0.01, Figure 5.10A, Weighted UniFrac: F1,230 = 2.32, p < 0.05, Figure 5.10B, 

Bray-Curtis: F1,230 = 4.85, p < 0.01, Figure 5.10C, Table 5.4), We found no differences in 

data dispersion between wet and dry swabs (betadisper, all β-diversity metrics: p > 0.05, 

Table 5.4). Using SIMPER analyses, we detected eight ASVs significantly contributing 

to the difference between non-rarefied wet and dry swabs (Table 5.6, see Supplementary 

Table 5.2 for mean abundance in each group and full taxonomic information). Of the 

ASVs identified, seven were found in greater abundance in dry swabs. These ASVs 

included Photobacterium damselae, one of the core microbes, two Helicobacter species, 

a Vibrio species, a Brachyspira species, an unclassified Bacteroidaceae and an 

unclassified Pasteurellaceae. The only ASV found in greater abundance in wet swab 

samples was an unclassified Rhizobiales. 

 We detected exactly the same results when focusing on the rarefied dataset. 

Microbial community composition was different between the storage methods 

independently of the distance matrix used (PERMANOVA, Unweighted UniFrac: F1,171 

= 1.82, p < 0.05, Weighted UniFrac: F1,171 = 2.52, p < 0.05, Bray-Curtis: F1,171 = 1.80, p 

< 0.05, Table 5.4). We found no differences in data dispersion between wet and dry swabs 

(betadisper, all β-diversity metrics: p > 0.05, Table 5.4). A SIMPER analysis highlighted 

that three ASVs, a Helicobacter species, a Brachyspira species and an unclassified 

Rhizobiales were found in significantly different abundance between sample types (Table 

5.6, Supplementary Table 5.2). These three ASVs overlap with those detected with the 

non-rarefied dataset, suggesting these ASVs strongly influence the difference in 

microbial community structure between wet and dry swab. 

 Due to the differences among storage methods that were identified, samples were 

analysed separately to understand the biological determinants of microbial diversity and 

community structure. Additionally, as each individual was swabbed twice the samples 

are paired by nature and if examined jointly, we would run the risk of pseudoreplication. 
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Figure 5.10: Non-metric multidimensional scaling (NMDS) plot of the microbial community of dry and wet 

cloacal swabs using A) Unweighted UniFrac distance (PERMANOVA, F1,230 = 5.03, p < 0.01), B) Weighted 

UniFrac distance (PERMANOVA, F1,230 = 2.32, p < 0.05), and C) Bray-Curtis dissimilarity 

(PERMANOVA, F1,230 = 4.85, p < 0.01).



Table 5.6: List of ASVs that are driving differences in microbial community at each analysis level, derived from SIMPERs carried out on variables that show significant variation in 

microbial community between groups. Ticks indicate that the abundance of the ASV differed significantly between at least one pair within SIMPER. Lowest taxonomic rank is the lowest 

classification obtained for ASV from Greengenes 13_8 database. Square brackets indicate the Greengenes database notation for proposed taxonomy. 

  Dry vs Wet Swabs 
Dry Swabs Wet Swabs 

    Island Parasites Island:CCL Island Parasites 

ASV Lowest Taxonomic Rank 

Non-

rarefied 

data 

Rarefied 

data 

Non-

rarefied 

data 

Rarefied 

data 

Non-

rarefied 

data 

Rarefied 

data 

Non-

rarefied 

data 

Rarefied 

data 

Non-

rarefied 

data 

Rarefied 

data 

81554b0fce7cb99c919725c40ec6792a [Paraprevotellaceae] - -   - -   - - 

08b7ae36ca8ff80a868794ff4aa3af1c Actinobacteria - - - - - -  - - - 

f0b70acd270f53b521eef73b3128a67f AF12 species - - - - - -  - - - 

95064b90639c6c20f85c141b5e8d6a15 Bacteroidaceae  - -   -  - - - 

21e65a24850031f756e25f0278d4d1af Bacteroidales - - - - - -  -  - 

6432d50fbe1bdecc92b8669a98cdcdcd Brachyspira species   - - - -  - - - 

413037c7bfae2c3535793bc67f4d9ae5 Campylobacter - -   - -   - - 

76fd33f14910b1cd69086786956646b3 Cardiobacteriales - - - -      

1aeef1011c39dc1e7b526ebeab794a68 Desulfovibrionaceae - - - - - - -  - - 

4d72007c70f4abc0bf9e8fe8b826d07d Enterobacteriaceae - - - - - -  - - - 

5699b09d3c91c083e8ce6bcafc742e25 Fusobacterium species - - - -  -  - - 

2cc1b1f5c5a88c4e0abc1b9f44a77ea4 Halobacteriaceae - - - - - -  - - - 

ad7f3efd185f47aab4f7badf2c822cc8 Helicobacter species  - - - - -  - - - 

f62dc709536edba0135034e740915a92 Helicobacter species    -   - - - - 

17fbebb3d9f3bbd3508cd5348ae7ea7c Lentisphaerales - -   - -    

61beb22e53acd837370e43e68a012642 Lentisphaerales - - - - - -  - - - 

62312a4c1b699acbc6a6862c1a8bea83 Leptotrichiaceae - - - - - -  -  

b4bb370a59f2637d406ccc0f5a1b2a1e Morganella morganii - - - - - - - - - 
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33c1fcdbc21a10a2a033f53d47db7893 Mycoplasma species - -  - - -  - - - 

b501af89d0069bb6642c88a656b4d962 Neisseriaceae - - - - - -   - - 

dfe06fc469793226d7bd06f40fd3f4f5 Odoribacter species - - - - - -  - - - 

d1b122b873bef2a9246fbd7ead125ca7 Ornithobacterium species - - - - -  - - - - 

ce7504bf8df2af8e3139aacad6b79dae Paludibacter - - - - - -  -  

ff0b033d6bfeaf9f7afadb421c67cfbc Parabacteroides species - - - - - -  - - - 

0015124e5777b57174a1af7411703bbb Pasteurellaceae  -   - -   - - 

d20b46e3c9d79a8e49a48f112fc03d4f Peptostreptococcaceae - - -  - - - - - - 

67b0cf6af26b9fd959d860a52a65bc58 Photobacterium damselae  - - - - -   - - 

429f2491c9a2f652c5561ef90c463a2d Plesiocystis species - - - - - -  - - - 

5a7b179b1b45f0fe2282f260bf073f60 Propionibacterium acnes - - - - - -  - - - 

8c472893b0fcfde7a64a96606df16221 RFP12 - - - - - -  - - - 

95c95bb6bdcc327d75c06f8b3472723f Rhizobiales   - - - - - - - - 

34239f14f57eed8a2971a240df604a06 Shewanella algae - -   - -  - - - 

9be79137deae3d1b144b96c452427950 Vibrio species  - - - - -   - - 

0429a8a999c3238e12bbfaa1714d385e Vibrionales - -  -  -   - - 
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5.5 Discussion 

 Host bound microbes can aid their host through improved immune response or 

nutrient uptake, to increase condition and ultimately reproductive fitness (Bäckhead et 

al., 2005, Gerardo and Parker, 2014, Kelly and Salinas, 2017, Turnbaugh et al., 2006). 

As such, they can alter life history traits and influence evolutionary trajectory (Brucker 

and Bordenstein, 2012, McFall-Ngai et al., 2013, Rudman et al., 2019). Here, we 

investigated the effects that turtle nesting island, parasite infection and turtle size had on 

the cloacal microbiome of wild loggerhead sea turtles. Generally, we identified 

Proteobacteria, Bacteroidetes, Lentisphaerae, Fusobacteria and Firmicutes as the 

dominant phyla in the cloacal microbiome, and found 7 ASVs that formed the core 

microbiome of turtles, regardless of the sampling location. More importantly, we found 

that both the nesting island of turtles and O. margoi infection, as well as their interaction, 

were the best descriptors of microbial diversity and community composition. Given the 

field nature of our study, we also tested for the differences in microbial diversity and 

community that could emerge from sample storage methods, suggesting dry samples to 

provide better sequencing results – though overall patterns remained qualitatively similar 

between the two methods. Our study shows that locally adapted nesting groups of sea 

turtles have differences in cloacal microbiome diversity and community, likely as the 

results of both genetic and environmental factors. This result is consistent with the 

evolution of local adaptation of the nesting groups, despite spending the vast majority of 

their life in a shared oceanic environment. 

 Regardless of the storage method and the datasets (rarefied vs non-rarefied), our 

overall results show broadly similar patterns and suggest turtles from different nesting 

groups harboured different microbial community composition. We find pairwise 

differences in the microbiomes between turtles from Santo Antão and those from all other 

nesting islands. Not only is Santo Antão the most geographically distant island, but turtles 
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nesting there are also the most genetically differentiated turtles from the core of the 

species distribution seen in Boa Vista, Sal and Maio islands (Baltazar-Soares et al., 2020). 

Given that turtles are thought to not feed during the nesting period (Lutz et al., 2002), and 

given that these turtles spend most of their lifetime in the same feeding ground, this result 

supports the idea that the cloacal microbiome of loggerhead sea turtles is, in part, 

influenced by host genetics. Differences in the cloacal microbiome of loggerhead sea 

turtles have been observed between rookies in the USA and Australia (Scheelings et al., 

2020), but no such differences have been described at an ecologically-relevant, island-

specific scale. This is likely the result of the strong philopatric nature of turtles nesting in 

Cabo Verde, where distinct genetic groups have evolved broadly matching the nesting 

islands (Baltazar-Soares et al., 2020, Stiebens et al., 2013b). In Cabo Verde, nesting 

groups of turtles harbour island-specific diversity in the immune genes of the major 

histocompatibility complex (MHC) class I (Stiebens et al., 2013b). The MHC, and 

particularly class I MHC genes, are known to affect the microbial composition of the gut 

microbiome in both humans and mice (Palma et al., 2010, Vaahtovuo et al., 2003), and 

this influence is likely to extend to other organisms such as the loggerhead sea turtle. We 

identified several ASVs that drive the differences in microbial communities among turtles 

from different nesting islands. For instance, we found a greater abundance of three ASVs, 

unclassified Lentisphaerales, Paraprevotellaceae, and Peptostreptococcaceae, in turtles 

nesting on Santo Antão, in comparison to turtles nesting on all other islands. Future 

studies would need to focus on the taxonomic resolution of these ASVs to test for their 

impact on the metabolism of sea turtles and identify whether different genetic basis, e.g. 

based on MHC class I genes, respond differently to colonization by those microbes. 

Another potential hypothesis may be the local environmental conditions (Spor et al., 

2011) could lead to microbial differences between the nesting island such as the sand-

based microbiome which could be linked to the amount of human use which could 
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introduce novel bacterial species or colour of the sand leading to difference in 

temperatures. 

 Ecological and trophic niches are major factors of gut microbiome composition 

(Desai et al., 2012, Faith et al., 2011, Hildebrandt et al., 2009, Parks et al., 2013, 

Turnbaugh et al., 2009, Wu et al., 2011). It was recently shown that there are up to three 

different nesting strategies used by turtles nesting in Cabo Verde, with two oceanic 

strategies and a neritic one (Cameron et al., 2019). For instance, turtles nesting on Santo 

Antão use the two oceanic strategies whereby they exploit both the habitat exposed to 

upwelling variations in the western coasts of Africa and a more characteristic oceanic 

habitat. On the other hand, on Boa Vista, in addition to the two oceanic strategies, turtles 

also exploit a neritic habitat on the coastline of Sierra Leone (Cameron et al., 2019, 

Hawkes et al., 2006). If the feeding environment were the sole determinant of cloacal 

microbial diversity and composition, we would expect that sea turtles nesting in Boa Vista 

to be the most differentiated ones. Since this is not what we observed, we can 

parsimoniously exclude feeding ecology as a major determinant of the observed nesting 

group specific patterns. This reinforces the perspective that nesting-group specific 

microbiome stems from genetic effects associated with turtle local adaptation and 

philopatry. 

 Interestingly, we found that infection by O. margoi correlated with changes of 

microbial diversity and community composition. The microbial community of non-

infected individuals clustered more tightly, which suggests more similar microbial 

communities. Greater microbial variation in infected turtles is probably because the 

impact parasites have on host microbiomes can differ greatly, with studies showing both 

increased (Lee et al., 2014, Rosa et al., 2018) and decreased microbial diversity (Houlden 

et al., 2015, McKenney et al., 2015). This may be correlated to direct interactions and 

manipulation of the microbiome by parasites (Dheilly et al., 2015). Alternatively, 
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parasites also activate the host immune system and mucus production, impacting the 

microbiome indirectly (Leung et al., 2018). Noteworthy, even the correlation between 

parasites and the cloacal microbiome was nesting group-specific. This matches our 

expectations because the prevalence of this parasite varies across Cabo Verde, with higher 

infection prevalence in turtles nesting in the east of the archipelago, at the core of the 

species distribution (Lockley et al., 2020). Here as well, we can associate this change 

with nesting group-specific immunity, resulting in host-parasite-microbiota interactions 

demonstrating specific variation among nesting groups, and a potential role in the 

evolution of turtle local adaptation. The difference in microbiomes was associated with 

several ASVs, and the majority of these were more abundant in infected turtles. Parasites 

are able to modify an organism’s microbiome by modulating the immune response of the 

host and changing the environment to best suit the requirements of the parasite (Dheilly 

et al., 2015, Leung et al., 2018, Shi et al., 2014). It is plausible that the presence of O. 

margoi in the cloaca could alter the cloacal environment, resulting in cloacal dysbiosis 

and the colonization of possible pathogenic microbes, as we observed with the increased 

abundance of Fusobacterium species or Vibrio sp. Additionally leeches may introduce 

novel bacterial species which could explain the microbial variation between infected and 

non-infected turtles. 

 Turtles in our study had a high O. margoi prevalence (69.26%). It has been shown 

this parasite’s prevalence in loggerhead sea turtles in Cabo Verde has increased from 10% 

in 2010 to 33% in 2017 (Lockley et al., 2020). As rates of infection increase, it becomes 

increasingly important to understand the impact O. margoi has on the microbiome of 

turtles, to monitor for potential dysbiosis. While parasite infections can alter microbial 

communities; the microbiota can also protect the host against parasite infection (Holm et 

al., 2015, Jaenike et al., 2010, Oliveira-Sequeira et al., 2014, White et al., 2018). If the 

presence of certain parasites alters the microbiome, there may be additional knock-on 
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effects to the host health. Whilst the turtle, fibropapillomatosis causing, chelonid 

herpesvirus ChHV5 is yet to be found in loggerhead sea turtles in Cabo Verde, O. margoi 

is a potential vector (Greenblatt et al., 2005, Jones et al., 2016). Any reduction in host 

fitness due to this increased prevalence and altered microbiome could potentially increase 

the risk of ChHV5 virus infection. 

 While the patterns are less consistent across sample types and dataset, we 

identified a relationship between the nesting island of a turtle and turtle size with their 

microbial community composition. This size by nesting island interaction demonstrates 

both intrinsic and extrinsic determinants of microbial community composition. Both body 

mass and gut volume have been linked to increased microbial diversity previously (Godon 

et al., 2016). Sea turtles continuously grow throughout their life (Omeyer et al., 2017), 

therefore size can be used as a proxy for age. Age and development stages have been 

correlated with shifts in the host’s diet, which would indirectly impact the microbiome 

(Ramirez et al., 2015). Cameron et al. (2019) found that turtles nesting on the island of 

Boa Vista that use oceanic upwelling feeding strategy were larger than neritic turtles. 

Different feeding strategies could be a driver for the interaction we find between turtle 

nesting island and size. Exploring this interaction further by directly linking diet, through 

stable isotopes for instance, to the microbial diversity and community of loggerhead sea 

turtles would help to disentangle environment and the genetic effects. 

 If we are to learn about the microbiomes of wild populations, and particularly so 

of cryptic species like sea turtles which come to land only shortly for nesting, it is essential 

to identify relevant storage methods. Cryopreservation, freezing at -80 °C immediately 

after collection, has often been highlighted as the best approach to ensure microbiomes 

stay true to their original composition (Vandeputte et al., 2017). However, this is not 

always possible in remote locations, and storage at room temperature for an extended 

period may result in change in microbial diversity over time (Choo et al., 2015, Shaw et 
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al., 2016). As such, stabilisation buffers are often used to preserve samples, but these can 

sometimes reduce DNA quality and purity (Dominianni et al., 2014, Vandeputte et al., 

2017). In this study, independently of the storage method, we identified phyla that have 

previously been identified in other populations of loggerhead turtles, e.g. Proteobacteria, 

Bacteroidetes, Lentisphaeare, Fusobacteria and Firmicutes (Abdelrhman et al., 2016, 

Ahasan et al., 2017, Foti et al., 2009). This result suggests that both methods retained 

relevant information. Interesting, freezing outperformed the stabilisation buffer mostly 

on sequencing characteristics, i.e. sequence quality and read length. We also found a 

higher microbial diversity in dry swab samples compared to the wet ones, but this effect 

did not translate overall into identifying diversity differences between nesting groups and 

infection status. The differences were mostly at the community levels. If we had chosen 

to use only BuccalFix, we may have missed key patterns of the microbiome composition. 

For studies conducting first screens in the field, more controls would probably be required 

to confirm which method most accurately represented the true turtle microbiome, but it 

is evident that the stabilising buffer impacted sample quality and sequencing outcome. 

 

 Overall, our results indicate that microbial diversity and community of sea turtles 

differs among nesting group, their infection by a common parasite and even their size. 

Such host genotype-by-environment interactions describe well the patterns of local 

adaptation, whereby here, both turtles and their microbiome show signs of local 

adaptation as a result of philopatry. Identifying the genotype and feeding strategy of an 

individual could help to unravel the relative contribution of genetic or environmental 

factors on the cloacal microbiome. Yet, this study sets the baseline foundation to study 

the host-microbiome in a vulnerable and cryptic wild species. 

 

Ethics statement 
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General Conclusions 

 Hosts and their microbiomes are in constant interaction and potentially 

coevolution, either through antagonist or mutualistic interactions (Herre et al., 1999, 

Theis et al., 2016, Van Valen, 1974), but the nature of this coevolution will vary 

depending on the strength of control imparted by the host on the microbes, the microbes 

on the host or the surrounding environmental conditions acting on them both. One 

outcome of these overall interactions could relate to host local adaptation (Kolodny and 

Schulenburg, 2020, Koskella and Bergelson, 2020, McFall-Ngai et al., 2013, Rosenberg 

and Zilber-Rosenberg, 2016, Rudman et al., 2019). Yet, what factors influence host-

microbe interactions and local adaptation of wild vertebrate populations remain to be 

elucidated (Kohl et al., 2018, Petipas et al., 2020, Rennison et al., 2019a, Sharon et al., 

2010). 

 The main objectives of this thesis were to increase our understanding of how 

microbial communities differ in response to both host genetics and environmental 

selection pressures and explore how these relationships may have coevolved in wild 

environments. Together with my collaborators, I examined how variation in host genetics 

(lineages and local genetic groups), parasite infection, and diet influenced the diversity 

and community structure of the microbiome of two locally-adapted wild host species: the 

three-spined stickleback, Gasterosteus aculeatus and the loggerhead sea turtle, Caretta 

caretta. Collectively, the findings of this thesis support the argument that coevolution can 

be detected in nature between a host and its microbiome, and that the structure of this 

coevolution is linked to a combination of host genetics and environmental pressures - 

parasites and diet in particular. 

 Our understanding of host-microbe interactions has increased rapidly in recent 

years (Bosch et al., 2019, Gilbert et al., 2012, McFall-Ngai et al., 2013, Wu et al., 2009), 

however, the majority of our knowledge comes from studies on captive animals or 
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laboratory-held model organisms (Amato, 2013, Hird, 2017). Indeed, only 14.3% of 650 

publications between 2009 - 2016 on microbiomes had been carried out on wild 

organisms (Pascoe et al., 2017). Laboratory studies are crucial, as they allow for the 

manipulation of a host and their microbes under controlled conditions and treatments, but 

changes in diet, increased stress exposure, and increased human contacts all have the 

potential to alter the structure of a host’s microbiome (McKenzie et al., 2017, Portz et al., 

2006, Uren Webster et al., 2018). As a result, conclusions drawn from these studies may 

not be representative of host-microbe interactions in wild systems. This is because wild 

organisms are exposed to a vast array of selection pressures, including fluctuations in 

abiotic conditions, multiple parasite infections, social interactions and variation in food 

source availability - making host-microbiome interactions challenging to quantify in 

nature (Greyson-Gaito et al., 2020, Hird, 2017). My thesis helps to fill this knowledge 

gap by exploring the wild microbiome of the three-spined stickleback (Chapters One & 

Three) and the loggerhead sea turtle (Chapter Four). 

 The reciprocal common garden experiment carried out in Chapters Three and Four 

is a key strength of this thesis. Whilst reciprocal common garden experiments are often 

logistically difficult due to the requirement of space, time, and resources, their results are 

highly informative. This approach allows for the study of genotype-by-environment 

effects, in the form of both the ‘local vs. foreign’ hypothesis as well as ‘home vs. away’ 

(de Villemereuil et al., 2016, Hoban et al., 2016, Kawecki and Ebert, 2004, Savolainen 

et al., 2013). This design allowed us to disentangle the influence of genetics and the local 

environment that acts upon the host microbiome diversity and structure. 

 Firstly, we found evidence for local adaptation of host-microbe interactions 

through population-specific host microbiomes across geographical scales (Chapters Two 

and Five). In Chapter Two, we identified population-specific bacterial diversity and 

community structure across 11 three-spined stickleback populations in Europe and North 



 202 

America. These results indicate a combined influence of a host’s environment and 

genetics in structuring the microbiome. We conclude this, as if the fish microbiomes were 

purely influenced by the host environment, we would observe patterns of parallel 

evolution with ecotype-specific microbiomes, as the environmental pressures in two 

similar habitats, such as two lakes, would be more similar than two different habitats such 

as a lake and a river habitat. Therefore, population-specific patterns must be the result of 

localised environmental selection pressures and the increased genetic relatedness of 

individuals within a population. To frame these results in the context of previous research, 

population-specific microbiomes were also documented among stickleback populations 

from a single watershed in Canada, where the differences were associated with habitat 

type, habitat geomorphology and diet (Smith et al., 2015). Our findings are an extension 

of previous work carried out on stickleback’s microbiome as they extend across a larger 

geographical scale, including fish from North America and Europe. it is noteworthy that 

our results do not confirm all past patterns, as another study on the microbiome of the 

three-spined stickleback in Canada found evidence for parallel evolution between benthic 

and limnetic ecotype pairs (Rennison et al., 2019a). This difference likely stems from the 

different selection pressures associated with the evolution of benthic-limnetic ecotype 

pairs compared to lake-river ecotypes. 

 We also identified nesting group-specific microbiomes across turtles nesting on 

different islands of the Cabo Verde archipelago (Chapter Five). To my knowledge, only 

one other paper has sampled the microbiome of sea turtles across geographically distinct 

nesting populations, with their findings showing differences in the microbial communities 

of loggerhead sea turtles originating from Florida, USA and Queensland, Australia 

(Scheelings et al., 2020). My findings complement these and extend our understanding 

as the two populations sampled by Scheelings et al. (2020) are too genetically different 

to test for local adaptation, they also lack gene flow and shared feeding grounds, while 
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the populations within my study are sampled at an ecologically-relevant scale. The fact 

that I found evidence of local adaptation of the microbiome across two very distinct taxa 

suggests that this is likely to be a common evolutionary outcome of host-microbe 

interactions and should be explored in a wider range of organisms for further 

confirmation. 

 A finding of great interest from my research was the occurrence of host-parasite-

microbe interactions, observed for both study species: in the three-spined stickleback 

(Chapter Four) and the loggerhead sea turtle (Chapter Five). Whilst both organisms are 

locally-adapted to a habitat type or nesting island (Baltazar-Soares et al., 2020, Cameron 

et al., 2019, DeFaveri and Merila, 2014, Hendry et al., 2002, Lockley et al., 2020, 

Stiebens et al., 2013b), they otherwise have very different life histories. The consistent 

correlation between parasites and the microbiome across species shows that this is a 

crucial link to explore. The reciprocal nature of the interaction between parasites and 

microbes is only recently being better understood. A host’s microbiome has the ability to 

defend its host against infection (Ford and King, 2016, King and Bonsall, 2017, King et 

al., 2016), but some parasite-associated microbes also increase the ability of a parasite to 

infect its host (Adams et al., 2006, Boemare and Akhurst, 2006). Additionally, parasites 

can interact directly with the host microbiome (Dheilly et al., 2015), and can also activate 

the host immune system and mucus production, impacting the microbiome indirectly 

(Leung et al., 2018). I have demonstrated that the interaction between a host, its parasites, 

and its microbiome can be observed when looking at (i) a single parasite species, 

Ozobranchus margoi infections within loggerhead sea turtles (Chapter Five) and (ii) at 

the parasite community level, composed of numerous individuals from various taxa 

(Chapter Four). The complexity of the latter study is not achievable under laboratory 

conditions, which further demonstrates how studies in wild systems are invaluable for 

understanding how other biological interactions influence host microbe-interactions. 
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 It has been well established that host diet can influence the diversity and 

composition of their microbiome (Foster et al., 2017, Li et al., 2017, Muegge et al., 2011, 

Sullam et al., 2012). I confirmed this finding within the three-spined stickleback in 

Chapter Four, as clear host-microbe-diet interactions were detected. The influence of diet 

on the stickleback gut microbiome using stable isotopes has been identified previously, 

showing there is a large amount of inter-individual variation in the diet which correlated 

to changes within the gut microbiome (Bolnick et al., 2014b, Bolnick et al., 2014c). Due 

to the vast amount of research supporting the impact of diet on the microbiome, it is 

important to further explore the causality behind this correlation. 

 Chapter Three elucidated an important relationship that can be overlooked in host 

microbiome research: that feeding ecology is not independent of host-parasite resistance. 

The ecological interactions between parasite infection and feeding ecology are difficult 

to replicate in vitro, due to the complexity of both parasite and prey diversities, making 

our wild reciprocal common garden experiment an ideal way to explore this relationship. 

We found that a host’s local environment, lineage, parasite community, and feeding 

ecology are correlated, showing the genotype-by-environment interactions that are a 

classic prerequisite of local adaptation (Kawecki and Ebert, 2004). This relationship 

between parasites and feeding ecology could be the result of different feeding strategies 

leading to variation in parasite exposure or, alternatively, could be a result of the infection 

whereby the host changes feeding ecology as a response to being infected (Brunner et al., 

2017, Locke et al., 2014, Stutz et al., 2014). Our use of stable isotopes allowed for long 

term patterns of feeding ecology to be evaluated (Lorrain et al., 2002, Post, 2002), whilst 

previous research on the relationship between diet and host-parasite driven local 

adaptation has focused on gut content analysis (Bolnick et al., 2020, Cirtwill et al., 2016, 

Emde et al., 2014, Kleinertz et al., 2012, Reimchen and Nosil, 2001). 
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 A difficulty I was confronted with over the course of my PhD research, is the rapid 

technical advancement in the field of host-microbe interactions. Whilst overall this can 

only improve the science, the speed at which the field moves results in a lack of 

standardised procedures for researching host-microbe interactions, rendering the 

comparison of results between studies challenging. Chosen storage methods, DNA 

extraction kits, 16S rRNA hypervariable regions, bioinformatic methods, and statistical 

analyses can all lead to differences in the patterns found from microbiome data, and it 

can be difficult to reliably compare across research papers (Arnold et al., 2016, Clooney 

et al., 2016, Kim et al., 2017a, Laukens et al., 2016, Lopez-Garcia et al., 2018, Schloss, 

2018). A key example of this lack of standardisation is the debate surrounding the 

rarefaction of data - some research groups suggest the removal of valid data is 

unadvisable, and methods to standardise data that do not require the removal of reads 

should be used (McMurdie and Holmes, 2014). In contrast, others argue that these 

methods do not result in a uniform number of reads, which can bias data analyses 

(McKnight et al., 2019) and may not be sufficiently robust (Mandal et al., 2015). When 

analysing Chapter Two data, at the start of my PhD, the vast majority of the literature 

rarefied their dataset to standardise the number of reads per sample, however, by the time 

I began work on my other chapters, the literature was more mixed and there was no 

general consensus. In order to overcome this potential limitation, we carried out analysis 

of both non-rarefied and rarefied data for Chapters Four and Five and confirmed that 

patterns identified were mostly consistent across both methods. Another technical 

discussion which animated intense debate relates to clustering sequences into Operational 

Taxonomic Units (OTUs). I used this common approach at the start of my PhD, however, 

by the end of it, there had been a paradigm shift towards not rarefying and assigning 

Amplicon Sequence Variations (ASVs). Whilst this change has improved the 
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reproducibility and comparability of microbiome studies, it does result in difficulties 

when comparing new and older findings (Callahan et al., 2017, Edgar, 2017). 

 Were I to re-run my experiments again, an improvement I would consider would 

be to include positive controls in the microbiome analysis. While all my studies had 

negative controls, as was recommended by the literature, the use of positive controls, such 

as mock communities, which are mixtures of cultured organisms of known quantities, 

would allow for the verification of the accuracy of my chosen extraction and 

amplification methods (Salter et al., 2014). Several groups have set out to standardise the 

field, such as the Earth Microbiome Project, the Human Microbiome Project, the Parasite 

Microbiome Project but inconsistencies still remain (Dheilly et al., 2019, Gevers et al., 

2012, Gilbert et al., 2014, Gilbert et al., 2018, Schloss et al., 2011, Turnbaugh et al., 

2007). 

 The exploration of the wild microbiome is crucial for improving our 

understanding of host-microbe interactions (Hird, 2017), however, studying wild 

organisms comes with its own set of limitations and disadvantages in comparison to 

controlled laboratory studies. Whilst the complexity of natural systems is a key factor of 

interest for host-microbe studies, it also results in a range of undocumented variables 

which may be of particular importance. Additionally, studies on the wild microbiome can 

only be correlative, inferring potential relationships but not causation (Bik, 2016). 

Additionally in laboratory-based studies there is the ability to track changes to a host’s 

microbiome over time and in response to treatments. For example, even in our field 

experiments (Chapter Four and Five), we find the presence of parasites is correlated to 

changes in the microbiome, which are of great interest, however, we cannot infer which 

of these is driving the changes - does the parasite infection result in changes in the 

microbiome? Or do these differences in the microbiome allow for parasites to infect a 

host more easily? These questions can only be truly explored through controlled 
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laboratory manipulations and have been recently reviewed in (Stevens et al., 2021). 

Additionally, a similar set of questions can be asked concerning our findings from 

Chapter Three, as we found that parasite load, individual parasite taxa, and diet were 

correlated and likely coevolved. Nonetheless, it remains to be determined whether the 

changes in diet expose a host to different parasites leading to shifts in infections (Johnson 

et al., 2009, Locke et al., 2014, Stutz et al., 2014), or whether the presence of those 

parasites drive a change in feeding ecology (Barber et al., 2008, Lefevre et al., 2009, 

Milinski, 1984, Ponton et al., 2011). I believe that this shows that in order for the field of 

host-microbe interaction research to progress further, there is the need for a theoretical 

cross-talk to happen between laboratory and field studies. 

 As the number of descriptive studies on wild microbiomes grow, it becomes 

increasingly necessary to improve our understanding of the functions the microbiome 

plays within a range of hosts (Adair and Douglas, 2017). Hammer et al. (2019) suggested 

that hosts have a ‘continuum of reliance’ on symbionts, with some hosts requiring specific 

bacterial species to survive while others actively attempt to rid themselves of bacteria 

altogether. Questions for many species remain: are bacteria that are present in a host’s 

microbiome purely commensal or transitioning through the gut with little impact on the 

host? Do they have a negative impact on the host? Or do they benefit the host through 

specific functions like pathogen defence and improved nutrient uptake? Computational 

approaches currently exist, such as PICRUSt, to predict the functionality of specific 

bacteria from 16S rRNA sequences, but how well they quantify functionality in novel 

environments is unknown (Langille et al., 2013). Future research should explore the 

functionality of commonly occurring bacteria in wild vertebrate microbiomes, identifying 

which genes are expressed and metabolic processes are carried out by the microbiome as 

a whole as well as specific bacteria, using shotgun metagenomic approaches such as 

sequence-based or functional genomics (Sangwan et al., 2016, Sommer et al., 2009). 
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 In summary, the studies conducted for my thesis have built on previous research 

and produced novel findings that enhance our scientific knowledge of wild host-microbe 

interactions. These findings highlight the importance of considering the role of the host 

microbiome in a host’s evolution, as well as considering the complex interactions among 

a host, its environment, and its associated microbes and parasites. My hope is that this 

thesis will not only help improve our knowledge in the field of host-microbe interactions, 

but also our appreciation for the wonders of the microbial world and how with every new 

question the scientific community asks, their role and influence should be considered.  
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Supplementary Materials – Chapter 2 

Supplementary Information 2.1 

Data pre-processing details: 

Samples in run: 384 – not all related to this study 

Number of lanes: 1 

Sequence type: 300 bp paired-end read, Illumina MiSeq V3 

Amplicon type: Bacteria 16S (341F-785R) 

Sequencing company: LGC Genomics 

 

Samples were demultiplexed using Illumina’s CASAVA software. Illumina TruSeq 

adapters were clipped and all reads >100 bases were retained. Reads were then sorted by 

amplicon inline barcodes; no mismatched barcodes were kept. Barcodes were clipped 

post sorting. A total of 2 mismatches were allowed per primer, with primer-dimers 

resulting in outer primer copies being clipped from sequence. Pairs of primers were 

required in the sequence fragments and put into the forward-reverse orientation. Forward 

and reverse reads were combined using FLASh 1.2.4, with a minimum overlap of 10 

bases and a maximum mismatch of 25%. 

 

Supplementary Table 2.1 Table of good’s coverage for each individual fish sample 

Sample ID Good's 

Coverage (%) 

341F.785R.P5.A01 0.98 

341F.785R.P5.A03 0.98 

341F.785R.P5.A04 0.98 

341F.785R.P5.A07 0.99 

341F.785R.P5.A09 0.97 

341F.785R.P5.A10 0.98 

341F.785R.P5.A12 0.99 

341F.785R.P5.B01 0.98 

341F.785R.P5.B02 0.98 

341F.785R.P5.B03 0.97 

341F.785R.P5.B05 0.99 

341F.785R.P5.B06 0.99 

341F.785R.P5.B07 0.98 

341F.785R.P5.B08 0.98 

341F.785R.P5.B09 0.97 

341F.785R.P5.B10 0.98 

341F.785R.P5.B11 0.99 

341F.785R.P5.B12 0.98 

341F.785R.P5.C01 0.97 

341F.785R.P5.C02 0.97 

341F.785R.P5.C03 0.99 

341F.785R.P5.C04 0.99 
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341F.785R.P5.C05 0.98 

341F.785R.P5.C06 0.98 

341F.785R.P5.C07 0.99 

341F.785R.P5.C08 0.99 

341F.785R.P5.C09 0.98 

341F.785R.P5.C10 0.98 

341F.785R.P5.C11 0.98 

341F.785R.P5.C12 0.99 

341F.785R.P5.D01 0.99 

341F.785R.P5.D02 0.97 

341F.785R.P5.D03 0.99 

341F.785R.P5.D04 0.98 

341F.785R.P5.D05 0.98 

341F.785R.P5.D06 0.98 

341F.785R.P5.D07 0.99 

341F.785R.P5.D08 0.98 

341F.785R.P5.D09 0.98 

341F.785R.P5.D10 0.98 

341F.785R.P5.D11 0.97 

341F.785R.P5.D12 0.97 

341F.785R.P5.E04 0.99 

341F.785R.P5.E06 0.97 

341F.785R.P5.E07 0.99 

341F.785R.P5.E09 0.99 

341F.785R.P5.E10 0.99 

341F.785R.P5.E12 0.99 

341F.785R.P5.F01 0.98 

341F.785R.P5.F02 0.98 

341F.785R.P5.F03 0.99 

341F.785R.P5.F04 0.98 

341F.785R.P5.F05 0.99 

341F.785R.P5.F06 0.99 

341F.785R.P5.F07 0.97 

341F.785R.P5.F08 0.97 

341F.785R.P5.F09 0.99 

341F.785R.P5.F10 0.98 

341F.785R.P5.F11 0.99 

341F.785R.P5.F12 0.97 

341F.785R.P5.G01 0.99 

341F.785R.P5.G02 0.98 

341F.785R.P5.G03 0.98 

341F.785R.P5.G04 0.98 

341F.785R.P5.G05 0.99 

341F.785R.P5.G06 0.98 

341F.785R.P5.G07 0.97 

341F.785R.P5.G08 0.98 

341F.785R.P5.G09 0.97 

341F.785R.P5.G10 0.98 

341F.785R.P5.G11 0.99 

341F.785R.P5.G12 0.99 

341F.785R.P5.H01 0.97 

341F.785R.P5.H02 0.99 

341F.785R.P5.H03 0.99 

341F.785R.P5.H04 0.98 

341F.785R.P5.H05 0.99 
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341F.785R.P5.H06 0.99 

341F.785R.P5.H07 0.98 

341F.785R.P5.H08 0.98 

341F.785R.P5.H09 0.98 

341F.785R.P5.H10 0.99 

341F.785R.P5.H11 0.99 

341F.785R.P5.H12 0.98 

341F.785R.P6.A01 0.98 

341F.785R.P6.A03 0.99 

341F.785R.P6.A04 0.98 

341F.785R.P6.A05 1.00 

341F.785R.P6.A06 0.98 

341F.785R.P6.A09 0.99 

341F.785R.P6.A10 0.98 

341F.785R.P6.B01 0.98 

341F.785R.P6.B02 0.99 

341F.785R.P6.B03 0.99 

341F.785R.P6.B04 0.99 

341F.785R.P6.B05 0.98 

341F.785R.P6.B06 0.98 

341F.785R.P6.B07 0.97 

341F.785R.P6.B09 0.99 

341F.785R.P6.B10 0.98 

341F.785R.P6.B11 0.98 

341F.785R.P6.C01 0.99 

341F.785R.P6.C02 0.98 

341F.785R.P6.C03 0.99 

341F.785R.P6.C04 0.98 

341F.785R.P6.C05 0.97 

341F.785R.P6.C06 0.98 

341F.785R.P6.C08 0.98 

341F.785R.P6.C09 0.99 

341F.785R.P6.C10 0.97 

341F.785R.P6.D01 0.99 

341F.785R.P6.D02 0.99 

341F.785R.P6.D03 0.97 

341F.785R.P6.D04 0.97 

341F.785R.P6.D05 0.98 

341F.785R.P6.D06 0.99 

341F.785R.P6.D07 0.99 

341F.785R.P6.D08 0.98 

341F.785R.P6.D09 0.99 

341F.785R.P6.D10 0.98 

341F.785R.P6.E01 0.98 

341F.785R.P6.E02 0.99 

341F.785R.P6.E03 0.98 

341F.785R.P6.E05 0.97 

341F.785R.P6.E07 0.99 

341F.785R.P6.E09 0.99 

341F.785R.P6.E10 0.99 

341F.785R.P6.F01 0.98 

341F.785R.P6.F02 0.98 

341F.785R.P6.F03 0.98 

341F.785R.P6.F04 0.97 

341F.785R.P6.F05 0.98 
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341F.785R.P6.F06 0.98 

341F.785R.P6.F07 0.98 

341F.785R.P6.F08 0.98 

341F.785R.P6.F09 0.96 

341F.785R.P6.F10 0.99 

341F.785R.P6.G01 0.97 

341F.785R.P6.G02 0.98 

341F.785R.P6.G03 0.98 

341F.785R.P6.G04 0.97 

341F.785R.P6.G05 0.99 

341F.785R.P6.G06 0.97 

341F.785R.P6.G07 0.99 

341F.785R.P6.G08 0.98 

341F.785R.P6.G09 0.99 

341F.785R.P6.G10 0.97 

341F.785R.P6.H01 0.98 

341F.785R.P6.H02 0.98 

341F.785R.P6.H03 0.97 

341F.785R.P6.H04 0.97 

341F.785R.P6.H05 0.98 

341F.785R.P6.H06 0.98 

341F.785R.P6.H07 0.97 

341F.785R.P6.H08 0.98 

341F.785R.P6.H09 0.98 

341F.785R.P6.H10 0.98 

 

Supplementary Table 2.2: Mean relative abundance (%) and standard deviation of the five most dominant 

phyla observed across fish samples. 

Phylum 
Mean Relative 

Abundance (%) 

Minimum Relative 

Abundance (%) 

Maximum Relative 

Abundance (%) 

Actinobacteria 48.63 ± 6.20 0.03 74.08 

Proteobacteria 19.36 ± 3.14 0.03 57.55 

Firmicutes 19.06 ± 4.05 0.03 78.08 

Spirochaetes 6.47 ± 11.32 0.03 57.26 

Tenericutes 1.52 ± 11.17 0.03 64.36 

Cyanobacteria 1.51 ± 2.76 0.03 24.25 

Planctomycetes 1.15 ± 1.48 0.03 9.16 

Armatimonadetes 0.69 ± 10.75 0.03 46.83 

Bacteroidetes 0.62 ± 1.88 0.03 11.38 

Verrucomicrobia 0.54 ± 2.11 0.03 13.08 

[Thermi] 0.28 ± 4.39 0.03 18.39 

Chloroflexi 0.10 ± 1.07 0.04 3.86 

Synergistetes 0.04 ± 3.17 0.05 5.62 

Fusobacteria 0.02 ± 0.79 0.04 2.20 

Acidobacteria 0.01 ± 0.24 0.04 0.55 

Gemmatimonadetes 0.00 ± 0.01 0.03 0.05 
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Supplementary Table 2.3: Results of the linear models linking Shannon diversity index with OTU level 

variation for 99% similarity clustering 

  d.f. Sum Sq Mean Sq F value P-value 

Continent 1 0.67 0.67 3.12 0.079 

Sex 1 0.08 0.08 0.37 0.542 

Continent:Sex 1 0.43 0.43 2.03 0.157 

Residuals 139 29.67 0.21 
  

 

Supplementary Table 2.4: Nested PERMANOVA of -diversity metrics showing the effect of continent, standard 

length classes, ecotype and population nested within continent at OTU level for 99% similarity clustering. 

Permutations: 1000. 

  
Bray-Curtis  Weighted UniFrac  

d.f. F R2 P-value F R2 P-value 

          Continent (1,142) 1.94 0.01 0.080 1.01 0.01 0.089 

          Standard Length (Grouped) (2,142) 1.61 0.02 0.104 1.33 0.02 0.203 

          Ecotype (2,142) 1.19 0.02 0.267 1.38 0.02 0.201 

          Continent: Population (7,142) 1.30 0.06 0.140 1.33 0.06 0.135 

 

 

 

Supplementary Figure 2.1: Shannon diversity index of phylum split by fish sex and continent. 
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Supplementary Table 2.5: Results from pairwise PERMANOVA of three -diversity metrics explained by 

ecotype. Permutations:1000, Bonferroni corrected. Significant results are shown in bold. 

  
Bray-Curtis 

Weighted 

UniFrac 

Unweighted 

UniFrac 

Lake Marine Lake Marine Lake Marine 

OTU level 

    Marine 0.012 - 0.006 - 0.003 - 

    River 0.614 0.072 1.000 0.030 0.021 0.003 

Phylum level 

    Marine 0.048 - 0.030 - 0.012 - 

    River 1.000 0.126 1.000 0.140 0.156 0.003 

 

Supplementary Table 2.6: PERMANOVA of three -diversity metrics for 4 lake-river ecotype pairs showing 

the effect of ecotype, at OTU and phylum level. Permutations:1000. Significant results are shown in bold. 

 
Df F R2 P-value 

 

BRA - MIL R           

     OTU level 
     

       Bray-Curtis (1,18) 2.11 0.11 0.062 . 

       Weighted UniFrac (1,18) 3.49 0.16 0.020 * 

       Unweighted UniFrac (1,18) 2.58 0.13 0.002 ** 

     Phylum level 
     

       Bray-Curtis (1,18) 4.48 0.21 0.024 * 

       Weighted UniFrac (1,18) 4.13 0.20 0.034 * 

       Unweighted UniFrac (1,18) 4.47 0.21 0.003 ** 

SKO L - SKO R 
     

     OTU level 
     

       Bray-Curtis (1,39) 2.04 0.05 0.040 * 

       Weighted UniFrac (1,39) 3.45 0.08 0.005 ** 

       Unweighted UniFrac (1,39) 1.52 0.04 0.072 . 

     Phylum level 
     

       Bray-Curtis (1,39) 4.62 0.11 0.007 ** 

       Weighted UniFrac (1,39) 4.30 0.10 0.010 ** 

       Unweighted UniFrac (1,39) 0.55 0.01 0.662 
 

GPS - MAL 
     

     OTU level 
     

       Bray-Curtis (1,27) 1.33 0.05 0.207 
 

       Weighted UniFrac (1,27) 1.19 0.04 0.275 
 

       Unweighted UniFrac (1,27) 1.19 0.04 0.471 
 

     Phylum level 
     

       Bray-Curtis (1,27) 0.78 0.03 0.477 
 

       Weighted UniFrac (1,27) 0.80 0.03 0.520 
 

       Unweighted UniFrac (1,27) 0.81 0.03 0.502 
 

WES - EID 
     

     OTU level 
     

       Bray-Curtis (1,28) 2.40 0.08 0.020 * 
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       Weighted UniFrac (1,28) 3.18 0.11 0.014 * 

       Unweighted UniFrac (1,28) 2.60 0.09 <0.001 *** 

     Phylum level 
     

       Bray-Curtis (1,28) 2.60 0.09 0.070 . 

       Weighted UniFrac (1,28) 3.26 0.11 0.037 * 

       Unweighted UniFrac (1,28) 0.63 0.02 0.704 
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Supplementary Figure 2.2: OTU composition of microbiomes of stickleback’s intestines calculated using weighted UniFrac distance. NMDS plots were subsetted into four different 

lake-river pairs, Brannen – Millstone River, Skogseidvatnet Lake – Skogseidvatnet River, Großer Plöner See - Malenter Au and Westensee – Eider, with 95% confidence ellipses to 

show each population within that ecotype. Plots coloured by population and the shape specifies ecotype. 
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Supplementary Materials – Chapter 3 

 

Supplementary Table 3.1: Pairwise survival differential results for Country of origin * Habitat of exposure 

using TukeyHSD post hoc tests. GPS: Großer Plöner See exposure habitat, MAU: Malenter Au exposure 

habitat, LAB: Laboratory control habitat. Significant comparisons in bold. Df denotes degrees of freedom 

Pairwise comparison estimate SE Df z.ratio p.value 

Canadian MAU - German MAU -0.64 0.64 Inf -1.01 0.915 

Canadian MAU - Canadian GPS 3.09 0.66 Inf 4.67 <0.001 

Canadian MAU - German GPS -0.79 0.65 Inf -1.22 0.827 

Canadian MAU - Canadian LAB -2.23 0.89 Inf -2.52 0.119 

Canadian MAU - German LAB -0.74 0.78 Inf -0.95 0.935 

German MAU - Canadian GPS 3.74 0.67 Inf 5.56 <0.001 

German MAU - German GPS -0.15 0.65 Inf -0.22 1.000 

German MAU - Canadian LAB -1.59 0.89 Inf -1.78 0.478 

German MAU - German LAB -0.09 0.79 Inf -0.12 1.000 

Canadian GPS - German GPS -3.88 0.68 Inf -5.68 <0.001 

Canadian GPS - Canadian LAB -5.32 0.91 Inf -5.84 <0.001 

Canadian GPS - German LAB -3.83 0.81 Inf -4.75 <0.001 

German GPS - Canadian LAB -1.44 0.90 Inf -1.61 0.594 

German GPS - German LAB 0.05 0.79 Inf 0.06 1.000 

Canadian LAB - German LAB 1.49 1.00 Inf 1.49 0.668 
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Supplementary Table 3.2: Table summarising parasite means, SE, SD, max and prevalence (% of infected hosts) across all fish sampled split by habitat of exposure 

Parasite Species 

Lake Exposure River Exposure 

Mean SE SD Max Prevalence Mean SE SD Max Prevalence 

Diplostomum sp. 22.18 2.32 26.46 151 99.23 0.21 0.03 0.44 2 19.23 

Cyathocotyle prussica 5.23 0.35 4.04 20 93.08 0.05 0.02 0.24 2 4.81 

Glochidia 5.49 0.57 6.45 42 90.00 0.06 0.02 0.29 3 4.81 

Echinochasmus sp. 1.45 0.14 1.60 9 60.77 0.00 0.00 0.00 0 0.00 

Gyrodactylus sp. 6.06 1.21 13.81 116 55.38 13.78 2.49 35.97 397 79.81 

Camallanus lacustris 1.38 0.18 2.01 10 49.23 0.00 0.00 0.00 0 0.00 

Argulus foliaceus 0.92 0.13 1.47 11 45.38 0.00 0.00 0.00 0 0.00 

Tylodelphis calvata 1.15 0.23 2.62 15 31.54 0.00 0.00 0.00 0 0.00 

Contracaecum sp. 0.44 0.07 0.76 4 31.54 0.00 0.00 0.00 0 0.00 

Apatemon cobitis 0.25 0.05 0.61 4 18.46 0.03 0.01 0.17 1 2.88 

Raphidascaris acus 0.08 0.03 0.30 2 6.92 0.03 0.02 0.23 2 2.40 

Phyllodistomum folium 0.05 0.02 0.21 1 4.62 0.00 0.00 0.00 0 0.00 

Proteocephalus filicollis 0.08 0.03 0.37 2 4.62 0.00 0.00 0.00 0 0.00 

Nematode - eustrongo 0.03 0.02 0.17 1 3.08 0.00 0.00 0.00 0 0.00 

Anguillicoloides crassus 0.02 0.02 0.20 2 1.54 0.00 0.00 0.00 0 0.00 

Trematode - petasiger 0.02 0.02 0.20 2 1.54 0.00 0.00 0.00 0 0.00 

Cestode - triaenophorus 0.02 0.02 0.26 3 0.77 0.00 0.00 0.00 0 0.00 

Apiosoma sp. 0.00 0.00 0.00 0 0.00 0.96 0.68 9.78 100 0.96 

Acanthocephalus lucii 0.00 0.00 0.00 0 0.00 2.90 0.23 3.27 17 78.85 
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Supplementary Table 3.3: ANOVA results from model parasite load explained by the interaction between 

fish habitat of exposure (habitat), country of origin (country), ecotype and sex. Mesocosm ID and family 

group were set as random factors. Significant variables in bold. 

  Sum Sq Mean Sq NumDF DenDF  F value Pr(>F) 

Habitat 3266.2 3266.2 1 24.88 191.43 0.00 

Country 2.5 2.5 1 29.03 0.15 0.70 

Ecotype 118.2 118.2 1 48.3 6.93 0.01 

Sex 89.1 89.1 1 316.47 5.22 0.02 

Habitat:Country 6.3 6.3 1 24.9 0.37 0.55 

Habitat:Ecotype 80.7 80.7 1 322.7 4.73 0.03 

Country:Ecotype 0.1 0.1 1 48.31 0.00 0.95 

Habitat:Country:Ecotype 89.2 89.2 1 322.68 5.23 0.02 
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Supplementary Table 3.4: Pairwise comparisons of Parasite load (IPI) for the interaction between habitat 

of exposure, country of origin and fish ecotype using TukeyHSD post hoc tests. Significant comparisons in 

bold. 

Pairwise comparisons Estimate Std.Error Df t value p. value 

GPS canada Lake - GPS canada River -4.74 2.12 249.6 -2.23 0.3359 

GPS canada Lake - GPS germany Lake -1.31 1.75 87.2 -0.75 0.9951 

GPS canada Lake - GPS germany River -3.14 1.74 85.4 -1.80 0.6228 

GPS canada River - GPS germany River 1.60 1.89 92.8 0.85 0.9897 

GPS germany Lake - GPS canada River -3.42 1.90 94.4 -1.81 0.6184 

GPS germany Lake - GPS germany River -1.82 0.97 31.7 -1.89 0.5677 

GPS canada Lake - MAU canada Lake 9.00 1.66 96.1 5.43 < 0.001 

GPS canada Lake - MAU canada River 9.78 1.78 88.6 5.50 < 0.001 

GPS canada Lake - MAU germany Lake 9.53 1.74 86.2 5.46 < 0.001 

GPS canada Lake - MAU germany River 7.57 1.75 86.4 4.34 0.001 

GPS canada River - MAU canada River 14.51 1.84 98.8 7.89 < 0.001 

GPS canada River - MAU germany River 12.30 1.89 93.7 6.51 < 0.001 

GPS germany Lake - MAU canada River 11.09 1.26 31.6 8.78 < 0.001 

GPS germany Lake - MAU germany Lake 10.84 1.08 27.5 10.07 < 0.001 

GPS germany Lake - MAU germany River 8.88 1.22 29 7.30 < 0.001 

GPS germany River - MAU germany River 10.70 1.06 26.1 10.07 < 0.001 

MAU canada Lake - GPS canada River -13.74 1.90 95.3 -7.22 < 0.001 

MAU canada Lake - GPS germany Lake -10.31 1.24 30.5 -8.34 < 0.001 

MAU canada Lake - GPS germany River -12.14 1.22 29.1 -9.92 < 0.001 

MAU canada River - GPS germany River -12.91 1.25 30.4 -10.33 < 0.001 

MAU germany Lake - GPS canada River -14.26 1.89 93.5 -7.55 < 0.001 

MAU germany Lake - GPS germany River -12.66 1.20 27.5 -10.55 < 0.001 

MAU canada Lake - MAU canada River 0.78 1.04 39.6 0.75 0.9948 

MAU canada Lake - MAU germany Lake 0.53 1.22 29.3 0.43 0.9998 

MAU canada Lake - MAU germany River -1.44 1.22 29.6 -1.17 0.9334 

MAU canada River - MAU germany River -2.21 1.26 31 -1.76 0.6492 

MAU germany Lake - MAU canada River 0.25 1.25 30.8 0.20 1 

MAU germany Lake - MAU germany River -1.96 0.96 31.4 -2.04 0.4741 
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Supplementary Table 3.5: Pairwise comparisons of IPI results for country of origin and fish ecotype. 

Significant comparisons in bold. 

Pairwise comparisons Estimate Std.Error Df t value p. value 

GPS Lake - MAU Lake 9.92 0.99 62 10.03 < 0.001 

GPS Lake - GPS River -3.28 1.17 166 -2.82 0.028 

GPS Lake - MAU River 9.33 1.08 58.5 8.67 < 0.001 

MAU Lake - GPS River -13.20 1.13 62.8 -11.74 < 0.001 

MAU Lake - MAU River -0.59 0.71 35.5 -0.84 0.837 

GPS River - MAU River 12.61 1.06 65.8 11.88 < 0.001 
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Supplementary Table 3.6: Pairwise PERMANOVA results comparing parasite communities between habitat of exposure, country of origin and ecotype pairs. MAU – Malenter Au, GPS 

– Großer Plöner See. Significant comparisons in bold. 

Pairwise comparisons Df Sums Of Sqs F Model R2 p.value adjusted p.value 

MAU_Canadian_Lake vs MAU_Canadian_River 1 0.20 4.02 0.04 0.025 0.7 

MAU_Canadian_Lake vs MAU_German_Lake 1 0.08 1.39 0.01 0.229 1 

MAU_Canadian_Lake vs MAU_German_River 1 0.16 2.52 0.02 0.072 1 

MAU_Canadian_Lake vs GPS_Canadian_Lake 1 1.70 26.65 0.31 0.001 0.028 

MAU_Canadian_Lake vs GPS_Canadian_River 1 1.87 28.59 0.34 0.001 0.028 

MAU_Canadian_Lake vs GPS_German_River 1 6.31 86.42 0.45 0.001 0.028 

MAU_Canadian_Lake vs GPS_German_Lake 1 2.99 51.53 0.34 0.001 0.028 

MAU_Canadian_River vs MAU_German_Lake 1 0.22 6.64 0.06 0.005 0.14 

MAU_Canadian_River vs MAU_German_River 1 0.53 12.20 0.11 0.001 0.028 

MAU_Canadian_River vs GPS_Canadian_Lake 1 1.61 68.02 0.56 0.001 0.028 

MAU_Canadian_River vs GPS_Canadian_River 1 1.87 77.40 0.60 0.001 0.028 

MAU_Canadian_River vs GPS_German_River 1 6.46 122.84 0.55 0.001 0.028 

MAU_Canadian_River vs GPS_German_Lake 1 2.74 76.74 0.44 0.001 0.028 

MAU_German_Lake vs MAU_German_River 1 0.15 2.98 0.03 0.044 1 

MAU_German_Lake vs GPS_Canadian_Lake 1 1.90 50.13 0.44 0.001 0.028 

MAU_German_Lake vs GPS_Canadian_River 1 2.04 52.74 0.46 0.001 0.028 

MAU_German_Lake vs GPS_German_River 1 7.08 122.69 0.52 0.001 0.028 

MAU_German_Lake vs GPS_German_Lake 1 3.45 80.34 0.43 0.001 0.028 

MAU_German_River vs GPS_Canadian_Lake 1 2.01 37.39 0.37 0.001 0.028 

MAU_German_River vs GPS_Canadian_River 1 2.08 37.71 0.38 0.001 0.028 

MAU_German_River vs GPS_German_River 1 6.87 102.73 0.48 0.001 0.028 

MAU_German_River vs GPS_German_Lake 1 3.72 70.76 0.40 0.001 0.028 

GPS_Canadian_Lake vs GPS_Canadian_River 1 0.09 4.18 0.21 0.009 0.252 

GPS_Canadian_Lake vs GPS_German_River 1 0.39 5.78 0.08 0.004 0.112 

GPS_Canadian_Lake vs GPS_German_Lake 1 0.79 18.85 0.24 0.001 0.028 

GPS_Canadian_River vs GPS_German_River 1 0.24 3.54 0.05 0.012 0.336 

GPS_Canadian_River vs GPS_German_Lake 1 1.00 23.23 0.28 0.001 0.028 

GPS_German_River vs GPS_German_Lake 1 2.30 37.99 0.26 0.001 0.028 
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Supplementary Table 3.7: Pairwise PERMANOVA results comparing parasite communities between 

country of origin and ecotype pairs within in separated Großer Plöner See and Malenter Au datasets. 

Significant comparisons in bold. 

Pairwise comparisons Df Sums Of Sqs F Model R2 p.value 
adjusted 

p.value 

Großer Plöner See       

Canadian Lake vs Canadian River 1 0.01102942 2.216679 0.12168406 0.043 0.258 

Canadian Lake vs German River 1 0.07262983 7.075313 0.09551513 0.001 0.006 

Canadian Lake vs German Lake 1 0.13343131 19.761247 0.24468724 0.001 0.006 

Canadian River vs German River 1 0.05693184 5.343589 0.07596412 0.001 0.006 

Canadian River vs German Lake 1 0.15556984 22.03031 0.2718774 0.001 0.006 

German River vs German Lake 1 0.28599157 30.697853 0.21818281 0.001 0.006 

       

Malenter Au       

Canadian Lake vs Canadian River 1 0.016813708 3.6628212 0.037892761 0.039 0.234 

Canadian Lake vs German Lake 1 0.003054497 0.6577803 0.006225574 0.498 1 

Canadian Lake vs German River 1 0.010859109 1.8821817 0.01777619 0.137 0.822 

Canadian River vs German Lake 1 0.01990919 7.3184677 0.068193926 0.002 0.012 

Canadian River vs German River 1 0.039199719 10.0936076 0.092522447 0.001 0.006 

German Lake vs German River 1 0.011759184 2.9321601 0.025736018 0.038 0.228 
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Supplementary Table 3.8: Anova results of parasite load and fish fitness proxies 

  Sum Sq Mean Sq NumDF DenDF  F value Pr(>F) 

Length Growth Rate       

IPI Residuals 64.32 64.32 1 309.21 6.79 0.010 

Location 85.59 85.59 1 21.46 9.04 0.007 

Country 21.52 21.52 1 26.92 2.27 0.143 

Ecotype 203.19 203.19 1 25.46 21.46 < 0.001 

IPI Residuals:Country 51.52 51.52 1 309.72 5.44 0.020 

Location:Country 47.67 47.67 1 21.49 5.03 0.036 

Location:Ecotype 125.14 125.14 1 300.65 13.21 < 0.001 

Country:Ecotype 53.90 53.90 1 25.39 5.69 0.025 

 
      

SSI 
      

IPI Residuals 0.35 0.35 1 320.15 0.88 0.350 

Location 0.11 0.11 1 314.44 0.27 0.605 

Country 13.36 13.36 1 27.96 33.86 < 0.001 

Ecotype 0.18 0.18 1 27.84 0.45 0.508 

IPI Residuals:Location 0.93 0.93 1 321.79 2.35 0.126 

Location:Country 0.00 0.00 1 314.81 0.01 0.924 

IPI Residuals:Ecotype 3.17 3.17 1 320.15 8.03 0.005 

Location:Ecotype 0.25 0.25 1 314.44 0.65 0.422 

Country:Ecotype 0.14 0.14 1 27.96 0.36 0.551 

IPI Residuals:Location:Ecotype 4.12 4.12 1 321.79 10.45 0.001 

Location:Country:Ecotype 2.70 2.70 1 314.81 6.85 0.009 
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Supplementary Materials – Chapter 4 

 

Supplementary Figure 4.1: A) Rarefaction curve for all microbial samples. B) Rarefaction curve for 

microbial samples rarefied to 1000 reads. 

Rarefied Results 

Samples were rarefied to 1000 reads and analysed using the same methods as non-rarefied 

analysis 

Supplementary Table 4.1: Variance componence analysis on rarefied data explaining variability in fish 

microbial diversity due to month of collection, habitat of exposure, fish country of origin, ecotype, family 

group and mesocosm ID. 

  DF SS MS VC %Total SD CV[%] 

Shannon        
total 16   2.95 100.00 1.72 63.11 

Month of Collection 2 130.73 65.37 0.83 28.26 0.91 33.55 

Habitat of Exposure 1 22.54 22.54 0.14 4.82 0.38 13.85 

Country 1 25.32 25.32 0.15 5.19 0.39 14.37 

Ecotype 1 0.83 0.83 0* 0* 0* 0* 

Mesocosm ID 35 154.86 4.42 0.55 18.50 0.74 27.14 

error 207 263.75 1.27 1.27 43.24 1.13 41.50 

Phylogenetic Diversity      
total 19   28.69 100.00 5.36 63.63 

Month of Collection 2 1166.89 583.45 7.41 25.82 2.72 32.33 

Habitat of Exposure 1 138.44 138.44 0.67 2.33 0.82 9.71 

Country 1 276.94 276.94 1.74 6.05 1.32 15.66 

Ecotype 1 22.86 22.86 0.03 0.12 0.18 2.19 

Mesocosm ID 35 1487.57 42.50 4.97 17.31 2.23 26.47 

Family 21 327.28 15.58 0.21 0.73 0.46 5.44 

error 186 2542.84 13.67 13.67 47.65 3.70 43.92 

Gini-Simpson       
total 33   0.13 100.00 0.36 50.81 

Month of Collection 2 3.43 1.72 0.02 15.29 0.14 19.86 

Habitat of Exposure 1 1.01 1.01 0.01 4.79 0.08 11.12 

Country 1 1.38 1.38 0.01 6.68 0.09 13.13 

Ecotype 1 0.02 0.02 0* 0* 0* 0* 

Mesocosm ID 35 7.15 0.20 0.02 16.87 0.15 20.87 

Family 21 1.55 0.07 0* 0* 0* 0* 

error 186 13.92 0.07 0.07 56.37 0.27 38.14 
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Core microbiome results for each habitat of exposure  

ASVs were classified as core microbiome if they were present in at least 65% of fish within a habitat of exposure. 

Supplementary Table 4.2: ASVs identified as core within each habitat of exposure. Core ASVs were found in >65% of individuals within a habitat. 

ASV Phylum Class Order Family Genus Species 

Malenter Au Core       

81d84d2d88d5ff44cd74f85f9293cc11 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae NA NA 

707362560253e9f11f35fcd8156efbfe Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Ralstonia NA 

cab81200dc8a1b7011cb421b1df82262 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Ralstonia NA 

Großer Plöner See Core       

3f5225a8b2e87a448aab5f44a4412c2a Planctomycetes Planctomycetia Gemmatales Isosphaeraceae NA NA 

0938f5e4e046f002176f9baabcbe2491 Cyanobacteria Synechococcophycideae Synechococcales Synechococcaceae Synechococcus NA 

81d84d2d88d5ff44cd74f85f9293cc11 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae NA NA 

707362560253e9f11f35fcd8156efbfe Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Ralstonia NA 

47a55f7ba97286602de71a9eab0f5c1b Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

Laboratory Core       

4676d3a4334894acb39ce26df717597f Planctomycetes Planctomycetia Pirellulales Pirellulaceae NA NA 

df141ac2043c0c246968f324f4116c04 Firmicutes Bacilli Bacillales Bacillaceae NA NA 

3d8a9447929371aa614dc6431bb869d3 Firmicutes Bacilli Bacillales Bacillaceae NA NA 

81d84d2d88d5ff44cd74f85f9293cc11 Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae NA NA 

707362560253e9f11f35fcd8156efbfe Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Ralstonia NA 

090f66af5d0d20a9ba480d6d24121ccb Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

7cbb74423aba3a902a330264bc88e902 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 
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Supplementary Table 4.3: Summary of linear mixed effect models carried out on the  rarefied dataset split by the four levels of analysis – All sample types, wild fish only, Malenter Au 

habitat of exposure (MAU) and Großer Plöner See habitat of exposure (GPS). Shannon Diversity, Phylogenetic Diversity and Gini-Simpson all used as indices of microbial diversity as 

the response variable. – All variables were dropped for Großer Plöner See model so not displayed here. 

Dataset Factor 
Shannon Diversity Index Phylogenetic Diversity Gini-Simpson 

Df Sum Sq Mean Sq F-value Pr(>F) Sum Sq Mean Sq F-value Pr(>F) Sum Sq Mean Sq F-value Pr(>F) 

All sample 

types 

Sample Type 2,555 20.29 10.14 6.99 0.001 259.11 129.56 8.71 <0.001 0.86 0.43 5.66 <0.001 

Habitat 2,354 10.01 5.00 3.45 0.033 1.64 0.82 0.06 0.946 0.49 0.24 3.21 0.041 

Sample Type:Habitat 4,354 46.22 11.55 7.97 <0.001 206.97 51.74 3.48 <0.001 3.05 0.76 10.01 <0.001 

Wild fish 

Habitat 1,25 9.02 9.02 7.19 0.013 45.98 45.98 3.41 0.076 0.26 0.26 3.66 0.065 

Country 1,27 3.67 3.67 2.93 0.098 31.55 31.55 2.34 0.138 0.29 0.29 4.04 0.053 

Ecotype 1,215.00 1.37 1.37 1.09 0.297 2.06 2.06 0.15 0.696 0.02 0.02 0.33 0.569 

IPI  1,226 1.27 1.27 1.02 0.315 52.20 52.20 3.87 0.051 0.03 0.03 0.39 0.532 

Sex 1,218 1.53 1.53 1.22 0.271 7.74 7.74 0.57 0.449 0.16 0.16 2.26 0.134 

Habitat:Country 1,28 0.27 0.27 0.22 0.645 22.98 22.98 1.71 0.202 0.00 0.00 0.01 0.907 

Habitat:Ecotype 1,215 0.87 0.87 0.69 0.405 - - - - 0.03 0.03 0.45 0.504 

Country:Ecotype 1,214 3.41 3.41 2.72 0.101 - - - - 0.23 0.23 3.17 0.076 

Habitat:IPI  1,229 0.23 0.23 0.19 0.666 26.65 26.65 1.98 0.161 0.05 0.05 0.67 0.414 

Country:IPI 1,225 0.02 0.02 0.01 0.911 8.97 8.97 0.67 0.416 0.02 0.02 0.35 0.557 

Ecotype:IPI 1,228 0.45 0.45 0.36 0.549 80.13 80.13 5.95 0.016 0.02 0.02 0.24 0.625 

IPI:Sex 1,179 9.80 9.80 7.82 0.006 67.96 67.96 5.04 0.026 0.30 0.30 4.16 0.043 

Habitat:Country:Ecotype 1,215 5.54 5.54 4.42 0.037 - - - - 0.71 0.71 9.80 0.002 

Habitat:Country:IPI 1,223 1.30 1.30 1.04 0.309 73.68 73.68 5.47 0.021 0.29 0.29 3.98 0.047 

Habitat:Ecotype:IPI 1,228 0.27 0.27 0.22 0.642 - - - - 0.09 0.09 1.32 0.252 

Country:Ecotype:IPI 1,228 0.01 0.01 0.01 0.926 - - - - 0.00 0.00 0.01 0.936 
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Habitat:Country:Ecotype:IPI 1,227 5.31 5.31 4.24 0.041 - - - - 0.02 0.02 0.34 0.560 

MAU Country 1,23 1.92 1.92 3.34 0.081 53.10 53.10 4.82 0.037 0.13 0.13 4.14 0.053 

 Ecotype 1,130 0.13 0.13 0.23 0.634 1.36 1.36 0.12 0.726 0.26 0.26 8.41 0.004 

 IPI MAU 1,146 9.12 9.12 15.86 0.000 173.99 173.99 15.80 0.000 0.02 0.02 0.54 0.462 

 Sex 1,130 0.09 0.09 0.16 0.691 3.50 3.50 0.32 0.574 0.24 0.24 7.79 0.006 

 Country:IPI MAU 1,146 8.49 8.49 14.77 0.000 140.72 140.72 12.78 0.000 0.00 0.00 0.16 0.690 

 Ecotype:IPI MAU 1,142 3.69 3.69 6.42 0.012 74.77 74.77 6.79 0.010 0.42 0.42 13.31 0.000 

  IPI MAU:Sex 1,139 6.45 6.45 11.23 0.001 89.10 89.10 8.09 0.005 0.19 0.19 6.08 0.015 

 

 

Supplementary Table 4.4: Summary of PERMANOVA on the rarefied dataset split by the four levels of analysis – All sample types, wild fish only, Malenter Au habitat of exposure 

(MAU) and Großer Plöner See habitat of exposure (GPS). 

Dataset Factor Df   Unweighted UniFrac 

Distance 

  Weighted UniFrac 

Distance 

  Bray-Curtis 

Dissimilarity 

  F-

value 

R2 P-

value 

  F-

value 

R2 P-

value 

  F-

value 

R2 P-

value 

All sample 

types 

Sample_Type 2   19.02 0.09 0.001   27.83 0.12 0.001   12.98 0.06 0.001 

Habitat 2 
 

15.90 0.07 0.001 
 

13.86 0.06 0.001 
 

19.04 0.09 0.001 

Sample_Type:Habitat 4 
 

4.32 0.04 0.001 
 

5.93 0.05 0.001 
 

5.51 0.05 0.001 

Residuals 355 
 

- 0.80 - 
 

- 0.77 - 
 

- 0.80 - 

Total 363   - 1.00 -   - 1.00 -   - 1.00 - 

Wild fish Habitat 1   14.97 0.05 0.001   14.17 0.05 0.001   23.01 0.08 0.001 

Country 1 
 

5.85 0.02 0.001 
 

10.20 0.04 0.001 
 

5.76 0.02 0.001 

Ecotype 1 
 

0.84 0.00 0.685 
 

0.80 0.00 0.640 
 

0.81 0.00 0.742 
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IPI group 2 
 

3.88 0.03 0.047 
 

5.08 0.04 0.129 
 

2.29 0.02 0.406 

Habitat:Country 1 
 

3.87 0.01 0.002 
 

5.10 0.02 0.003 
 

4.95 0.02 0.001 

Habitat:Ecotype 1 
 

1.11 0.00 0.242 
 

0.53 0.00 0.824 
 

0.81 0.00 0.703 

Country:Ecotype 1 
 

1.72 0.01 0.046 
 

1.47 0.01 0.150 
 

1.38 0.00 0.126 

Habitat:IPI group  2 
 

1.40 0.01 0.088 
 

1.36 0.01 0.228 
 

1.22 0.01 0.156 

Country:IPI group 2 
 

1.40 0.01 0.076 
 

1.61 0.01 0.086 
 

1.24 0.01 0.203 

Ecotype:IPI group  2 
 

1.49 0.01 0.106 
 

1.56 0.01 0.188 
 

1.29 0.01 0.163 

Habitat:Country:Ecotype 1 
 

1.02 0.00 0.404 
 

1.72 0.01 0.105 
 

1.52 0.01 0.064 

Habitat:Country:IPI group  1 
 

0.98 0.00 0.508 
 

2.16 0.01 0.066 
 

1.45 0.01 0.096 

Habitat:Ecotype:IPI group 1 
 

1.24 0.00 0.199 
 

1.71 0.01 0.107 
 

1.48 0.01 0.066 

Country:Ecotype:IPI group 2 
 

1.26 0.01 0.148 
 

1.94 0.01 0.028 
 

1.42 0.01 0.032 

Residuals 228 
 

- 0.82 - 
 

- 0.79 - 
 

- 0.80 - 

Total 247   - 1.00 -   - 1.00 -   -   - 

MAU Country 1   8.19 0.05 0.001   11.90 0.07 0.001   7.45 0.05 0.001 

Ecotype 1 
 

0.99 0.01 0.332 
 

0.71 0.00 0.653 
 

0.94 0.01 0.441 

IPI group MAU 2 
 

4.17 0.05 0.375 
 

5.58 0.06 0.624 
 

2.65 0.03 0.794 

Country:Ecotype 1 
 

1.41 0.01 0.064 
 

1.50 0.01 0.102 
 

1.13 0.01 0.190 

Country:IPI group MAU 2 
 

1.04 0.01 0.263 
 

1.80 0.02 0.029 
 

1.19 0.01 0.078 

Ecotype:IPI group MAU 2 
 

0.81 0.01 0.787 
 

0.77 0.01 0.678 
 

0.98 0.01 0.489 

Country:Ecotype:IPI group MAU 2 
 

1.40 0.02 0.118 
 

1.90 0.02 0.065 
 

1.17 0.01 0.215 

Residuals 143 
 

- 0.85 - 
 

- 0.81 - 
 

- 0.87 - 

Total 154   - 1.00 -   - 1.00 -   - 1.00 - 

GPS Country 1   1.18 0.01 0.371   3.13 0.03 0.037   3.07 0.03 0.016 

Ecotype 1 
 

0.90 0.01 0.527 
 

0.52 0.01 0.788 
 

0.61 0.01 0.915 

IPI group GPS 2 
 

1.16 0.03 0.703 
 

1.12 0.02 0.723 
 

1.33 0.03 0.885 
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Country:Ecotype 1 
 

1.70 0.02 0.101 
 

2.34 0.03 0.085 
 

2.21 0.02 0.043 

Country:IPI group GPS  2 
 

0.62 0.01 0.942 
 

0.48 0.01 0.884 
 

0.55 0.01 0.961 

Ecotype:IPI group GPS  2 
 

0.66 0.01 0.950 
 

0.91 0.02 0.520 
 

1.06 0.02 0.474 

Country:Ecotype:IPI group GPS 2 
 

0.78 0.02 0.855 
 

0.63 0.01 0.888 
 

1.05 0.02 0.662 

Residuals 81 
 

- 0.89 - 
 

- 0.87 - 
 

- 0.85 - 

Total 92   - 1.00 -   - 1.00 -   - 1.00 - 
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Supplementary Figure 4.2: Composition of phyla per A) Malenter Au exposure fish collected in December, 

B) Malenter Au exposure fish collected in May, C) Malenter Au exposure fish collected in July, D) Großer 

Plöner See exposure fish collected in December, E) Großer Plöner See exposure fish collected in May, F) 

Großer Plöner See exposure fish collected in July, G) Control exposure fish from laboratory collected in 

July, H) Invertebrate and water samples across all habitats of exposure collected in July. 
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Supplementary Table 4.5: Survival rate of fish across different month of collection, habitats of exposure, 

country and ecotype. Großer Plöner See – lake treatments, Malenter Au – river treatment. 

Month of 

Collection 
Habitat of Exposure 

Country 

of Origin 
Ecotype 

Female 

Survival 

(%) 

Male 

Survival 

(%) 

Total 

Survival 

(%) 

D
ec

em
b

er
 Großer Plöner See 

Canada 
Lake 88.89 88.89 88.89 

River 88.89 94.44 91.67 

Germany 
Lake 100 100 100 

River 89.47 94.44 91.89 

Malenter Au 

Canada 
Lake 88.89 94.74 91.89 

River 88.89 100 94.59 

Germany 
Lake 88.89 83.33 86.11 

River 100 95.24 97.44 

M
ay

 

Großer Plöner See 

Canada 
Lake 72.22 83.33 77.78 

River 94.74 72.22 83.78 

Germany 
Lake 77.78 66.67 72.22 

River 94.44 100 97.3 

Malenter Au 

Canada 
Lake 100 94.44 97.22 

River 88.89 94.44 91.67 

Germany 
Lake 88.89 94.44 91.67 

River 88.89 94.44 91.67 

Ju
ly

 

Großer Plöner See 

Canada 
Lake 13.89 13.89 13.89 

River 11.11 11.11 11.11 

Germany 
Lake 91.67 59.46 75.34 

River 94.44 67.57 80.82 

Malenter Au 

Canada 
Lake 61.11 77.78 69.44 

River 72.97 55.56 64.38 

Germany 
Lake 77.78 78.38 78.08 

River 75.68 80.56 78.08 

Lab 

Canada 
Lake 95 88.89 92.11 

River 100 94.44 97.22 

Germany 
Lake 77.78 72.22 75 

River 100 77.78 88.89 

 

Supplementary Table 4.6: Tukey multiple comparisons of likelihood of survival among fish country of origin 

and habitat of exposure. Significant results are highlighted in bold, Df denotes degrees of freedom. 

Country-Habitat pair estimate SE Df z.ratio p.value 

Canada MAU - Germany MAU -0.25 0.52 Inf -0.48 0.965 

Canada MAU - Canada GPS 2.03 0.51 Inf 3.99 < 0.001 

Canada MAU - Germany GPS -0.28 0.52 Inf -0.53 0.952 

Germany MAU - Canada GPS 2.28 0.51 Inf 4.46 < 0.001 

Germany MAU - Germany GPS -0.03 0.52 Inf -0.06 1.000 

Canada GPS - Germany GPS -2.31 0.52 Inf -4.48 < 0.001 
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Supplementary Table 4.7: Tukey multiple comparisons of microbial diversity, Shannon diversity, Phylogenetic diversity and Gini-Simpson diversity between habitat of exposure 

and sample type Significant results are highlighted in bold, Df denotes degrees of freedom. 

   
Shannon Diversity Phylogenetic Diversity Gini-Simpson Diversity 

  
Df estimate SE t.ratio p.value estimate SE t.ratio p.value estimate SE t.ratio p.value 

Habitat of exposure: GPS         
 

      
 

        

  Fish - Invertebrate 433 -1.63 0.41 -3.93 < 0.001 -6.53 1.49 -4.39 < 0.001 -0.34 0.10 -3.52 < 0.01 

  Fish - Water 432 0.07 0.55 0.12 0.992 1.23 1.99 0.62 0.812 -0.07 0.13 -0.54 0.853 

  Invertebrate - Water 431 1.69 0.64 2.66 < 0.05 7.75 2.29 3.38 < 0.01 0.27 0.15 1.82 0.163 

Habitat of exposure: MAU         
 

      
 

        

  Fish - Invertebrate 433 -1.18 0.26 -4.55 < 0.001 -4.30 0.93 -4.61 < 0.001 -0.22 0.06 -3.59 < 0.01 

  Fish - Water 432 -0.79 0.54 -1.45 0.314 2.13 1.95 1.09 0.518 -0.23 0.13 -1.86 0.151 

  Invertebrate - Water 431 0.39 0.56 0.70 0.765 6.43 2.02 3.18 < 0.01 -0.02 0.13 -0.13 0.991 

Habitat of exposure: LAB         
 

      
 

        

  Fish - Invertebrate 431 0.84 0.40 2.10 0.091 2.46 1.44 1.72 0.200 0.23 0.09 2.50 < 0.05 

  Fish - Water 431 1.72 0.54 3.17 <0.01 2.88 1.95 1.48 0.303 0.43 0.13 3.41 < 0.01 

  Invertebrate - Water 431 0.88 0.64 1.39 0.349 0.42 2.29 0.18 0.982 0.20 0.15 1.34 0.376 

Sample Type: Fish         
 

      
 

        

  GPS - MAU 432 -0.49 0.14 -3.53 < 0.05 -1.46 0.50 -2.93 < 0.05 -0.09 0.03 -2.92 < 0.01 

  GPS - LAB 428 -1.23 0.24 -5.05 < 0.001 -4.14 0.88 -4.74 < 0.001 -0.26 0.06 -4.61 < 0.001 

  MAU - LAB 431 -0.74 0.21 -3.45 < 0.01 -2.69 0.77 -3.49 < 0.01 -0.17 0.05 -3.37 < 0.01 

Sample Type: Invertebrate         
 

      
 

        

  GPS - MAU 431 -0.04 0.43 -0.10 0.995 0.77 1.53 0.50 0.869 0.03 0.10 0.28 0.958 

  GPS - LAB 431 1.24 0.52 2.37 < 0.05 4.85 1.87 2.59 < 0.05 0.31 0.12 2.55 < 0.05 

  MAU - LAB 431 1.28 0.43 3.01 < 0.01 4.08 1.53 2.67 < 0.05 0.28 0.10 2.84 < 0.05 

Sample Type: Water         
 

      
 

        

  GPS - MAU 431 -1.34 0.74 -1.83 0.163 -0.55 2.65 -0.21 0.976 -0.26 0.17 -1.52 0.284 

  GPS - LAB 431 0.43 0.74 0.58 0.831 -2.49 2.65 -0.94 0.616 0.23 0.17 1.38 0.352 

  MAU - LAB 431 1.77 0.74 2.40 < 0.05 -1.93 2.65 -0.73 0.746 0.49 0.17 2.90 < 0.05 
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Supplementary Table 4.8: Results from PERMANOVAs and betadisper for all levels of analysis. Month of collection used as block. Significant results are highlighted in bold, 

Df denotes degrees of freedom 

Dataset Factor Df 
  Unweighted UniFrac Distance   Weighted UniFrac Distance   Bray-Curtis Dissimilarity 

  F-value R2 P-value   F-value R2 P-value   F-value R2 P-value 

A
ll
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: 

M
o

n
th
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f 
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o
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Sample Type 2  18.71 0.07 0.001  26.88 0.10 0.001  11.70 0.05 0.001 

Habitat 2  17.05 0.07 0.001  14.78 0.05 0.001  14.76 0.06 0.001 

Sample Type x Habitat 4  4.39 0.03 0.001  5.68 0.04 0.001  4.80 0.04 0.001 

Residuals 433  - 0.83 -  - 0.80 -  - 0.86 - 

Total 441   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Sample Type dispersion 2,439  20.14 999 < 0.001  7.80 999 < 0.001  59.29 999 < 0.001 

Habitat dispersion 2,439  8.70 999 < 0.001  0.16 999 0.850  1.85 999 0.1588 

Sample Type x Habitat dispersion 8,433   20.24 999 < 0.001   17.65 999 < 0.001   115.15 999 < 0.001 

E
x
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Habitat 1  16.61 0.05 0.001  13.09 0.04 0.001  17.41 0.05 0.001 

Country 1  4.86 0.01 0.001  10.53 0.03 0.001  4.71 0.01 0.001 

Ecotype 1  0.97 0.00 0.503  0.49 0.00 0.917  0.81 0.00 0.868 

IPI group 2  6.33 0.04 0.012  7.76 0.04 0.018  3.82 0.02 0.003 

Habitat x Country 1  4.04 0.01 0.003  4.91 0.01 0.002  3.90 0.01 0.001 

Habitat x Ecotype 1  1.18 0.00 0.196  0.51 0.00 0.88  1.07 0.00 0.293 

Country x Ecotype 1  1.57 0.00 0.044  1.16 0.00 0.286  1.24 0.00 0.161 

Habitat x IPI group 2  1.85 0.01 0.009  2.18 0.01 0.03  1.52 0.01 0.022 

Country x IPI group 2  1.46 0.01 0.077  1.33 0.01 0.281  1.37 0.01 0.041 

Ecotype x IPI group 2  1.32 0.01 0.085  0.81 0.00 0.7  1.06 0.01 0.364 

Habitat x Country x Ecotype 1  1.08 0.00 0.335  1.20 0.00 0.25  1.24 0.00 0.134 

Habitat x Country x IPI group 1  1.01 0.00 0.406  1.26 0.00 0.246  1.02 0.00 0.384 

Habitat x Ecotype x IPI group 1  0.96 0.00 0.418  0.61 0.00 0.801  1.00 0.00 0.438 

Country x Ecotype x IPI group 2  0.91 0.01 0.547  1.04 0.01 0.371  1.07 0.01 0.235 

Residuals 300  - 0.84 -  - 0.83 -  - 0.86 - 

Total 319   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Habitat dispersion 1,318  16.04 999 < 0.001  0.35 999 0.554  3.30 999 0.070 

Country of Origin dispersion 1,318  9.19 999 0.003  13.56 999 < 0.001  19.37 999 < 0.001 

IPI group dispersion 2,317  3.96 999 0.020  19.63 999 < 0.001  8.12 999 < 0.001 
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Habitat x Country of Origin dispersion 3,316  8.26 999 < 0.001  7.65 999 < 0.001  12.83 999 < 0.001 

Country x Ecotype dispersion 3,316  3.32 999 0.020  6.17 999 < 0.001  6.25 999 < 0.001 

Habitat x IPI group dispersion 5,314  2.43 999 0.035  7.35 999 < 0.001  2.37 999 0.039 

Country of Origin x IPI group dispersion 5,314  4.24 999 < 0.001  13.65 999 < 0.001  9.75 999 < 0.001 

Ecotype x IPI group dispersion 5,314   1.83 999 0.106   8.11 999 < 0.001   4.33 999 < 0.001 
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Country 1  1.34 0.01 0.230  3.74 0.03 0.014  2.61 0.02 0.010 

Ecotype 1  0.83 0.01 0.833  0.47 0.00 0.935  0.89 0.01 0.858 

IPI group GPS specific 2  1.41 0.02 0.556  0.91 0.02 0.891  1.48 0.03 0.810 

Country x Ecotype 1  1.46 0.01 0.093  1.48 0.01 0.180  1.67 0.01 0.078 

Country x IPI group GPS specific 2  0.83 0.01 0.759  0.80 0.01 0.626  0.82 0.01 0.806 

Ecotype x IPI group GPS specific 2  0.89 0.02 0.572  0.73 0.01 0.657  0.97 0.02 0.389 

Country x Ecotype x IPI group GPS specific 2  0.78 0.01 0.834  0.49 0.01 0.926  0.77 0.01 0.856 

Residuals 105  - 0.90 -  - 0.90 -  - 0.89 - 

Total 116   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Country of Origin dispersion 1,115   - - -   0.18 999 0.6748   1.88 999 0.173 
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 Country 1  7.88 0.04 0.001  12.16 0.05 0.001  6.26 0.03 0.001 

Ecotype 1  1.18 0.01 0.159  0.44 0.00 0.903  0.89 0.00 0.566 

IPI group MAU specific 2  7.23 0.06 0.003  9.72 0.08 0.003  4.27 0.04 0.003 

Country x Ecotype 1  1.17 0.01 0.151  1.10 0.00 0.22  1.11 0.01 0.203 

Country x IPI group MAU specific 2  1.38 0.01 0.188  1.51 0.01 0.24  1.51 0.01 0.017 

Ecotype x IPI group MAU specific 2  0.92 0.01 0.560  0.86 0.01 0.527  1.12 0.01 0.187 

Country x Ecotype x IPI group MAU specific 2  1.81 0.02 0.073  1.81 0.02 0.077  1.34 0.01 0.087 

Residuals 191  - 0.85 -  - 0.82 -  - 0.89 - 

Total 202   - 1.00 -   - 1.00 -   - 1.00 - 

Dispersion Test Df   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F)   F-value N.Perm Pr(>F) 

Country of Origin dispersion 1,201  23.10 999 < 0.001  19.74 999 < 0.001  30.36 999 < 0.001 

IPI group MAU specific dispersion 2,200  4.14 999 0.017  20.39 999 < 0.001  4.51 999 0.012 

Country x IPI group MAU specific dispersion 5,197  - - -  - - -  2.82 999 0.017 

Country x Ecotype x IPI group MAU specific dispersion 11,191   4.72 999 < 0.001   - - -   5.72 999 < 0.001 
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Supplementary Table 4.9: Pairwise PERMANOVA results from pairwise.adonis2 function for paired habitat of exposure and sample type comparisons. Month of collection 

used as block. Significant results are highlighted in bold, Df denotes degrees of freedom 

Factors Df   Unweighted UniFrac Distance   Weighted UniFrac Distance   Bray-Curtis Dissimilarity 

  Sums 

Of 

Sqs 

Mean 

Sqs 

F.Model R2 Pr(>F)   Sums 

Of 

Sqs 

Mean 

Sqs 

F.Model R2 Pr(>F)   Sums 

Of 

Sqs 

Mean 

Sqs 

F.Model R2 Pr(>F) 

Habitat of exposure: GPS 
                   

 
Fish - Invertebrate 1,126 

 
1.90 1.90 7.70 0.06 0.001 

 
2.73 2.73 11.16 0.08 0.001 

 
2.35 2.35 5.94 0.05 0.001 

 
Fish - Water 1,121 

 
2.25 2.25 9.26 0.07 0.001 

 
2.76 2.76 11.30 0.09 0.001 

 
2.83 2.83 7.34 0.06 0.002 

 
Invertebrate - Water 1,14 

 
1.69 1.69 10.49 0.45 0.001 

 
2.26 2.26 21.07 0.62 0.001 

 
2.17 2.17 8.59 0.40 0.001 

Habitat of exposure: MAU 
                   

 
Fish - Invertebrate 1,232 

 
4.86 4.86 17.57 0.07 0.001 

 
6.54 6.54 25.41 0.10 0.001 

 
4.58 4.58 11.16 0.05 0.001 

 
Fish - Water 1,207 

 
2.01 2.01 7.21 0.03 0.001 

 
2.01 2.01 7.56 0.04 0.002 

 
2.47 2.47 6.10 0.03 0.001 

 
Invertebrate - Water 1,34 

 
1.78 1.78 8.43 0.20 0.001 

 
1.28 1.28 8.65 0.21 0.001 

 
2.33 2.33 6.65 0.17 0.001 

Habitat of exposure: LAB 
                   

 
Fish - Invertebrate 1,66 

 
1.69 1.69 7.03 0.10 0.001 

 
1.82 1.82 7.85 0.11 0.001 

 
2.08 2.08 5.34 0.08 0.001 

 
Fish - Water 1,61 

 
1.72 1.72 7.65 0.11 0.001 

 
3.15 3.15 14.67 0.20 0.001 

 
2.54 2.54 6.82 0.10 0.001 

 
Invertebrate - Water 1,14 

 
1.16 1.16 4.79 0.27 0.001 

 
2.16 2.16 12.11 0.48 0.001 

 
2.05 2.05 7.62 0.37 0.001 

Sample Type: Fish 
                   

 
GPS - MAU 1,319 

 
4.22 4.22 15.57 0.05 0.001 

 
3.17 3.17 12.00 0.04 0.001 

 
6.78 6.78 16.64 0.05 0.001 

 
GPS - LAB 1,173 

 
4.75 4.75 19.50 0.10 0.001 

 
5.05 5.05 20.67 0.11 0.001 

 
5.75 5.75 14.49 0.08 0.001 

 
MAU - LAB 1,259 

 
5.07 5.07 18.65 0.07 0.001 

 
3.89 3.89 14.87 0.05 0.001 

 
6.09 6.09 14.89 0.05 0.001 

Sample Type: Invertebrate 
                   

 
GPS - MAU 1,39 

 
0.90 0.90 4.01 0.10 0.001 

 
0.32 0.32 1.97 0.05 0.036 

 
1.22 1.22 3.19 0.08 0.001 

 
GPS - LAB 1,19 

 
1.14 1.13 4.56 0.20 0.001 

 
1.32 1.32 6.54 0.27 0.001 

 
1.36 1.36 3.79 0.17 0.001 

 
MAU - LAB 1,39 

 
1.38 1.38 5.66 0.13 0.001 

 
1.77 1.77 9.53 0.20 0.001 

 
1.74 1.74 4.53 0.11 0.001 

Sample Type: Water 
                   

 
GPS - MAU 1,9 

 
0.43 0.43 6.51 0.45 0.006 

 
0.53 0.53 40.50 0.84 0.006 

 
1.06 1.06 28.66 0.78 0.013 

 
GPS - LAB 1,9 

 
1.17 1.17 12.43 0.61 0.009 

 
2.20 2.20 215.48 0.96 0.011 

 
2.23 2.23 52.13 0.87 0.015 

  MAU - LAB 1,9   0.99 0.99 9.73 0.55 0.006   1.50 1.50 80.96 0.91 0.009   2.13 2.13 35.17 0.81 0.008 
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Supplementary Table 4.10: Pairwise PERMANOVA results from pairwise.adonis2 function for paired habitat of exposure and IPI group comparisons. Month of collection used 

as block. Significant results are highlighted in bold, Df denotes degrees of freedom. 

Comparison Df   Unweighted UniFrac   Weighted UniFrac   Bray-Curtis 
 

F.Model R2 Pr(>F) 
 

F.Model R2 Pr(>F) 
 

F.Model R2 Pr(>F) 

GPS Low vs GPS High 1,50 
 

0.61 0.01 0.960 
 

0.16 0.00 0.999 
 

0.57 0.01 0.984 

GPS Medium vs GPS High 1,109 
 

1.89 0.02 0.502 
 

1.49 0.01 0.670 
 

2.11 0.02 0.698 

GPS Medium vs GPS Low 1,69 
 

1.12 0.02 0.273 
 

0.78 0.01 0.449 
 

0.99 0.01 0.366 

GPS Low vs MAU High 1,64 
 

1.70 0.03 0.232 
 

1.70 0.03 0.333 
 

1.39 0.02 0.069 

GPS Medium vs MAU High 1,123 
 

12.95 0.10 0.001 
 

14.32 0.10 0.001 
 

9.70 0.07 0.001 

MAU High vs GPS High 1,104 
 

7.05 0.06 0.001 
 

7.56 0.07 0.001 
 

4.67 0.04 0.001 

MAU Low vs GPS High 1,145 
 

9.31 0.06 0.001 
 

7.97 0.05 0.001 
 

8.90 0.06 0.001 

MAU Low vs GPS Low 1,105 
 

2.08 0.02 0.004 
 

2.02 0.02 0.033 
 

2.36 0.02 0.001 

MAU Low vs GPS Medium 1,164 
 

12.60 0.07 0.001 
 

9.49 0.05 0.001 
 

13.99 0.08 0.001 

MAU Medium vs GPS High 1,86 
 

5.60 0.06 0.001 
 

3.68 0.04 0.002 
 

5.14 0.06 0.001 

MAU Medium vs GPS Low 1,46 
 

1.78 0.04 0.027 
 

1.15 0.02 0.238 
 

1.86 0.04 0.002 

MAU Medium vs GPS Medium 1,105 
 

7.04 0.06 0.001 
 

5.21 0.05 0.002 
 

8.03 0.07 0.001 

MAU Low vs MAU High 1,159 
 

12.63 0.07 0.053 
 

17.55 0.10 0.060 
 

6.97 0.04 0.005 

MAU Medium vs MAU High 1,100 
 

6.09 0.06 0.007 
 

7.53 0.07 0.009 
 

3.95 0.04 0.001 

MAU Medium vs MAU Low 1,141   1.36 0.01 0.814   0.97 0.01 0.969   1.27 0.01 0.908 
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Supplementary Table 4.11: Pairwise PERMANOVA results from pairwise.adonis2 function for paired habitat of exposure and country of origin comparisons. Month of 

collection used as block. Significant results are highlighted in bold, Df denotes degrees of freedom. 

Pairwise comparisons Df 

  Unweighted UniFrac Distance  Weighted UniFrac Distance  Bray-Curtis Dissimilarity 

  
Sums 

Of Sqs 

Mean 

Sqs 

F 

value 
R2 Pr(>F)  Sums 

Of Sqs 

Mean 

Sqs 

F 

value 
R2 Pr(>F)  Sums 

Of Sqs 

Mean 

Sqs 

F 

value 
R2 Pr(>F) 

Habitat of Exposure 
                   

 
MAU 

                   

  
German - Canadian 1,202 

 
2.01 2.01 7.33 0.04 0.001 

 
2.86 2.86 11.10 0.05 0.001 

 
2.42 2.42 6.01 0.03 0.001 

 
GPS 

                   

  
German - Canadian 1,116 

 
0.33 0.33 1.34 0.01 0.231 

 
0.94 0.94 3.82 0.03 0.015 

 
1.02 1.02 2.60 0.02 0.007 

Country of Origin 
                   

 
German 

                   

  
MAU - GPS 1,143 

 
2.72 2.72 10.92 0.07 0.001 

 
1.81 1.81 8.01 0.05 0.001 

 
4.15 4.15 10.84 0.07 0.001 

 
Canadian 

                   

    MAU - GPS 1,175   2.54 2.54 9.16 0.05 0.001   2.54 2.54 9.22 0.05 0.001   4.34 4.33 10.50 0.06 0.001 



Supplementary Table 4.12: Significant SIMPER results from habitat of exposure (MAU – Malenter Au, GPS – Großer Plöner See) and country of origin comparisons (GER = Germany, 

CAN = Canada). 

Comparison (X_Y) ASV SIMPER Pr(>F) 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

MAU Can_GPS Can bee63189d08003ab4d401cd1d3aeab91 0.04 0.002 0.062 ± 0.213 0.000 ± 0.001 Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

MAU Can_GPS Ger bee63189d08003ab4d401cd1d3aeab91 0.05 0.003 0.062 ± 0.213 0.013 ± 0.097 Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

MAU Ger_GPS Ger bee63189d08003ab4d401cd1d3aeab91 0.01 0.006 0.010 ± 0.069 0.013 ± 0.097 Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

MAU Can_GPS Can f3f475d3bd572281d12d2fe3783df534 0.05 0.001 0.087 ± 0.213 0.001 ± 0.002 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

MAU Ger_MAU Can cfa1eddaf5f286cf0a8d9742017dad8e 0.01 0.010 0.017 ± 0.035 0.012 ± 0.025 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

GPS Can_GPS Ger a2c2577cd7b15660d4d0d421a4213bd3 0.01 0.036 0.019 ± 0.027 0.009 ± 0.018 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

MAU Ger_GPS Ger 0938f5e4e046f002176f9baabcbe2491 0.01 < 0.001 0.000 ± 0.001 0.019 ± 0.027 Cyanobacteria Synechococcophycideae Synechococcales Synechococcaceae Synechococcus NA 

MAU Ger_MAU Can f3f475d3bd572281d12d2fe3783df534 0.07 < 0.001 0.004 ± 0.032 0.087 ± 0.213 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

MAU Can_GPS Ger f3f475d3bd572281d12d2fe3783df534 0.06 < 0.001 0.087 ± 0.213 0.006 ± 0.026 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

MAU Ger_GPS Ger cfa1eddaf5f286cf0a8d9742017dad8e 0.01 < 0.001 0.017 ± 0.035 0.002 ± 0.010 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

MAU Ger_GPS Ger 3f5225a8b2e87a448aab5f44a4412c2a 0.01 < 0.001 0.000 ± 0.000 0.021 ± 0.037 Planctomycetes Planctomycetia Gemmatales Isosphaeraceae NA NA 

MAU Can_GPS Can a2c2577cd7b15660d4d0d421a4213bd3 0.01 < 0.001 0.000 ± 0.000 0.019 ± 0.027 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

MAU Ger_GPS Can a2c2577cd7b15660d4d0d421a4213bd3 0.01 < 0.001 0.000 ± 0.000 0.019 ± 0.027 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

MAU Ger_MAU Can 32fa112a32f7293d2b0c5bf9c375ab80 0.03 < 0.001 0.001 ± 0.003 0.045 ± 0.150 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

MAU Can_GPS Can 32fa112a32f7293d2b0c5bf9c375ab80 0.02 < 0.001 0.045 ± 0.150 0.000 ± 0.001 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

MAU Can_GPS Ger 32fa112a32f7293d2b0c5bf9c375ab80 0.03 < 0.001 0.045 ± 0.150 0.006 ± 0.040 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

MAU Can_GPS Ger 2441d7d478b956c8f710f23327981381 0.06 < 0.001 0.002 ± 0.008 0.114 ± 0.203 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

MAU Ger_GPS Ger 2441d7d478b956c8f710f23327981381 0.07 < 0.001 0.002 ± 0.007 0.114 ± 0.203 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

MAU Ger_MAU Can 284dd9dfc7026850bffe4b81c9b284cc 0.06 0.011 0.000 ± 0.002 0.067 ± 0.210 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia NA 

MAU Can_GPS Can 284dd9dfc7026850bffe4b81c9b284cc 0.05 0.039 0.067 ± 0.210 0.000 ± 0.002 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia NA 

MAU Ger_MAU Can 24fb88dd51e0a967e75c3a33a1a86d47 0.01 < 0.001 0.015 ± 0.031 0.005 ± 0.034 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

MAU Ger_MAU Can cab81200dc8a1b7011cb421b1df82262 0.03 0.004 0.037 ± 0.041 0.033 ± 0.071 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Ger_MAU Can 85a8b29dd3c64524083b9582244855b7 0.01 < 0.001 0.025 ± 0.028 0.008 ± 0.021 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

MAU Can_GPS Ger 85a8b29dd3c64524083b9582244855b7 0.02 < 0.001 0.008 ± 0.021 0.034 ± 0.060 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

MAU Can_GPS Can 85a8b29dd3c64524083b9582244855b7 0.01 < 0.001 0.008 ± 0.021 0.030 ± 0.057 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

MAU Can_GPS Can 47a55f7ba97286602de71a9eab0f5c1b 0.25 < 0.001 0.019 ± 0.090 0.324 ± 0.421 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Ger_GPS Can 47a55f7ba97286602de71a9eab0f5c1b 0.27 < 0.001 0.027 ± 0.089 0.324 ± 0.421 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Can_GPS Ger 47a55f7ba97286602de71a9eab0f5c1b 0.13 < 0.001 0.019 ± 0.090 0.157 ± 0.330 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

GPS Can_GPS Ger 47a55f7ba97286602de71a9eab0f5c1b 0.37 < 0.001 0.324 ± 0.421 0.157 ± 0.330 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Ger_GPS Ger 47a55f7ba97286602de71a9eab0f5c1b 0.15 < 0.001 0.027 ± 0.089 0.157 ± 0.330 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Ger_GPS Ger cab81200dc8a1b7011cb421b1df82262 0.02 < 0.001 0.037 ± 0.041 0.003 ± 0.016 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 
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MAU Ger_GPS Can cab81200dc8a1b7011cb421b1df82262 0.02 < 0.001 0.037 ± 0.041 0.002 ± 0.015 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Can_GPS Can 4fb4be24dfbc56d883e1ec8f222565b3 0.02 0.023 0.016 ± 0.060 0.018 ± 0.127 Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter lwoffii 

MAU Can_GPS Ger cab81200dc8a1b7011cb421b1df82262 0.02 < 0.001 0.033 ± 0.071 0.003 ± 0.016 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Can_GPS Can cab81200dc8a1b7011cb421b1df82262 0.01 < 0.001 0.033 ± 0.071 0.002 ± 0.015 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

MAU Ger_MAU Can 97430edb43f5f48e4b7a8ae996f4e799 0.01 0.002 0.015 ± 0.053 0.006 ± 0.042 Tenericutes CK-1C4-19 NA NA NA NA 

MAU Ger_GPS Ger 97430edb43f5f48e4b7a8ae996f4e799 0.01 < 0.001 0.015 ± 0.053 0.001 ± 0.006 Tenericutes CK-1C4-19 NA NA NA NA 

MAU Ger_MAU Can 4fd952db1056e1588390cc62e351a2cc 0.01 < 0.001 0.022 ± 0.024 0.009 ± 0.017 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

MAU Ger_GPS Ger 4fd952db1056e1588390cc62e351a2cc 0.01 < 0.001 0.022 ± 0.024 0.010 ± 0.019 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

MAU Ger_GPS Can 4fd952db1056e1588390cc62e351a2cc 0.01 < 0.001 0.022 ± 0.024 0.011 ± 0.024 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

 

Supplementary Table 4.13: Significant SIMPER results for Malenter Au only dataset between country of origin (GER = Germany, CAN = Canada) and IPI group (L = Low, M = 

Medium, H = High) pairs. 

Comparison (X_Y) ASV SIMPER Pr(>F) 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

GER M_CAN H 24fb88dd51e0a967e75c3a33a1a86d47 0.01 0.019 0.018 ± 0.043 0.001 ± 0.004 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

CAN L_GER L 24fb88dd51e0a967e75c3a33a1a86d47 0.01 <0.001 0.008 ± 0.046 0.021 ± 0.028 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_CAN H 24fb88dd51e0a967e75c3a33a1a86d47 0.01 <0.001 0.021 ± 0.028 0.001 ± 0.004 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_GER H 24fb88dd51e0a967e75c3a33a1a86d47 0.01 0.001 0.021 ± 0.028 0.000 ± 0.001 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_CAN M 24fb88dd51e0a967e75c3a33a1a86d47 0.01 0.006 0.021 ± 0.028 0.007 ± 0.031 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER M_CAN M 284dd9dfc7026850bffe4b81c9b284cc 0.13 0.043 0.000 ± 0.000 0.137 ± 0.301 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia NA 

GER L_CAN M 284dd9dfc7026850bffe4b81c9b284cc 0.12 0.029 0.000 ± 0.002 0.137 ± 0.301 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Serratia NA 

GER M_GER L 32b3ec26b5e462171abfd24998eae42f 0.01 0.033 0.011 ± 0.014 0.024 ± 0.021 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

CAN L_GER L 32b3ec26b5e462171abfd24998eae42f 0.01 <0.001 0.005 ± 0.010 0.024 ± 0.021 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_CAN H 32b3ec26b5e462171abfd24998eae42f 0.01 <0.001 0.024 ± 0.021 0.002 ± 0.006 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_GER H 32b3ec26b5e462171abfd24998eae42f 0.01 0.001 0.024 ± 0.021 0.010 ± 0.024 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER M_CAN M 32fa112a32f7293d2b0c5bf9c375ab80 0.04 0.025 0.000 ± 0.001 0.056 ± 0.200 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

CAN L_GER L 32fa112a32f7293d2b0c5bf9c375ab80 0.04 0.004 0.062 ± 0.173 0.000 ± 0.002 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

GER L_CAN M 32fa112a32f7293d2b0c5bf9c375ab80 0.04 <0.001 0.000 ± 0.002 0.056 ± 0.200 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

GER H_CAN M 32fa112a32f7293d2b0c5bf9c375ab80 0.04 0.036 0.002 ± 0.006 0.056 ± 0.200 Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Phyllobacterium NA 

GER M_CAN L 4fd952db1056e1588390cc62e351a2cc 0.01 0.027 0.022 ± 0.020 0.009 ± 0.018 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

GER M_CAN H 4fd952db1056e1588390cc62e351a2cc 0.01 <0.001 0.022 ± 0.020 0.006 ± 0.016 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

GER M_GER H 4fd952db1056e1588390cc62e351a2cc 0.02 0.001 0.022 ± 0.020 0.003 ± 0.007 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

CAN L_GER L 4fd952db1056e1588390cc62e351a2cc 0.02 <0.001 0.009 ± 0.018 0.030 ± 0.025 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 
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GER L_CAN H 4fd952db1056e1588390cc62e351a2cc 0.02 <0.001 0.030 ± 0.025 0.006 ± 0.016 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

GER L_GER H 4fd952db1056e1588390cc62e351a2cc 0.02 <0.001 0.030 ± 0.025 0.003 ± 0.007 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae Luteolibacter NA 

GER M_CAN L 85a8b29dd3c64524083b9582244855b7 0.02 <0.001 0.033 ± 0.033 0.007 ± 0.015 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER M_CAN H 85a8b29dd3c64524083b9582244855b7 0.02 <0.001 0.033 ± 0.033 0.007 ± 0.028 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER M_GER H 85a8b29dd3c64524083b9582244855b7 0.02 0.005 0.033 ± 0.033 0.011 ± 0.033 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

CAN L_GER L 85a8b29dd3c64524083b9582244855b7 0.01 <0.001 0.007 ± 0.015 0.028 ± 0.020 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_CAN H 85a8b29dd3c64524083b9582244855b7 0.02 <0.001 0.028 ± 0.020 0.007 ± 0.028 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_GER H 85a8b29dd3c64524083b9582244855b7 0.02 <0.001 0.028 ± 0.020 0.011 ± 0.033 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER L_CAN M 85a8b29dd3c64524083b9582244855b7 0.01 0.039 0.028 ± 0.020 0.012 ± 0.017 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER M_GER H 8924b708d46794fceeadb26d7a702125 0.01 0.003 0.018 ± 0.016 0.007 ± 0.013 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

GER L_GER H 8924b708d46794fceeadb26d7a702125 0.01 <0.001 0.018 ± 0.014 0.007 ± 0.013 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

GER M_CAN H 97430edb43f5f48e4b7a8ae996f4e799 0.01 <0.001 0.016 ± 0.035 0.000 ± 0.001 Tenericutes CK-1C4-19 NA NA NA NA 

GER M_GER H 97430edb43f5f48e4b7a8ae996f4e799 0.01 0.039 0.016 ± 0.035 0.001 ± 0.003 Tenericutes CK-1C4-19 NA NA NA NA 

CAN L_GER L 97430edb43f5f48e4b7a8ae996f4e799 0.02 0.026 0.012 ± 0.061 0.020 ± 0.068 Tenericutes CK-1C4-19 NA NA NA NA 

GER L_CAN H 97430edb43f5f48e4b7a8ae996f4e799 0.02 <0.001 0.020 ± 0.068 0.000 ± 0.001 Tenericutes CK-1C4-19 NA NA NA NA 

GER L_GER H 97430edb43f5f48e4b7a8ae996f4e799 0.02 0.006 0.020 ± 0.068 0.001 ± 0.003 Tenericutes CK-1C4-19 NA NA NA NA 

GER M_GER L a9c54df0ff16633d123cd932ccfb6155 0.01 0.029 0.003 ± 0.007 0.014 ± 0.020 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

GER L_CAN H a9c54df0ff16633d123cd932ccfb6155 0.01 <0.001 0.014 ± 0.020 0.005 ± 0.023 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

GER L_GER H a9c54df0ff16633d123cd932ccfb6155 0.01 0.036 0.014 ± 0.020 0.004 ± 0.009 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

GER L_CAN H b9bf39824afdab3ae1a49ae1d416d551 0.01 0.009 0.020 ± 0.057 0.000 ± 0.000 Actinobacteria Actinobacteria Actinomycetales Microbacteriaceae NA NA 

CAN L_CAN M bee63189d08003ab4d401cd1d3aeab91 0.12 0.045 0.033 ± 0.163 0.125 ± 0.314 Firmicutes Bacilli Bacillales Bacillaceae Bacillus NA 

GER M_GER L cab81200dc8a1b7011cb421b1df82262 0.03 0.008 0.023 ± 0.031 0.053 ± 0.045 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

CAN L_GER L cab81200dc8a1b7011cb421b1df82262 0.03 <0.001 0.038 ± 0.066 0.053 ± 0.045 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

CAN L_CAN H cab81200dc8a1b7011cb421b1df82262 0.03 0.025 0.038 ± 0.066 0.031 ± 0.090 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

GER L_CAN H cab81200dc8a1b7011cb421b1df82262 0.03 <0.001 0.053 ± 0.045 0.031 ± 0.090 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

GER L_GER H cab81200dc8a1b7011cb421b1df82262 0.03 <0.001 0.053 ± 0.045 0.016 ± 0.027 Proteobacteria Gammaproteobacteria Legionellales Coxiellaceae Rickettsiella NA 

CAN L_CAN H cfa1eddaf5f286cf0a8d9742017dad8e 0.01 <0.001 0.021 ± 0.030 0.002 ± 0.009 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

CAN L_GER H cfa1eddaf5f286cf0a8d9742017dad8e 0.01 0.003 0.021 ± 0.030 0.001 ± 0.004 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

GER L_CAN H cfa1eddaf5f286cf0a8d9742017dad8e 0.02 <0.001 0.026 ± 0.045 0.002 ± 0.009 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

GER L_GER H cfa1eddaf5f286cf0a8d9742017dad8e 0.02 <0.001 0.026 ± 0.045 0.001 ± 0.004 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

GER L_CAN M cfa1eddaf5f286cf0a8d9742017dad8e 0.02 0.021 0.026 ± 0.045 0.007 ± 0.021 Planctomycetes Planctomycetia Gemmatales Gemmataceae NA NA 

GER M_CAN H dd9db68f84bf9527eb34886a795e08e5 0.01 0.027 0.015 ± 0.043 0.003 ± 0.010 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

GER M_GER H dd9db68f84bf9527eb34886a795e08e5 0.01 0.027 0.015 ± 0.043 0.000 ± 0.000 Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Rhodobacter NA 

CAN L_CAN H e641108719ce19f0f12d52925319d8d6 0.06 0.004 0.000 ± 0.000 0.098 ± 0.276 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae NA NA 

CAN L_CAN M e641108719ce19f0f12d52925319d8d6 0.05 0.020 0.000 ± 0.000 0.058 ± 0.193 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae NA NA 

GER M_CAN L f3f475d3bd572281d12d2fe3783df534 0.08 0.020 0.000 ± 0.001 0.099 ± 0.210 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

GER M_CAN H f3f475d3bd572281d12d2fe3783df534 0.07 0.036 0.000 ± 0.001 0.108 ± 0.263 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 
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GER M_CAN M f3f475d3bd572281d12d2fe3783df534 0.01 0.016 0.000 ± 0.001 0.015 ± 0.030 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

CAN L_GER L f3f475d3bd572281d12d2fe3783df534 0.08 0.007 0.099 ± 0.210 0.001 ± 0.003 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

CAN L_GER H f3f475d3bd572281d12d2fe3783df534 0.09 0.033 0.099 ± 0.210 0.016 ± 0.068 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

GER L_CAN H f3f475d3bd572281d12d2fe3783df534 0.06 0.027 0.001 ± 0.003 0.108 ± 0.263 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

GER L_CAN M f3f475d3bd572281d12d2fe3783df534 0.01 0.009 0.001 ± 0.003 0.015 ± 0.030 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

GER H_CAN M f3f475d3bd572281d12d2fe3783df534 0.02 0.036 0.014 ± 0.068 0.015 ± 0.030 Firmicutes Bacilli Lactobacillales Carnobacteriaceae Carnobacterium viridans 

 

 



Supplementary Materials – Chapter 5 

 

Supplementary Table 5.1: Number of 16S rRNA samples: dry swabs, wet swabs, sand and extraction blanks 

removed prior to analysis as they contained fewer than 500 reads. 

  Island 

Sample Type Boa Vista Maio Sal Santo Antão NA Total 

Dry Swab 1 1 2 3 - 7 

Wet Swab 5 8 10 8 - 31 

Sand - - 0 0 - 0 

Extraction Blank - - - - 6 6 

Total 5 8 10 8 6 44 

 

 

Supplementary Figure 5.1: A) Rarefaction curve for all microbial samples >500 reads. B) Rarefaction 

curve for microbial samples rarefied to 2000 reads 



Supplementary Table 5.2: Results of Similarity Percentage Analysis (SIMPER) between dry and wet swab samples to identify ASVs driving differences between groups. Taxonomic 

information for each ASV included. 

Comparison 

(X_Y) 
ASV p.value 

Mean 

Abundance X ± 

SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

Non-

Rarefied 
          

Dry_Wet 95064b90639c6c20f85c141b5e8d6a15 0.001 0.013 ± 0.037 0.009 ± 0.025 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae NA NA 

Dry_Wet 95c95bb6bdcc327d75c06f8b3472723f 0.001 0.008 ± 0.052 0.046 ± 0.149 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

Dry_Wet f62dc709536edba0135034e740915a92 < 0.001 0.018 ± 0.062 0.005 ± 0.026 Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter NA 

Dry_Wet ad7f3efd185f47aab4f7badf2c822cc8 < 0.001 0.014 ± 0.027 0.012 ± 0.043 Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter NA 

Dry_Wet 0015124e5777b57174a1af7411703bbb 0.042 0.015 ± 0.035 0.012 ± 0.024 Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae NA NA 

Dry_Wet 67b0cf6af26b9fd959d860a52a65bc58 0.023 0.032 ± 0.089 0.028 ± 0.084 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium damselae 

Dry_Wet 9be79137deae3d1b144b96c452427950 0.004 0.016 ± 0.043 0.011 ± 0.018 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio NA 

Dry_Wet 6432d50fbe1bdecc92b8669a98cdcdcd < 0.001 0.024 ± 0.055 0.015 ± 0.061 Spirochaetes [Brachyspirae] [Brachyspirales] Brachyspiraceae Brachyspira NA 

           

Rarefied           

Dry_Wet 95c95bb6bdcc327d75c06f8b3472723f 0.002 0.006 ± 0.054 0.046 ± 0.163 Proteobacteria Alphaproteobacteria Rhizobiales NA NA NA 

Dry_Wet f62dc709536edba0135034e740915a92 0.003 0.018 ± 0.064 0.005 ± 0.033 Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter NA 

Dry_Wet 6432d50fbe1bdecc92b8669a98cdcdcd 0.003 0.020 ± 0.047 0.013 ± 0.061 Spirochaetes [Brachyspirae] [Brachyspirales] Brachyspiraceae Brachyspira NA 
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Supplementary Table 5.3: Pairwise post hoc Tukey tests between turtle nesting island and infection groups. 

Significant results in bold. 

  
Pairwise comparison estimate SE Df t.ratio 

Adjusted 

p value 

N
o

n
-r

ar
ef

ie
d
 

D
ry

 s
w

ab
s 

Boa Vista non-infected - Maio non-infected -0.11 0.08 118 -1.34 0.880 

Boa Vista non-infected - Sal non-infected -0.18 0.08 118 -2.42 0.241 

Boa Vista non-infected - Santo Antão non-infected -0.22 0.08 118 -2.65 0.150 

Boa Vista non-infected - Boa Vista infected -0.09 0.07 117 -1.26 0.911 

Boa Vista non-infected - Maio infected -0.19 0.07 118 -2.59 0.169 

Boa Vista non-infected - Sal infected -0.12 0.07 115 -1.74 0.659 

Boa Vista non-infected - Santo Antão infected -0.10 0.07 118 -1.35 0.879 

Maio non-infected - Sal non-infected -0.07 0.06 117 -1.20 0.930 

Maio non-infected - Santo Antão non-infected -0.11 0.07 117 -1.59 0.756 

Maio non-infected - Boa Vista infected 0.02 0.06 116 0.28 1.000 

Maio non-infected - Maio infected -0.08 0.06 116 -1.38 0.864 

Maio non-infected - Sal infected -0.02 0.05 117 -0.28 1.000 

Maio non-infected - Santo Antão infected 0.01 0.06 117 0.14 1.000 

Sal non-infected - Santo Antão non-infected -0.03 0.06 117 -0.57 0.999 

Sal non-infected - Boa Vista infected 0.09 0.05 118 1.80 0.624 

Sal non-infected - Maio infected -0.01 0.05 118 -0.14 1.000 

Sal non-infected - Sal infected 0.06 0.05 118 1.26 0.911 

Sal non-infected - Santo Antão infected 0.08 0.05 117 1.54 0.785 

Santo Antão non-infected - Boa Vista infected 0.12 0.06 117 2.15 0.393 

Santo Antão non-infected - Maio infected 0.03 0.06 118 0.47 1.000 

Santo Antão non-infected - Sal infected 0.09 0.05 117 1.71 0.684 

Santo Antão non-infected - Santo Antão infected 0.12 0.06 118 1.91 0.548 

Boa Vista infected - Maio infected -0.10 0.05 117 -2.09 0.429 

Boa Vista infected - Sal infected -0.03 0.04 116 -0.78 0.994 

Boa Vista infected - Santo Antão infected -0.01 0.05 118 -0.16 1.000 

Maio infected - Sal infected 0.07 0.04 118 1.55 0.780 

Maio infected - Santo Antão infected 0.09 0.05 117 1.82 0.608 

Sal infected - Santo Antão infected 0.02 0.04 118 0.53 1.000 

R
ar

ef
ie

d
 

D
ry

 s
w

ab
s 

Boa Vista non-infected - Maio non-infected -0.07 0.52 102 -0.14 1.000 

Boa Vista non-infected - Sal non-infected -0.69 0.48 102 -1.43 0.841 

Boa Vista non-infected - Santo Antão non-infected -1.18 0.51 101 -2.30 0.303 

Boa Vista non-infected - Boa Vista infected -0.32 0.45 102 -0.70 0.997 

Boa Vista non-infected - Maio infected -1.06 0.46 102 -2.31 0.299 

Boa Vista non-infected - Sal infected -0.54 0.44 99 -1.23 0.921 

Boa Vista non-infected - Santo Antão infected -0.50 0.46 102 -1.10 0.956 

Maio non-infected - Sal non-infected -0.62 0.43 102 -1.44 0.834 

Maio non-infected - Santo Antão non-infected -1.11 0.46 101 -2.45 0.232 

Maio non-infected - Boa Vista infected -0.25 0.39 100 -0.63 0.998 

Maio non-infected - Maio infected -0.99 0.41 101 -2.44 0.235 

Maio non-infected - Sal infected -0.47 0.37 101 -1.28 0.906 

Maio non-infected - Santo Antão infected -0.43 0.40 100 -1.09 0.958 

Sal non-infected - Santo Antão non-infected -0.50 0.41 101 -1.22 0.926 

Sal non-infected - Boa Vista infected 0.37 0.34 102 1.08 0.959 

Sal non-infected - Maio infected -0.37 0.36 102 -1.03 0.969 

Sal non-infected - Sal infected 0.15 0.31 102 0.49 1.000 

Sal non-infected - Santo Antão infected 0.18 0.35 102 0.51 1.000 

Santo Antão non-infected - Boa Vista infected 0.86 0.38 101 2.30 0.303 

Santo Antão non-infected - Maio infected 0.12 0.40 102 0.31 1.000 

Santo Antão non-infected - Sal infected 0.65 0.34 100 1.88 0.569 

Santo Antão non-infected - Santo Antão infected 0.68 0.39 102 1.75 0.655 

Boa Vista infected - Maio infected -0.74 0.32 102 -2.32 0.295 
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Boa Vista infected - Sal infected -0.22 0.26 101 -0.84 0.991 

Boa Vista infected - Santo Antão infected -0.19 0.31 101 -0.60 0.999 

Maio infected - Sal infected 0.52 0.29 100 1.80 0.619 

Maio infected - Santo Antão infected 0.55 0.33 101 1.70 0.686 

Sal infected - Santo Antão infected 0.03 0.28 102 0.12 1.000 

 

Supplementary Table 5.4: Pairwise PERMANOVA results of differences in microbial community 

composition between turtle nesting islands for rarefied dry swab samples. 

Pairwise comparisons Df 
  Unweighted UniFrac   Weighted UniFrac   Bray-Curtis 

  F R2 Pr(>F)   F R2 Pr(>F)   F R2 Pr(>F) 

Boa Vista vs Sal 1,71  1.14 0.02 0.272  1.31 0.02 0.220  1.08 0.02 0.321 

Boa Vista vs Santo Antão 1,48  2.21 0.04 0.003  1.46 0.03 0.146  1.48 0.03 0.035 

Boa Vista vs Maio 1,51  1.24 0.02 0.145  1.40 0.03 0.169  0.94 0.02 0.560 

Sal vs Santo Antão 1,71  2.38 0.03 0.001  2.27 0.03 0.028  1.72 0.02 0.031 

Sal vs Maio 1,74  1.28 0.02 0.124  1.19 0.02 0.267  1.44 0.02 0.075 

Santo Antão vs Maio 1,51   2.06 0.04 0.014   1.44 0.03 0.145   1.57 0.03 0.017 
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Supplementary Table 5.5:Results from SIMPER for non-rarefied dry swabs that significantly differ in abundance between turtle nesting islands. MA – Maio, SA – Santo Antão, SL – Sal 

and BV – Boa Vista. Table shows ASVs, their mean abundance in each island and their taxonomic information. 

Comparison  
(X - Y) 

ASV p.value 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

MA - SA 81554b0fce7cb99c919725c40ec6792a 0.022 0.007 ± 0.026 0.020 ± 0.046 Bacteroidetes Bacteroidia Bacteroidales [Paraprevotellaceae] NA NA 

SL - SA 81554b0fce7cb99c919725c40ec6792a 0.032 0.006 ± 0.015 0.020 ± 0.046 Bacteroidetes Bacteroidia Bacteroidales [Paraprevotellaceae] NA NA 

BV - SA 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.005 0.008 ± 0.019 0.074 ± 0.110 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

MA - SA 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.006 0.033 ± 0.081 0.074 ± 0.110 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

SL - SA 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.016 0.032 ± 0.063 0.074 ± 0.110 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

BV - SA 0015124e5777b57174a1af7411703bbb 0.021 0.018 ± 0.037 0.004 ± 0.007 Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae NA NA 

BV - SA 413037c7bfae2c3535793bc67f4d9ae5 0.012 0.042 ± 0.066 0.019 ± 0.050 Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter NA 

MA - SA 0429a8a999c3238e12bbfaa1714d385e 0.002 0.091 ± 0.136 0.039 ± 0.067 Proteobacteria Gammaproteobacteria Vibrionales NA NA NA 

MA - SA 34239f14f57eed8a2971a240df604a06 <0.001 0.028 ± 0.065 0.000 ± 0.001 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella algae 

BV - MA 0015124e5777b57174a1af7411703bbb 0.037 0.018 ± 0.037 0.015 ± 0.044 Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae NA NA 

BV - MA 0429a8a999c3238e12bbfaa1714d385e 0.019 0.133 ± 0.243 0.039 ± 0.067 Proteobacteria Gammaproteobacteria Vibrionales NA NA NA 

BV - MA 34239f14f57eed8a2971a240df604a06 0.034 0.046 ± 0.175 0.000 ± 0.001 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella algae 

BV - MA 413037c7bfae2c3535793bc67f4d9ae5 0.017 0.042 ± 0.066 0.047 ± 0.147 Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter NA 

BV - SL 413037c7bfae2c3535793bc67f4d9ae5 0.006 0.042 ± 0.066 0.016 ± 0.060 Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter NA 

SL - MA 34239f14f57eed8a2971a240df604a06 0.005 0.019 ± 0.079 0.000 ± 0.001 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella algae 

SL - MA ad7f3efd185f47aab4f7badf2c822cc8 0.009 0.020 ± 0.034 0.011 ± 0.024 Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter NA 

BV - SL 33c1fcdbc21a10a2a033f53d47db7893 0.019 0.072 ± 0.186 0.025 ± 0.074 Tenericutes Mollicutes Mycoplasmatales Mycoplasmataceae Mycoplasma NA 
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Supplementary Table 5.6: Results from SIMPER for rarefied dry swabs that significantly differ in abundance between turtle nesting islands. MA – Maio, SA – Santo Antão, SL – Sal and 

BV – Boa Vista. Table shows ASVs, their mean abundance in each island and their taxonomic information. 

Comparison (X 
- Y) 

ASV p.value 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

BV - MA 34239f14f57eed8a2971a240df604a06 0.038 0.053 ± 0.192 0.000 ± 0.000 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella algae 

BV - SL 413037c7bfae2c3535793bc67f4d9ae5 0.003 0.045 ± 0.067 0.016 ± 0.063 Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter NA 

BV - SA 0015124e5777b57174a1af7411703bbb 0.020 0.020 ± 0.040 0.004 ± 0.008 Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae NA NA 

BV - SA 17fbebb3d9f3bbd3508cd5348ae7ea7c <0.001 0.006 ± 0.014 0.080 ± 0.111 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

BV - SA 413037c7bfae2c3535793bc67f4d9ae5 0.029 0.045 ± 0.067 0.019 ± 0.049 Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter NA 

BV - SA d20b46e3c9d79a8e49a48f112fc03d4f 0.022 0.000 ± 0.000 0.020 ± 0.090 Firmicutes Clostridia Clostridiales Peptostreptococcaceae NA NA 

MA - SA 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.007 0.034 ± 0.086 0.080 ± 0.111 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

MA - SA 34239f14f57eed8a2971a240df604a06 0.001 0.000 ± 0.000 0.028 ± 0.067 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella algae 

MA - SA d20b46e3c9d79a8e49a48f112fc03d4f 0.025 0.000 ± 0.000 0.020 ± 0.090 Firmicutes Clostridia Clostridiales Peptostreptococcaceae NA NA 

SL - MA 34239f14f57eed8a2971a240df604a06 0.008 0.021 ± 0.082 0.000 ± 0.000 Proteobacteria Gammaproteobacteria Alteromonadales Shewanellaceae Shewanella algae 

SL - SA 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.004 0.034 ± 0.065 0.080 ± 0.111 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

SL - SA 81554b0fce7cb99c919725c40ec6792a 0.032 0.006 ± 0.015 0.021 ± 0.048 Bacteroidetes Bacteroidia Bacteroidales [Paraprevotellaceae] NA NA 

SL - SA 95064b90639c6c20f85c141b5e8d6a15 0.027 0.009 ± 0.022 0.014 ± 0.024 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae NA NA 

SL - SA d20b46e3c9d79a8e49a48f112fc03d4f 0.031 0.000 ± 0.002 0.020 ± 0.090 Firmicutes Clostridia Clostridiales Peptostreptococcaceae NA NA 
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Supplementary Table 5.7: Results from SIMPER for non-rarefied and rarefied dry swabs that significantly differ in abundance between infected with O. margoi and non-infected turtles. 

Table shows ASVs, their mean abundance in infected vs non-infected individuals and their taxonomic information. Infects - O. margoi present, N-infected - O. margoi not present. 

Comparison (X - Y) ASV p.value 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

Non-rarefied           

Infected – N-infected 0429a8a999c3238e12bbfaa1714d385e 0.010 0.091 ± 0.163 0.040 ± 0.054 Proteobacteria Gammaproteobacteria Vibrionales NA NA NA 

Infected - N-infected 5699b09d3c91c083e8ce6bcafc742e25 0.010 0.011 ± 0.018 0.005 ± 0.014 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium NA 

Infected - N-infected 76fd33f14910b1cd69086786956646b3 <0.001 0.050 ± 0.120 0.008 ± 0.037 Proteobacteria Gammaproteobacteria Cardiobacteriales NA NA NA 

Infected - N-infected 95064b90639c6c20f85c141b5e8d6a15 0.016 0.016 ± 0.042 0.007 ± 0.020 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae NA NA 

Infected - N-infected f62dc709536edba0135034e740915a92 0.013 0.007 ± 0.025 0.044 ± 0.104 Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter NA 

Rarefied           

Infected - N-infected d1b122b873bef2a9246fbd7ead125ca7 0.021 0.006 ± 0.025 0.016 ± 0.048 Bacteroidetes Flavobacteriia Flavobacteriales [Weeksellaceae] Ornithobacterium NA 

Infected - N-infected f62dc709536edba0135034e740915a92 0.013 0.007 ± 0.026 0.046 ± 0.111 Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter NA 

Infected - N-infected 76fd33f14910b1cd69086786956646b3 0.000 0.049 ± 0.120 0.002 ± 0.005 Proteobacteria Gammaproteobacteria Cardiobacteriales NA NA NA 
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Supplementary Table 5.8: Pairwise PERMANOVA results showing differences in microbial community 

composition between the nesting island of a turtle and its size for the non-rarefied wet swab dataset 

Pairwise comparisons Df 
  Weighted UniFrac   Bray Curtis 

  F R2 Pr(>F)   F R2 Pr(>F) 

Sal Small vs Boa Vista Medium 1,26  0.97 0.04 0.420  1.08 0.04 0.322 

Sal Small vs Santo Antão Large 1,27  0.97 0.04 0.415  1.15 0.04 0.231 

Sal Small vs Sal Large 1,31  1.10 0.04 0.339  1.10 0.04 0.265 

Sal Small vs Santo Antão Medium 1,21  1.25 0.06 0.230  1.11 0.05 0.324 

Sal Small vs Boa Vista Large 1,23  1.53 0.06 0.141  1.24 0.05 0.143 

Sal Small vs Maio Medium 1,23  1.12 0.05 0.291  1.06 0.05 0.339 

Sal Small vs Santo Antão Small 1,20  0.76 0.04 0.630  1.49 0.07 0.067 

Sal Small vs Maio Small 1,22  1.12 0.05 0.295  1.19 0.05 0.188 

Sal Small vs Sal Medium 1,26  1.34 0.05 0.224  1.27 0.05 0.169 

Sal Small vs Maio Large 1,24  1.20 0.05 0.239  1.00 0.04 0.450 

Sal Small vs Boa Vista Small 1,19  1.31 0.07 0.223  1.12 0.06 0.281 

Boa Vista Medium vs Santo Antão Large 1,20  1.76 0.08 0.099  1.21 0.06 0.159 

Boa Vista Medium vs Sal Large 1,24  0.48 0.02 0.917  0.93 0.04 0.513 

Boa Vista Medium vs Santo Antão Medium 1,14  0.65 0.05 0.777  0.76 0.06 0.775 

Boa Vista Medium vs Boa Vista Large 1,16  0.62 0.04 0.789  0.92 0.06 0.581 

Boa Vista Medium vs Maio Medium 1,16  0.51 0.03 0.868  0.75 0.05 0.778 

Boa Vista Medium vs Santo Antão Small 1,13  1.40 0.10 0.156  1.81 0.13 0.012 

Boa Vista Medium vs Maio Small 1,15  0.55 0.04 0.851  0.72 0.05 0.838 

Boa Vista Medium vs Sal Medium 1,19  1.26 0.07 0.225  1.34 0.07 0.095 

Boa Vista Medium vs Maio Large 1,17  2.35 0.13 0.032  1.34 0.08 0.123 

Boa Vista Medium vs Boa Vista Small 1,12  0.70 0.06 0.776  0.78 0.07 0.797 

Santo Antão Large vs Sal Large 1,25  1.89 0.07 0.069  1.10 0.04 0.304 

Santo Antão Large vs Santo Antão Medium 1,15  2.72 0.16 0.024  1.40 0.09 0.082 

Santo Antão Large vs Boa Vista Large 1,17  2.43 0.13 0.031  1.35 0.08 0.081 

Santo Antão Large vs Maio Medium 1,17  1.61 0.09 0.120  1.18 0.07 0.192 

Santo Antão Large vs Santo Antão Small 1,14  0.58 0.04 0.824  1.17 0.08 0.250 

Santo Antão Large vs Maio Small 1,16  1.85 0.11 0.065  1.16 0.07 0.231 

Santo Antão Large vs Sal Medium 1,20  2.65 0.12 0.025  1.62 0.08 0.040 

Santo Antão Large vs Maio Large 1,18  1.33 0.07 0.245  1.00 0.06 0.444 

Santo Antão Large vs Boa Vista Small 1,13  2.00 0.14 0.068  1.18 0.09 0.171 

Sal Large vs Santo Antão Medium 1,19  1.12 0.06 0.332  0.90 0.05 0.632 

Sal Large vs Boa Vista Large 1,21  1.01 0.05 0.414  1.38 0.06 0.056 

Sal Large vs Maio Medium 1,21  0.36 0.02 0.980  0.93 0.04 0.540 

Sal Large vs Santo Antão Small 1,18  1.45 0.08 0.153  1.55 0.08 0.048 

Sal Large vs Maio Small 1,20  0.47 0.02 0.944  0.99 0.05 0.446 

Sal Large vs Sal Medium 1,24  1.86 0.07 0.042  1.41 0.06 0.091 

Sal Large vs Maio Large 1,22  3.07 0.13 0.013  1.45 0.06 0.064 

Sal Large vs Boa Vista Small 1,17  1.19 0.07 0.267  1.18 0.07 0.193 

Santo Antão Medium vs Boa Vista Large 1,11  0.72 0.07 0.727  1.26 0.11 0.134 

Santo Antão Medium vs Maio Medium 1,11  1.03 0.09 0.432  0.98 0.09 0.486 

Santo Antão Medium vs Santo Antão Small 1,8  2.36 0.25 0.041  1.97 0.22 0.053 

Santo Antão Medium vs Maio Small 1,10  1.31 0.13 0.275  0.98 0.10 0.472 

Santo Antão Medium vs Sal Medium 1,14  0.69 0.05 0.770  0.99 0.07 0.423 

Santo Antão Medium vs Maio Large 1,12  2.22 0.17 0.089  1.42 0.11 0.120 

Santo Antão Medium vs Boa Vista Small 1,7  0.80 0.12 0.634  1.20 0.17 0.225 

Boa Vista Large vs Maio Medium 1,13  0.61 0.05 0.752  1.01 0.08 0.444 

Boa Vista Large vs Santo Antão Small 1,10  2.12 0.19 0.073  1.94 0.18 0.004 

Boa Vista Large vs Maio Small 1,12  1.31 0.11 0.223  1.14 0.09 0.334 

Boa Vista Large vs Sal Medium 1,16  1.04 0.06 0.388  1.14 0.07 0.265 

Boa Vista Large vs Maio Large 1,14  2.32 0.15 0.048  1.28 0.09 0.140 

Boa Vista Large vs Boa Vista Small 1,9  0.97 0.11 0.387  0.86 0.10 0.704 
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Maio Medium vs Santo Antão Small 1,10  1.38 0.13 0.216  1.40 0.13 0.101 

Maio Medium vs Maio Small 1,12  0.68 0.06 0.714  0.85 0.07 0.706 

Maio Medium vs Sal Medium 1,16  1.62 0.10 0.088  1.17 0.07 0.243 

Maio Medium vs Maio Large 1,14  2.31 0.15 0.049  1.24 0.09 0.161 

Maio Medium vs Boa Vista Small 1,9  1.04 0.11 0.427  0.85 0.10 0.648 

Santo Antão Small vs Maio Small 1,9  2.09 0.21 0.074  1.74 0.18 0.028 

Santo Antão Small vs Sal Medium 1,13  1.90 0.14 0.052  1.80 0.13 0.045 

Santo Antão Small vs Maio Large 1,11  0.88 0.08 0.433  0.95 0.09 0.471 

Santo Antão Small vs Boa Vista Small 1,6  1.84 0.27 0.127  1.91 0.28 0.052 

Maio Small vs Sal Medium 1,15  1.83 0.12 0.028  1.23 0.08 0.195 

Maio Small vs Maio Large 1,13  2.97 0.20 0.018  1.53 0.11 0.019 

Maio Small vs Boa Vista Small 1,8  1.16 0.14 0.302  1.17 0.14 0.247 

Sal Medium vs Maio Large 1,17  1.57 0.09 0.135  1.12 0.07 0.306 

Sal Medium vs Boa Vista Small 1,12  1.08 0.09 0.303  1.07 0.09 0.358 

Maio Large vs Boa Vista Small 1,10   1.76 0.16 0.159   1.10 0.11 0.391 
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Supplementary Table 5.9: Results from SIMPER for non-rarefied wet swabs that significantly differ in abundance with an interaction between turtle nesting island and its size. Table shows 

ASVs, their mean abundance amongst pairs and their taxonomic information. L – large sized turtles, M- Medium sized turtles and S- Small sized turtles. 

Comparison 
(X - Y) 

ASV p.value 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

Boa Vista           

L-S 5699b09d3c91c083e8ce6bcafc742e25 0.050 0.004 ± 0.009 0.019 ± 0.026 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium - 

M-L 08b7ae36ca8ff80a868794ff4aa3af1c 0.027 0.002 ± 0.005 0.013 ± 0.027 Actinobacteria Actinobacteria - - - - 

M-S 9be79137deae3d1b144b96c452427950 0.037 0.006 ± 0.007 0.015 ± 0.011 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio - 

Sal           

L-M 0429a8a999c3238e12bbfaa1714d385e 0.012 0.059 ± 0.049 0.009 ± 0.016 Proteobacteria Gammaproteobacteria Vibrionales - - - 

S-M 0429a8a999c3238e12bbfaa1714d385e 0.007 0.063 ± 0.095 0.009 ± 0.016 Proteobacteria Gammaproteobacteria Vibrionales - - - 

S-M 21e65a24850031f756e25f0278d4d1af 0.028 0.023 ± 0.042 0.002 ± 0.005 Bacteroidetes Bacteroidia Bacteroidales - - - 

Maio           

M-L 95064b90639c6c20f85c141b5e8d6a15 0.016 0.000 ± 0.000 0.038 ± 0.059 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae - - 

M-L ff0b033d6bfeaf9f7afadb421c67cfbc 0.038 0.000 ± 0.000 0.024 ± 0.041 Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Parabacteroides - 

S-L 9be79137deae3d1b144b96c452427950 0.027 0.003 ± 0.008 0.019 ± 0.020 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio - 

S-L f0b70acd270f53b521eef73b3128a67f 0.024 0.000 ± 0.000 0.056 ± 0.117 Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae AF12 - 

Santo Antão           

L-M 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.033 0.075 ± 0.084 0.003 ± 0.006 Lentisphaerae [Lentisphaeria] Lentisphaerales - - - 

L-M 95064b90639c6c20f85c141b5e8d6a15 0.038 0.020 ± 0.035 0.002 ± 0.004 Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae - - 

L-M 9be79137deae3d1b144b96c452427950 0.012 0.020 ± 0.016 0.002 ± 0.005 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio - 

L-M ce7504bf8df2af8e3139aacad6b79dae 0.044 0.021 ± 0.021 0.005 ± 0.010 Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Paludibacter - 

L-M f0b70acd270f53b521eef73b3128a67f 0.029 0.015 ± 0.031 0.000 ± 0.000 Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae AF12 - 

M-S 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.013 0.003 ± 0.006 0.164 ± 0.113 Lentisphaerae [Lentisphaeria] Lentisphaerales - - - 

M-S 1aeef1011c39dc1e7b526ebeab794a68 0.021 0.002 ± 0.004 0.042 ± 0.020 Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae - - 

M-S 81554b0fce7cb99c919725c40ec6792a 0.046 0.001 ± 0.002 0.018 ± 0.020 Bacteroidetes Bacteroidia Bacteroidales [Paraprevotellaceae] - - 

M-S 9be79137deae3d1b144b96c452427950 0.011 0.002 ± 0.005 0.032 ± 0.017 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio - 

M-S ce7504bf8df2af8e3139aacad6b79dae 0.041 0.005 ± 0.010 0.028 ± 0.029 Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Paludibacter - 
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Supplementary Table 5.10: Results from SIMPER for non-rarefied wet swabs that significantly differ in abundance between infected with O. margoi and non-infected turtles. Table shows 

ASVs, their mean abundance in infected vs non-infected individuals and their taxonomic information. Infects - O. margoi present, N-infected - O. margoi not present. 

Comparison (X - Y) ASV p.value 

Mean 

Abundance X 

± SD 

Mean 

Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

Infected_N-infected 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.010 0.058 ± 0.098 0.020 ± 0.057 Lentisphaerae [Lentisphaeria] Lentisphaerales - - - 

Infected_N-infected 62312a4c1b699acbc6a6862c1a8bea83 0.006 0.030 ± 0.071 0.019 ± 0.058 Fusobacteria Fusobacteriia Fusobacteriales Leptotrichiaceae NA NA 

Infected_N-infected 76fd33f14910b1cd69086786956646b3 0.000 0.044 ± 0.107 0.008 ± 0.039 Proteobacteria Gammaproteobacteria Cardiobacteriales NA NA NA 

Infected_N-infected ce7504bf8df2af8e3139aacad6b79dae 0.016 0.020 ± 0.038 0.018 ± 0.042 Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Paludibacter NA 

Infected_N-infected 21e65a24850031f756e25f0278d4d1af 0.035 0.012 ± 0.025 0.009 ± 0.024 Bacteroidetes Bacteroidia Bacteroidales NA NA NA 

 

Supplementary Table 5.11: Results from SIMPER for rarefied wet swabs that significantly differ in abundance between turtles nesting on different islands. Table shows ASVs, their mean 

abundance in infected vs non-infected individuals and their taxonomic information. MA – Maio, SA – Santo Antão, SL – Sal and BV – Boa Vista. 

Comparison  

(X - Y) 
ASV p.value 

Mean 
Abundance X 

± SD 

Mean 
Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

BV_MA 76fd33f14910b1cd69086786956646b3 0.03519 0.046 ± 0.112 0.006 ± 0.020 Proteobacteria Gammaproteobacteria Cardiobacteriales NA NA NA 

BV_SA 0015124e5777b57174a1af7411703bbb 0.009613 0.021 ± 0.039 0.002 ± 0.006 Proteobacteria Gammaproteobacteria Pasteurellales Pasteurellaceae NA NA 

BV_SA 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.021726 0.004 ± 0.005 0.104 ± 0.111 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

BV_SA 67b0cf6af26b9fd959d860a52a65bc58 0.035141 0.002 ± 0.003 0.071 ± 0.117 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium damselae 

BV_SA 81554b0fce7cb99c919725c40ec6792a 0.001356 0.001 ± 0.002 0.025 ± 0.031 Bacteroidetes Bacteroidia Bacteroidales [Paraprevotellaceae] NA NA 

SL_BV 413037c7bfae2c3535793bc67f4d9ae5 0.021065 0.010 ± 0.028 0.025 ± 0.027 Proteobacteria Epsilonproteobacteria Campylobacterales Campylobacteraceae Campylobacter NA 

SL_BV 67b0cf6af26b9fd959d860a52a65bc58 0.010218 0.029 ± 0.040 0.002 ± 0.003 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium damselae 

SL_MA 67b0cf6af26b9fd959d860a52a65bc58 0.021516 0.029 ± 0.040 0.003 ± 0.007 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Photobacterium damselae 

SL_SA 0429a8a999c3238e12bbfaa1714d385e 0.040526 0.053 ± 0.086 0.065 ± 0.054 Proteobacteria Gammaproteobacteria Vibrionales NA NA NA 

SL_SA 1aeef1011c39dc1e7b526ebeab794a68 0.025382 0.007 ± 0.019 0.018 ± 0.022 Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae NA NA 
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SL_SA 9be79137deae3d1b144b96c452427950 0.031645 0.009 ± 0.014 0.019 ± 0.016 Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae Vibrio NA 

SL_SA b501af89d0069bb6642c88a656b4d962 0.02781 0.022 ± 0.045 0.001 ± 0.004 Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae NA NA 

 

 

Supplementary Table 5.12: Results from SIMPER for rarefied wet swabs that significantly differ in abundance between infected with O. margoi and non-infected turtles. Table shows ASVs, 

their mean abundance in infected vs non-infected individuals and their taxonomic information. Infects - O. margoi present, N-infected - O. margoi not present. 

Comparison (X - Y) ASV p.value 
Mean 

Abundance X 

± SD 

Mean 
Abundance Y 

± SD 

Phylum Class Order Family Genus Species 

Infected - N-infected 17fbebb3d9f3bbd3508cd5348ae7ea7c 0.006 0.077 ± 0.116 0.010 ± 0.032 Lentisphaerae [Lentisphaeria] Lentisphaerales NA NA NA 

Infected - N-infected 5699b09d3c91c083e8ce6bcafc742e25 0.028 0.016 ± 0.022 0.011 ± 0.028 Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium NA 

Infected - N-infected 62312a4c1b699acbc6a6862c1a8bea83 0.023 0.041 ± 0.088 0.030 ± 0.079 Fusobacteria Fusobacteriia Fusobacteriales Leptotrichiaceae NA NA 

Infected - N-infected 76fd33f14910b1cd69086786956646b3 0.002 0.031 ± 0.077 0.000 ± 0.001 Proteobacteria Gammaproteobacteria Cardiobacteriales NA NA NA 

Infected - N-infected b4bb370a59f2637d406ccc0f5a1b2a1e 0.049 0.021 ± 0.111 0.000 ± 0.000 Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Morganella morganii 

Infected - N-infected ce7504bf8df2af8e3139aacad6b79dae 0.039 0.024 ± 0.048 0.010 ± 0.024 Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Paludibacter NA 

 


