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A BRIEF ABSTRACT IN ENGLISH 
 
Environments are not homogeneous or stable, even on small spatial and temporal scales. Rather, 

abiotic and biotic components of the environment can change and impact one another in major 

ways and lead to long-term shifts in the stable states of ecosystems. In this thesis I examine how 

environmental changes impact non-human primate populations. To this end I use historic long-

term data and my own field-based studies in Uganda and the Côte d’Ivoire to provide insights 

into the cascading impacts environmental changes have on non-human primate behaviour, 

ecology and ultimately microorganism transmission. I find that changing climates and food 

availability have changed grouping behaviour in some species, and that these changes have 

cascading impacts on other behaviours including activity budgets, diets, and competitive 

regimes. I examine gut microbiomes of nine sympatric wild non-human primate species in a 

community where a strong hunter-prey relationship exists between chimpanzees and colobines. 

Despite sharing an environment, regular interactions, and this hunter-prey relationship, I find that 

individuals harbour unique and persistent microbiomes that are influenced by the host’s species, 

social group, and their mother, but not grooming, aggression or spatial proximity. I also find a 

branching order of host-species phylogenies built using the composition of their microbial 

communities as characters, which suggests incongruence with known non-human primate 

phylogenetic relationships, with chimpanzees sister to their colobine prey, possibly due to 

broader bacterial exposure through hunting. Results suggest that changing environments, 

influencing changing sociality and in turn predation rates, might have major impacts on wild 

non-human primate microbiomes. To understand how these changes might impact humans living 

in proximity to these wildlife populations through the disease emergence process, I present a new 

method to generate full genomes from wildlife samples containing Treponema pallidum, a 

pathogen responsible for syphilis and yaws disease in humans. I find that this pathogen is widely 

distributed across primate species in Africa and that this pathogen is closely related to human 

yaws disease, likely representing a major reservoir. Ultimately, this suggests that environmental 

changes and corresponding changes in non-human primate behaviour and sociality might be 

changing disease risk for humans living in proximity to these wildlife populations.   



	 xv 

A BRIEF ABSTRACT IN FRENCH 
 
Les environnements ne sont guère homogènes ou stables, même à petites échelles spatiales ou 

temporelles. Au contraire, les éléments abiotiques et biotiques de l'environnement peuvent 

changer et avoir un impact réciproque majeur provoquant des changements à long terme sur 

l’état initialement stable des écosystèmes. Dans cette thèse, j'examine comment les changements 

environnementaux influencent des populations de primates (en excluant les humains). À cette 

fin, j'utilise des données historiques de longue date, ainsi que mes propres études de terrain 

menées en Ouganda et en Côte d'Ivoire pour fournir un aperçu des impacts des changements 

environnementaux sur le comportement des primates, l'écologie et finalement la transmission des 

microorganismes. Nous avons constaté que le changement du climat et la disponibilité des 

ressources ont modifié le comportement de regroupement chez certaines espèces, et que ces 

changements ont eu des effets en cascade sur d'autres comportements tels que les le temps alloué 

aux activités, la diète et les intéractions compétitives. Nous avons étudié les microbiomes 

intestinaux de neuf espèces de primates sauvages sympatriques vivant dans une communauté où 

existe une forte relation de chasseurs-proies entre chimpanzés et colobes. Malgré le partage d'un 

environnement commun où les interactions sont régulières à cause de cette relation de chasseurs-

proies, nous avons constaté que les individus possèdent des microbiomes uniques et tenaces 

influencés par, entre autres, l’espèce de l’hôte, le groupe social, et non le toilettage, l fréquence 

'agression ou la proximité spatiale. On trouve également un ordre dans l’enbranchement des 

phylogénies des espèces auxquelles appartiennent les hôtes construit en utilisant la composition 

de leurs communautés microbiennes en tant que caractère. Ceci suggère une incongruence avec 

les relations phylogénétiques déjà connues entre les primates, avec des chimpanzés proches des 

colobes qui sont leur proie, probablement due à une exposition bactérienne plus large lors de leur 

chasse. Les résultats suggèrent que les changements de l’environnement influencent un 

changement de socialité, qui à son tour influence le taux de prédation, et donc, pourraient avoir 

des impacts majeurs sur les microbiomes des primates vivant dans la forêt. Pour comprendre 

comment ces changements pourraient avoir un impact sur les humains vivant à proximité de ces 

populations de primates à travers le processus de maladie émergente, je présente une nouvelle 

méthode pour générer des génomes complets à partir de ces échantillons de primates contenant 

Treponema pallidum, un agent pathogène responsable de la syphilis et de la maladie du pian chez 

les humains. Nous constatons que cet agent pathogène est largement répendu chez les espèces de 
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primates en Afrique et qu’il est phylogénétiquement proche de la maladie du pian humain, 

représentant probablement un important réservoir. Enfin, cela suggère que les répercutions des 

changements environnementauxsur le comportement et la socialité des primates pourraient 

modifier le risque de transmission de cette maladie vis-à-vis des humains vivant à proximité de 

ces populations de primates.	
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PREFACE  

Thesis style 

This thesis is written in a manuscript-based format. It consists of five data driven investigative 

chapters (2, 3, 4, 5, 6), each represented by a manuscript. To help bridge the link between 

chapters 4 and 5, I have included a review article that was published in Virology as an appendix. 

The style of each chapter follows the scientific journal Ecology Letters. All data chapters use 

data collected from my own fieldwork and long-term studies in Kibale National Park, Uganda 

and Taï National Park, Côte d’Ivoire. Chapter 6 is augmented with additional samples collected 

by colleagues in Bijilo Forest Park, Gambia, Niokolo-Koba National Park, Senegal and Lake 

Manyara National Park, Tanzania.  
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International Journal of Primatology, 35, 590-608. 

Chapter 4: Gogarten, J.F., Davies, J., Gogarten, J.P., Graf, J., Mielke, A., Mundry, R., Nelson, 
M.C., Wittig, R., Leendertz, F.H. & Calvignac-Spencer, S. (In prep.). Hunting captures more 
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evidence for dynamism in the group sizes of non-human primates (hereafter NHPs) in Kibale 
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Chapter 5: In this chapter I reviewed our current knowledge on Treponema pallidum evolution 

and natural history and find that research efforts have been hampered by the difficulty of 
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and writing the manuscript. This work has been published in Clinical Microbiology and Infection 

(Gogarten et al. 2016). I present data generated with such an approach suggesting that 
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Chapter 6: This project was part of a major interdisciplinary and multi-institute effort for which 
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wildlife using a novel in-solution hybridization capture approach developed in Chapter 6, which 

enabled full genome characterization of this pathogen in a multitude of NHP species. I have been 

involved in collecting samples, designing methods, conducting laboratory and bioinformatics 

analyses, and writing this manuscript. As part of my dissertation work in Taï National Park, I 

noticed sooty mangabeys with lesions and symptoms reminiscent of Treponema pallidum 

infections in humans and I worked with the veterinarians Helene De Nys, Fabian Leendertz, and 

Arianne Düx to collect samples and symptom data. I worked together with Helene De Nys to 

conduct PCR testing of tissue and fecal samples to confirm the infectious agent. Unfortunately, 

the regions amplified by these PCRs did not allow us to confirm the subspecies of Treponema 

pallidum or understand how it was related to other confirmed cases in humans or wildlife. This 

prompted me to develop a novel in-solution hybridization capture approach with Sebastien 

Calvignac-Spencer that allowed us to generate high-coverage genomes of the pathogen. During 

this phase, long-term primate researchers working in Senegal and the Gambia described similar 

symptoms and provided the Leendertz laboratory with samples for testing; I again conducted the 

laboratory analyses to confirm the bacterial infection and used our new approach to generate 

whole genomes from Treponema pallidum strains infecting these animals. Sascha Knauf has 

been spearheading an effort to examine the Treponema pallidum infections of baboons and had 

developed a collaboration with David Šmajs to sequence its genome with long-range PCRs. They 

reached out to the Krause and Schuenemann laboratories to replicate their attempts to generate 

full genomes from these bacteria using a microarray approach, with great success. To unify our 

approaches, we confirmed our results using the Krause and Schuenemann’ labs microarray 

approach and decided to combine the data from all of these approaches and different study 

species into one high impact manuscript, incorporating data from the Krause and Schuenemann 

lab on the mutation rate of these bacteria generated from human samples. The multitude of 

equally contributing first authors is a testament to the scale and interdisciplinarity of this 

research, but I have been heavily involved in this project from the beginning, collecting samples 

in the field, analyzing them at the bench, working in silica to clean and analyze the next 

generation sequence data, and ultimately interpreting our results and writing up our findings.  

Appendix Chapter: In this chapter I conducted a literature review of the available data on 

retrovirus ecology and evolution of the primates of Taï National Park in collaboration with 

Chantal Akoua-Koffi, Sebastien Calvignac-Spencer, Siv Aina Leendertz, Sabrina Weiss, 
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Emmanuel Couacy-Hymann, Inza Koné, Martine Peeters, Christophe Boesch, Beatrice Hahn, 

and Fabian Leendertz. I was largely responsible for writing up these ideas and bringing together 

the comments from the many contributors to this manuscript. This work has been published in 

Virology (Gogarten et al. 2014a) with Chantal Akoua-Koffi, Sebastien Calvignac-Spencer, Siv 

Aina Leendertz, and Sabrina Weiss recognized as equally contributing authors in recognition of 

their interdisciplinary expertise, which was needed to interpret results on this scale and their 

generous support with ideas, comments, and literature for me to review. This review and 

integration of long-term data provided important insights into the prevalence, within- and cross-

species transmission of primate retroviruses (including to local human populations), and the 

importance of virus-host interactions in determining cross-species transmission risk. This 

manuscript highlights how the ecology and evolution of retroviruses may change in a shifting 

environment and identifies key avenues for future research.  

Statement of originality: This thesis drew on historic and original datasets to show, for the first 

time in non-human primates, that group sizes can shift at a large spatial and temporal scale, even 

while population numbers as a whole remain stable. This has the important implication that for 

some species we cannot use historic group sizes to estimate population sizes from group density 

estimates, and also suggests that group sizes may be an important aspect of a species’ biology 

that can respond to changing environments such as the recovering forest in Kibale National Park. 

I show that changing group sizes also impact the activity budgets and diets of animals, and 

importantly that these behavioural changes seem to allow individuals to adapt to the shifting 

demands imposed by living in different group sizes, as fitness remained stable. For the first time, 

I present evidence that hunting might be transferring gut bacterial between primate species, and 

also that species and social groups maintain distinct microbiomes, even when they share a 

common environment and regularly interact. The sharing of gut microorganisms between group 

members represents an important aspect of the biology of organisms that was likely influenced 

by group size increases in Kibale National Park. Lastly, I show that hybridization capture 

methods are able to generate genomic information on Treponema pallidum from a diversity of 

sample types, including bones, which may be extremely useful to answer questions about the 

origins of these pathogens in ancient human populations. I apply this approach to samples 

collected from non-human primates across the range of yaws endemicity in humans and show 

that a number of species across Africa have Treponema pallidum infections that are closely 
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related to human yaws, and that this pathogen likely repeatedly jumped between primate hosts. 

My findings suggest that non-human primates represent a high-diversity reservoir for this 

pathogen, and that this reservoir will likely impact global eradication efforts. 
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1. 1 OVERVIEW 

In this thesis I examined how environmental changes impact non-human primate (NHP) 

populations, the transmission of microorganisms within and among them, and ultimately their 

conservation status. To this end I used both historic long-term data and my own field-based 

studies in Uganda and the Côte d’Ivoire to provide insights into the cascading impacts 

environmental changes have on microorganism transmission within these diverse NHP 

communities and ultimately on the humans living in proximity to these wildlife populations 

through disease emergence processes. I examined the impact of environmental change on NHP 

behaviour, health, and fitness and the mechanisms by which these may influence and interact 

with NHP pathogens and symbionts.  

 

1.1.1 Environmental change 

Increasing evidence suggests that environments are not homogeneous or stable, even on 

relatively small spatial or temporal scales (Turner et al. 1993; Turkington 2009; Chapman et al. 

2010a; Mori 2011). These changes go beyond seasonality and are taking place in both the abiotic 

and biotic environment. The abiotic and biotic components of an environment impact one 

another in major ways and can lead to long-term shifts in the stable states of ecosystems 

(Scheffer et al. 2001). The stability of ecosystems to changes has been a major area of interest 

for ecologists, though our predictive capacity remains extremely limited (Holling 1973; Ives & 

Carpenter 2007). Unfortunately, environmental change is only expected to increase in the 

coming decades as a result of accelerating rates of anthropogenic disturbance and global climate 

change (Opdam & Wascher 2004). Darwinian evolution by natural selection may be too slow to 

allow animals, particularly for those with a slow life histories and small population sizes, to cope 

and adapt to these rapidly changing environments. Other adaptive processes that may allow some 

species’ to cope with rapidly changing environments are therefore of increasing interest 

(Stockwell et al. 2003).  

1.1.1.1 Abiotic factors  

Abiotic change has been well documented over the last few decades. As result of increasing 

greenhouse gases in the atmosphere, due in large part to human use of fossil fuels, global 
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temperatures have already risen dramatically since the industrial revolution. Projections for 

future change vary depending on the scale of the human response, though even the most 

dramatic interventions representing a ‘best case’ scenario, suggest we will only be able to limit 

the rise in global temperatures to 2°C. Climate warming is predicted to have major impacts on 

many life forms by changing chemical and enzymatic processes, with recent changes having 

been linked to shifting species’ ranges and phenologies (Parmesan 2006). Anthropogenic 

disturbance is not limited to the emissions of greenhouse gases and particulates; habitat 

transformation has had equal or even larger impacts historically. Deforestation has major impacts 

not only on the biotic components of an ecosystem through habitat lost, but also changes many 

abiotic factors in the adjacent remaining forest. For example, wind, air moisture, soil moisture, 

and sunlight all are different between forest edges and the interior (Murcia 1995). Deforestation 

and changing land cover can lead to erosion and soil loss that is difficult to recover.  

1.1.1.2 Biotic factors  

Interactions between species additionally shape their abundance and distribution. Organisms play 

major roles in modifying and creating habitats, with some species serving as ecosystem 

engineers (Jones et al. 1994, 1997; Wright & Jones 2006). Increasing rates of anthropogenic 

biodiversity loss are thought to be the result of myriad factors including the abiotic changes 

listed above, but also including bushmeat hunting, overharvesting, and other forms of biotic 

resource extraction such as logging (Campbell et al. 2011; N’Goran et al. 2012). Shifts in the 

abiotic environment will likely drive change important ecosystem processes including the 

phenology of these systems (Sparks & Carey 1995; Parmesan 2006). Beyond phenological 

changes in fruit and leaf availability through time, there may also be changes in nutrient and 

energy availability across landscapes (Gogarten et al. 2012b; Rothman et al. 2015). Pathogen 

and symbiont dynamics represent one such important ecosystem process that is likely to change 

in response to changing community composition and abiotic environment (Lafferty 2009).  

1.1.1.3 Pathogens and symbionts 

Theory suggests that parasites may play major roles in stabilizing ecosystems (Marcogliese 

2005), but many parasites are also threatened with extinction. Removal of some parasites may 

result in unexpected consequences for fitness of hosts at a population level: for example 

removing helminths from individual wild African buffaloes improved the health and well-being 
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of the treated individuals, but increased the spread of tuberculosis among the population as a 

whole, ultimately decreasing herd fitness. Those worm-free buffalo appeared to live longer but 

stayed infected with tuberculosis and spread the infection more in the herd (Ezenwa & Jolles 

2015). Decreasing population sizes and fragmentation of landscapes may also reduce the genetic 

resistance available in populations to respond to disease perturbations. Similarly pathogen ranges 

and animal densities and behaviour are known to vary as a result of food availability (Chapman 

et al. 2010b; Chapman et al. 2015a; Chapman et al. 2015b), hunting pressure (Rosenbaum et al. 

1998; Wright 2003), and disease (Milton 1996) and many animal populations have been 

declining globally. There are conflicting predictions about whether parasites and symbionts will 

become less or more virulent with decreasing host animal densities (Bolzoni & De Leo 2013; 

Chapman et al. 2015a; Chapman et al. 2015b) or whether these microorganisms will simply go 

extinct, as suggested by comparative studies showing that threatened species have less parasites 

(Altizer et al. 2007). Interestingly, in some locations, animal populations are being compressed 

into smaller areas due to emigration from disturbed areas into remaining suitable habitat 

(Cowlishaw 1999); factors increasing host proximity and contact rate are generally thought to 

increase parasite transmission among hosts and may relax counter-selection on parasite virulence 

(Anderson 1978; Altizer et al. 2003; Bonnell et al. 2010). To date, little research is available to 

inform our understanding of how microorganism transmission is changing in the face of 

changing host distributions and contact rates with humans and wildlife. Biotic responses to 

changing ecosystems can be complex and interactions between life forms can both stabilize or 

destabilize a system (Holling 1973).  

 

1.1.2 Compensatory behavioural change 

In light of the major environmental changes facing organisms, behavioural change represents one 

avenue for animals to rapidly adapt to changing environments (Sih et al. 2011). Behavioural 

plasticity may be particularly important for long-lived organisms, which must cope with a variety 

of environments and different selection pressures in their lifetime (Miner et al. 2005; Krützen et 

al. 2011; van Woerden et al. 2011). There are many difference types of behaviours that animals 

can modify, but social behaviours represent an important facet that influences many other aspects 

of an animals’ ecology and evolution (Elgar 1989; Altizer et al. 2003; Ezenwa 2004; Borries et 
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al. 2008; Kuehl et al. 2008). Primates represent a particularly social order; compared to non-

Primate mammals; ~33% of non-Primate mammal genera form year round associations, while 

75% of Primate genera live in year round associations (van Schaik & Kappeler 1997). Inter- and 

intra-specific variation in social group size and their degree of sociality is a major feature of 

NHP societies that impacts many aspects of their ecology and evolution (Altizer et al. 2003; 

Nunn et al. 2009; Griffin & Nunn 2012; Rifkin et al. 2012). Grouping confers many costs and 

benefits (Alexander 1974; van Schaik 1983; Wrangham et al. 1993; Janson & Goldsmith 1995). 

Theory suggests that there may be some optimum group size for any given environment, at 

which groups are expected to stay at (or slightly above: Sibley 1983). Changing their group sizes 

thus might be one rapid way that animals cope with changing biotic and abiotic environments. 

As a result of such changes, many aspects of animals’ social organization could be changing on a 

faster time scale than previously appreciated. Such changes are expected to have cascading 

impacts on health and ultimately survival of individuals living in different social contexts. The 

link between sociality and health has received considerable research interest (reviewed in: 

Kappeler et al. 2015; Nunn et al. 2015), though much less is known about how such systems will 

respond to the environmental changes discussed above (Chapman et al. 2015b).   

 

1.1.3 Microbiomes and the holobiont 

Changes in the composition of the holobiont (i.e., the host with all of its symbiotic associated 

organism, along the entire mutualism–parasitism continuum) might be another way that animals 

are able to adapt to rapidly changing environments (Dheilly 2014). The microbiome has been 

estimated to make up 90% of cells in an organism and to represent 99% of the genes present in 

an organism (though much debate remains surrounding the consistency and validity of these 

numbers: Sender et al. 2016). This microbiome impacts a broad array of processes including a 

host’s ability to access nutrients (Tremaroli & Bäckhed 2012), development and tissue 

maturation (Collins et al. 2012), and health by processes such as pathogen exclusion and immune 

system priming (Hooper et al. 2012). This microbial diversity seems to be versatile, which may 

allow organisms to adapt more rapidly to changing conditions and function optimally in a 

particular habitat (Zilber-Rosenberg & Rosenberg 2008; Amato et al. 2014). For example, the 

gut microbiome of mice kept at low temperatures diverged from those kept at high temperatures, 
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and when the gut microbiome of cold-exposed mice were transplanted to germ-free mice, the 

recipients produced more beige fat cells burning higher amounts of energy and generating more 

heat than white fat cells (Chevalier et al. 2015). Yet we know surprisingly little about what 

influences microorganism community assembly and how differences in community structure 

may impact a host’s fitness. The rather intriguing hologenome theory of evolution considers the 

holobiont as the unit of selection in evolution (Zilber-Rosenberg & Rosenberg 2008); while 

considerations of the individual as a holobiont are not new, technological advances now allow us 

to consider these ideas empirically. Interestingly, first insights into the broader holobiont of 

NHPs suggest non-vertical transmission of components of the holobiont and hologenomes (i.e., 

the sum genetic information of the NHP host and all of its microbiota) does occur (Tung et al. 

2015; Moeller et al. 2016b). Changing sociality and group sizes could therefore have major 

impacts on the distribution and composition of both mutualistic and pathogenic microorganism 

within and between social groups.  

The comparative work spearheaded by Nunn and Altizer et al. examining the influence of 

behaviour, physiology, and ecology on NHP parasite communities has made exciting forays into 

understanding factors influencing holobiont assembly in NHPs (Altizer et al. 2003; Nunn & 

Heymann 2005; Altizer et al. 2007; Gillespie et al. 2008; Griffin & Nunn 2012; Rifkin et al. 

2012). These studies though, are limited in that the databases used in these analyses have focused 

largely on a narrow aspect of the holobiont (i.e., largely non-pathogenic helminths) and data 

collection has been opportunistic, with the parasite identification methods used to date possibly 

missing large amounts of cryptic diversity (Ghai et al. 2014). While representing the best 

information currently available, much of the data used in these studies comes from different 

ecosystems and represent population level aggregations, leaving many of the mechanisms for 

observed patterns and how they play out in an ecosystem, poorly resolved. Helminth infections 

are known to ameliorate inflammatory diseases and intriguing studies on model organisms 

suggest that this effect is mediated by changes in the gut microbiome community; transferring 

the gut microbiota of helminth infected mice to animals without helminth infections through co-

habitation, while ensuring no helminth transfer was possible as adult worms could not replicate 

within their hosts nor infect new hosts, was sufficient to provide protection against inflammatory 

diseases (Zaiss et al. 2015). 
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Recent research suggests that viral communities in a NHP species are non-randomly assembled 

across a landscape (Anthony et al. 2015); this analysis was unable to determine the factors 

driving this pattern, but suggests well-designed studies may be able to identify the factors 

shaping variance in microorganism communities between hosts across a landscape (Ostfeld et al. 

2005). Few community microbiome studies using standardized methods are available from NHPs 

to date, though these few have provided exciting first insights into how this vastly understudied 

diversity is assembling. For example, aspects of the microbiome may be readily transmitted 

between individuals and that social interactions, environments, and relatedness may influence 

these communities (Tung et al. 2015). Phylogenetic relatedness plays a major role in predicting 

the similarity between species (Moeller et al. 2014), though not many examinations of multiple 

species within a single ecosystem are available to partition out the effect of environment from 

phylogeny (Moeller et al. 2013a; McCord et al. 2014; Fogel 2015). Captivity seems to have a 

major effect on the microbiome, as does habitat type and seasonality (Amato et al. 2015). Habitat 

disturbance seems to mirror many of these effects (Amato et al. 2013; Barelli et al. 2015), 

though this has not been observed in all ecosystems (McCord et al. 2014), possibly reflecting the 

resilience of more diverse NHP communities to perturbation. Disease also seems to impact the 

gut bacterial community for some species and pathogens (Moeller et al. 2013b), but not for 

others (Moeller et al. 2015). Critically, the finding of antibiotic resistance genes in wild NHP 

micobiomes, likely resulting from antibiotic use in human communities living in proximity to 

these NHP populations, suggests perturbations may be subtle and widespread (Rwego et al. 

2008). To date, the scale and importance of intra- and inter-species microorganism transmission 

for human and NHP health remains largely unknown.  

 

1.1.6 The importance of non-human primates for conservation and human health  

The majority of human infectious diseases have their origins in wildlife populations (Jones et al. 

2008); for example the current West Africa Ebola virus disease outbreak is thought to have 

resulted from a spillover from a bat reservoir (Marí Saéz et al. 2015) and the human 

immunodeficiency viruses HIV-1 and 2 seem to have simian origins (Hahn et al. 2000). 

Understanding wildlife disease ecology and evolution represents a major hurdle for predicting 

and mitigating human disease risk and ensuring global biosecurity. The close evolutionary 
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relationship and similar physiology of NHPs and humans make NHPs a likely source for 

zoonotic transmission of pathogens (Calvignac-Spencer et al. 2012b). Research suggests that 

rates of zoonotic disease transmission may be increasing (Jones et al. 2008), but understanding 

the complicated process of disease emergence, particularly in light of a changing environments, 

is still in its infancy. Understanding what microrganisms represent pathogens in NHP 

populations is a vital first step for understanding and mitigating risk.  

Studies over the past decade have demonstrated that infectious diseases have joined bushmeat 

hunting and habitat loss as major drivers of population declines in wildlife populations, and are 

of particular concern for a number of NHP species (Daszak et al. 2000; Leendertz et al. 2006; 

Ryan & Walsh 2011). These findings suggest that disease is a strong force of selection driving 

evolutionary and ecological processes and is a major conservation concern (Freeland 1976; 

Williams et al. 2008). The finding of antibiotic resistance genes (Rwego et al. 2008), 

gastrointestinal parasites from humans and livestock (Salyer et al. 2012), and human respiratory 

viruses (Köndgen et al. 2008) in wild NHP populations, suggests anthropogenic disturbance is 

increasing disease risk and human disease spillover into wildlife populations. Further, an 

understanding of the evolution and between species transmission of these pathogens between 

NHPs and humans living at the human-wildlife interface will pave the way for developing 

mitigation efforts to improve the health of both humans and wildlife and providing baseline 

levels that could be useful for detecting change. 

 

1.2 THESIS OUTLINE 

The overarching objective of this thesis is to examine how environmental changes might be 

impacting wild NHP populations. The studies presented represent a combination of historical 

long-term data and my own field-based studies, while the interdisciplinary nature of the 

questions addressed has forced me to integrate ecological methods and theory with novel 

molecular approaches and spatially and temporally broad datasets. I had the opportunity to 

conduct field studies at two of the longest running field sites targeting diverse NHP communities 

in tropical rainforests. I used long-term data to examine the stability of NHP food availability, 

their forest’s composition and structure, their diseases, and their predators in Kibale National 
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Park, Uganda; Kibale represents some of the highest primate biomass and diversity in the world 

and has been the focus of long-term study for nearly a century, greatly facilitating such 

longitudinal insights. I sought to understand how NHPs are changing their group sizes in 

response to changes in important ecological factors (Chapter 2) and how these changes in social 

group size in turn impact competition, activity budgets, and ultimately fitness of these animals 

(Chapter 3). I looked to understand how these changes in social group size and behaviour might 

be impacting the holobiont, specifically the bacterial gut microbiomes of NHP populations; to 

accomplish this, I conducted field work in Taï National Park, Côte d’Ivoire, and examined how 

social networks and between species interactions, particularly the hunting colobus monkeys by 

chimpanzees, impact the bacterial gut microbiome of the NHP community (Chapter 4). I then 

looked to see how the changes observed in Kibale National Park might be impacting 

microorganisms spilling over to the neighbouring human population in this region; I used field 

studies on the retroviruses of NHP populations in Taï National Park and conducted a literature 

review to access how environmental changes may impact retroviruses circulating in this NHP 

community (Appendix Chapter). Lastly, to solidify the importance of understanding the 

ecology and evolution of NHP holobionts for both NHPs and human health and conservation, I 

identified a bacterial species associated with an extremely severe etiology, and made the 

important discovery that a widely distributed human pathogen infecting hundreds of thousands of 

people globally despite persistent large scale eradication efforts, Treponema palladium pertenue, 

is likely the product of recent zoonotic transmission. To this end, I developed a novel method for 

the sequencing of full genomes from metagenomic samples and demonstrate its utility on NHPs 

from Taï National Park (Chapter 6). Furthermore, using these novel methods, I document that 

this microorganism has recently radiated across the Primate order, causing severe symptoms in 

many NHP species; continuous spillover is a major risk and could be responsible for the failure 

of global eradication efforts to date (Chapter 7).  

 

1.2.1 Chapter 2 

In my second chapter, I examined the causes and consequences of changing group sizes in a 

NHP community, with an emphasis on changing food availability, disease, and forest structure 

(Gogarten et al. 2015). Group size can impact many aspects of the ecology and social 
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organization of animals, and is thus an important ecological feature of NHP societies. I used 

historical long-term data to investigate group size stability for five NHP species in Kibale 

National Park, Uganda from 1996-2011. Surprisingly, I found that while group sizes did not 

change for most species, red colobus monkeys’ (Procolobus rufomitratus) group sizes increased 

at all spatial scales for which I was able to collect data, though small sample sizes for some 

species examined suggest that the power to detect changes for these species was small. To 

augment this broad-scale survey data, I analyzed several years of demographic data from three 

habituated groups of redtail monkeys (Cercopithecus ascanius), eight groups of black-and-white 

colobus (Colobus guereza), and one red colobus group. In this dataset, the red colobus group size 

increased from 59 to 104 individuals, while redtail monkey and black-and-white colobus group 

sizes were stable, mirroring the broader survey results. To understand mechanisms behind the 

observed group size changes in red colobus versus the stability observed in other NHP species, I 

examined forest dynamics at two spatial scales between 1990 and 2013, considered changes in 

predator population sizes, and explored evidence of disease dynamics. Using these diverse 

sources of data, I found that the cumulative size of all trees and red colobus food trees increased 

over 24 years, suggesting that changing food availability might be one of the factors related to 

the group size changes observed for red colobus, while data on predation and disease suggest 

these factors played less of a role. Overall, the NHP and forest results from this chapter suggest 

that Kibale is in a non-equilibrium state and underwent major changes over the last two decades. 

I discuss ways that future conservation and management can take these important insights into 

consideration. 

 

1.2.2 Chapter 3 

In my third chapter, I examined how changes in group size influence NHP behaviour and 

ecology, with an emphasis on competition, activity budgets, and ultimately fitness (Gogarten et 

al. 2014b). Much of what is known about the effects of group size on the behavioural ecology of 

animals has come from comparisons across multiple groups of different sizes. These findings 

may be biased, because behavioural differences across groups may be more indicative of how 

environmental variation influences animal behaviour, rather than the variance in group size itself. 

To circumvent this limitation, I used longitudinal behavioural and survey data to examine how 
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changes in group size across time affect the behaviour of the folivorous red colobus monkey in 

Kibale National Park, Uganda. Based on six years of data on a group that increased from 57 to 

98 members and controlling for food availability, I found that increasing group size resulted in 

changing activity budgets. Specifically, as group size increased, individuals spent less time 

feeding and socializing, more time traveling, and increased the diversity of their diet. These 

changes appear to allow animals to compensate for the greater scramble competition apparent at 

larger group sizes, as increasing group size did not show the predicted relationship with lower 

female fecundity. These results support recent findings documenting feeding competition in 

folivorous NHPs, which had previously been predicted to not have to compete over resources 

due to the abundance of leaves in rainforest ecosystems. My findings also document the 

behavioural flexibility of these animals, an important trait that allows social mammals to 

maximize the benefits of sociality (e.g., increased vigilance), while minimizing costs (e.g., 

increased feeding competition) in changing environments. Concurrently I was involved as a co-

author in a series of studies not included in this dissertation, which examined how these changes 

impact gastrointestinal parasites (Chapman et al. 2012), group genetic structure and dispersal 

(Miyamoto et al. 2013), the cascading impact of these changes for population sizes (Chapman et 

al. 2015a; Chapman et al. 2015b), polyspecific associations and between-species interactions 

(Gogarten and Chapman, In prep), and the broader ecosystem because these NHP species seem 

to serve as ecosystem engineers (Chapman et al. 2013).  

 

1.2.3 Chapter 4 

In my fourth chapter, I explored how observed changes in behaviour and sociality might impact 

the holobiont. I examined how social group membership, social behaviour, and hunting 

behaviour influence the gut bacterial microbiome community of wild NHPs in Taï National Park, 

Côte d’Ivoire. Predation rates are known to vary with group sizes, in addition, relatedness, social 

behaviour, and hunting may also be influenced by group size, and were thus of particular interest 

(Mitani & Watts 1999; Miyamoto et al. 2013; Gogarten et al. 2014b; Gogarten et al. 2015). I 

collected and analyzed fecal samples from nine wild NHP species regularly forming mixed-

species associations or interacting in Taï National Park. I generated amplicons covering the 16S 

V4 hypervariable region and sequenced them using an Illumina MiSeq to examine the bacterial 
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taxa present in this ecosystem. To understand factors influencing within-species variation, I 

concentrated sampling on sooty mangabeys (Cercocebus atys, N=276) and chimpanzees (Pan 

troglodytes verus, N=98), for which much more metadata were available. This analysis provided 

important insights into factors influencing microbiome composition in a wild NHP community; 

despite sharing an environment, regular interactions, and a hunter-prey relationship between 

chimpanzees and red colobus, we find that individual NHPs harbor unique and persistent 

microbiomes, that are influenced by the host’s species, social group, and relatedness. 

Surprisingly, we found no evidence that the social network of sooty mangabeys influenced their 

gut microbiome similarity. We demonstrated a branching order of host-species phylogenies built 

using the composition of their microbial communities as characters, which suggests 

incongruence with known NHP phylogenetic relationships; rather chimpanzees were the sister 

taxa to their colobine prey. In contrast to strong signals suggesting phylogenetic clustering in the 

microbiomes of all monkeys, chimpanzee microbiomes show evidence of deep phylogenetic 

evenness or overdispersion. This suggests unique ecological processes driving community 

assembly, possibly due to broader bacterial exposure through hunting. 

 

1.2.2 Appendix Chapter 

For a fifth chapter, I had initially sought to examine how environment and behavioural changes 

might be impacting the transmission of microorganisms known to have a major impact on human 

health, retroviruses. I accessed 12 years of research on NHP retroviruses in the Taï National Park 

area, Côte d’Ivoire and collected my own data on the prevalence and evolution of these 

retroviruses in sooty mangabeys over two field seasons (Gogarten et al. 2014a). I compiled data 

on the prevalence, within- and cross-species transmission of primate retroviruses (including 

towards local human populations), and discuss the evidence of important virus-host interactions 

that determine cross-species transmission risk.  

The simian immunodeficiency virus of sooty mangabeys (SIVsmm) is thought to be the origin of 

the human immunodeficiency virus type 2 (HIV-2), but little is known about the epidemiology 

and standing genetic diversity of SIVsmm in wild populations. With the exception of the 

zoonotic infection of humans with SIVsmm, the SIVs in this NHP community exhibit strict host 

specificity. Chimpanzees, despite high exposure, are SIV free in this ecosystem. For other 
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viruses this is not always the case: for example, the Simian T-lymphotropic virus type 1 (STLV-

1) strains circulating in these NHPs are not strictly species-specific, with one strain of STLV-1 

infecting sooty mangabeys, and another red colobus and chimpanzees, forming two relatively 

homogeneous clades. Similarly simian foamy viruses also appear to be able to cross the species 

boundary, with chimpanzee being infected with SFV from red colobus. This suggests that there 

is ample opportunity for transmission, but not all retroviruses are able to cross the species 

boundary. Despite huge exposure through hunting, chimpanzees appear to be resistant to SIVwrc 

infecting red colobus; I discuss host resistance mechanisms and viral integration factors that 

might be responsible for this observation, which may explain why humans also appear resistant 

to the SIVwrc infecting red colobus. The lack of chimpanzee SIVsmm infections, despite this 

virus’ clear ability to infect humans (SIVsmm infecting humans is referred to as HIV-2), 

suggests they may have a yet undescribed restriction factor that confers resistance to SIVsmm or 

it could reflect the rarity with which chimpanzees hunt sooty mangabeys in this ecosystem. I 

discuss how major changes in monkey populations in this park might impact within and 

between-species transmission.   

For a fifth chapter I initially sought to extend the findings of Santiago et al. (2005), who 

predicted that SIVsmm super infections must be common among sooty mangabeys, given 

observed recombination rates in their study, but were unable to determine the prevalence of these 

superinfections or identify the individuals that harboured these infections. Further they were 

unable to understand whether horizontal or vertical transmission is the norm for this virus in this 

host. Thus many questions remained regarding within group transmission of SIVsmm and how 

this is influenced by behaviour. I had intended to examine these questions using new 

methodological advances and infrastructure available in Taï National Park, Côte d’Ivoire. These 

could have allowed for the construction of retroviral relatedness networks and the detection of 

superinfections from non-invasively collected fecal samples, as was demonstrated for 

chimpanzees (Goffe et al. 2012). I collected several thousand fecal samples and set up and 

contributed to the habituation of a group of sooty mangabeys to human presence (i.e., the term 

habituation is used here to indicate repeated applications of a stimulus, in this case human 

presence, that results in a decreased response to the stimulus, in this case a fear response or 

reaction to human presence) and collection of behavioural data from this habituated group of 

sooty mangabeys. Unfortunately, as seems to be the case for many non-invasive fecal detection 
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assays, particularly molecular and serological approaches (pers. comm. Ahidjo Ayouba, 

February 9th, 2016), detection of our target pathogen, SIVsmm, was not as sensitive in our study 

group as had been described in previous studies. There are myriad reasons why we may have 

failed to detect SIVsmm, including lack of co-infections or dietary stress that decreased shed 

viruses in feces, decreased virulence of a specific strain reducing copy numbers, inhibition by 

compounds in the diet, or specific host genetic factors that decreased shedding in feces. As a 

result of these failed attempts, I shifted my efforts to the sooty mangabey simian foamy virus, 

SFVsmm, where the detection methods were much more efficient. Unfortunately a selective 

sweep in the study group meant that there was not enough diversity to examine transmission 

processes as a function of primate behaviour or construct viral relatedness networks from these 

data as had been done for chimpanzees in this study system (Goffe et al. 2012). Due to the 

shortcomings of these efforts, this chapter, included as an appendix, focuses on this published 

literature review, which incorporates some of my own data from sooty mangabeys, to address 

how environment and behavioural changes might be impacting the transmission of retroviruses 

in this NHP community.   

 

1.2.4 Chapter 5  

In my fifth chapter, I sought to understand how members of the holobiont community, 

specifically bacterial taxa, might influence the health and fitness of a NHP host. I developed a 

method to generate whole genome sequences from metagenomic samples by coupling of 

hybridisation capture of the Treponema pallidum genome and next generation sequencing. I 

show the feasibility of this tool and the widespread nature of infections by screening DNA 

extracts from bones from the Leendertz laboratory’s collection with three independent PCR 

systems and document Treponema pallidum in chimpanzees (Pan troglodytes verus) and red 

colobus (Procolobus badius) from Tai National Park, Côte d’Ivoire. Bones were targeted 

because a previous study was able to sequence DNA from a 200 year old skeleton (Kolman et al. 

1999) and Treponema pallidum causes bone lesions and may sequester in the skeleton, though 

much debate remains about the feasibility of using bones to detect syphilis infections from 

skeletal remains (von Hunnius et al. 2007). That this pathogen is shared between a predator and 
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prey in this ecosystem, suggests that changing behaviour and species interactions might 

ultimately shape pathogen dynamics.  

 

1.2.4 Chapter 6  

Using the molecular hybridization approach presented in my fifth chapter, I documented 

Treponema pallidum infections associated with severe skin lesions, in some cases including 

dramatic soft tissue destruction and cartilage damage of the nose, in wild sooty mangabeys in Taï 

National Park, Côte d’Ivoire, and green monkeys (Chlorocebus sabaeus) from Bijilo Forest Park, 

Gambia and Niokolo-Koba National Park, Senegal. To examine the evolutionary relatedness of 

these treponemes with those previously documented in baboons (Papio cynocephalus anubis) 

from Lake Manyara National Park, Tanzania and those infecting humans and causing yaws 

(Treponema pallidum pertenue), endemic syphilis (T. p. endemicum), and venereal syphilis (T. p. 

pallidum), I conducted a hybridization capture experiment to enrich Treponema pallidum DNA 

in prepared DNA libraries. This approach allowed us to sequence the full genomes from the 

tissue samples of the Treponema pallidum strains infecting Cercocebus atys, Chlorocebus 

sabaeus and Papio cynocephalus anubis. 

Phylogenomic analyses revealed that all Treponema pallidum strains infecting NHPs are most 

closely related to the sub-species T. p. pertenue. Strains infecting humans and NHPs do not 

appear to be reciprocally monophyletic. This discordance in the phylogeny of the Treponema 

pallidum strains infecting these primates and the primate phylogeny, suggest cross-species 

transmission between primates, a recent zoonotic transmission event, and the recent spread of 

T.p. pertenue in human populations. This greatly broadens the known host range of T.p. pertenue 

and suggests this pathogen can cross over between distantly related species. The large number of 

infected individuals found in two groups of sooty mangabeys in this park and the associated 

severe etiology suggest this bacterial taxon can have a major impact on individual and group 

fitness. Further studies are needed to understand the transmission mode for this pathogen, though 

the large number of infected young animals suggests play or grooming might be important 

routes. Results from this sixth chapter highlight the need for monitoring primates in countries 

where yaws control efforts are underway to ensure continued spillover does not hamper 
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eradication efforts and broadly highlights the importance of understanding the distribution, 

ecology, and evolution of NHP symbionts and parasites for both human and primate health. 

 

1.2.4 Chapter 7 

In this thesis, I sought to examine the impact of environmental change on the behaviour, health, 

and fitness of NHP communities. In chapter two, I found that some primates are changing their 

group sizes in response to environmental changes. In chapter three I examined how these 

changes in social group size in turn impact competition, activity budgets, and ultimately fitness 

of these animals. In chapter four, I then examined how these same changes in social group size 

and behaviour might be impacting the holobiont, specifically the bacterial gut microbiome. In an 

appendix chapter, I sought to understand how these environmental changes might be impacting 

the retroviruses circulating in a NHP community. In chapter five, I wanted to understand how 

members of the holobiont community might influence NHP health, so I develop a novel 

approach for understanding pathogen evolution in wild NHP populations. In chapter six I use this 

tool to help understand the evolution of a NHP parasite that appears to be geographically 

widespread and may serve as a reservoir for humans. I identified a bacterial species associated 

with an extremely severe etiology in the Taï National Park NHP community and showed that it 

has recently radiated across the Primate order possibly corresponding to the large scale 

environmental changes associated with the human species’ global footprint. As this pathogen is 

either directly transmitted through social contact or by fly vectors that are at higher densities in 

social groups, this pathogen may be impacted by changes in sociality as a response to changing 

environments. I conclude this thesis with final thoughts and synthesis of themes that arise from 

this work and discuss key avenues for future research.  
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2.1 ABSTRACT  

Group size affects many aspects of the ecology and social organization of animals. We 

investigated longitudinal group size stability for five primate species in Kibale National Park, 

Uganda from 1996-2011 at three nested spatial scales. Survey data indicated that group sizes did 

not change for most species, with the exception of red colobus monkeys (Procolobus 

rufomitratus), in which group size increased at all spatial scales. Mangabey (Lophocebus 

albigena) group size increased in old-growth forest, but the sample size and increase were small. 

To augment this survey data, we collected several years of demographic data on three habituated 

groups of redtail monkeys (Cercopithecus ascanius), eight groups of black-and-white colobus 

(Colobus guereza), and one red colobus group. The red colobus group increased from 59 to 104 

individuals, while redtail monkey and black-and-white colobus group sizes were stable, mirroring 

our survey results. To understand mechanisms behind group size changes in red colobus versus 

stability in other primates, we monitored forest dynamics at two spatial scales between 1990 and 

2013, considered changes in predator population, and explored evidence of disease dynamics. The 

cumulative size of all trees and red colobus food trees increased over 24 years, suggesting that 

changing food availability was driving group size changes for red colobus, while predation and 

disease played lesser roles. Overall, our results and evidence of changing primate densities suggest 

that the Kibale primate community is in a non-equilibrium state. We suggest future conservation 

and management efforts take this into consideration. 
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2.2 INTRODUCTION 

The size of animal groups can alter stress levels (Pride 2005), susceptibility to diseases (Freeland 

1976; Snaith et al. 2008), reproductive and developmental rates (Borries et al. 2008), individual 

and group behaviour (Koenig 2002; Nunn et al. 2009), and group survival (Heg et al. 2005). To 

effectively conserve threatened species requires understanding how threats may affect group size 

through time. For example, the long-term viability of populations with the same number of 

individuals may differ based on how these individuals are distributed in groups, with smaller 

groups conferring different benefits and consequences than larger groups (e.g., rates of 

reproduction and development vary with group size; Borries et al. 2008). Typically, however, the 

average group size of non-migratory species in a region is considered relatively stable 

(Wrangham et al. 1993; Janson & Goldsmith 1995), thus it has not generally been considered in 

conservation planning. 

Grouping confers predictable benefits (Alexander 1974; van Schaik 1983), thus differences in 

size can be attributed to variation in the costs of grouping (Wrangham et al. 1993). One such cost 

is foraging efficiency, which decreases with increasing group size (Janson & Goldsmith 1995). 

These ideas have been formalized in the Ecological Constraints Model (Wrangham et al. 1993; 

Chapman & Chapman 2000) that predicts average group size should be stable in regions with 

stable environments. Yet there is accumulating evidence that forest environments are not stable 

(Turner et al. 1993; Turkington 2009; Chapman et al. 2010a; Mori 2011). While non-equilibrium 

dynamics are a central concept in modern ecological theory (Mori 2011), their implications for 

group size are infrequently considered with the exception of sudden catastrophic change (e.g., 

disease: Gulland 1992; hurricanes: Pavelka et al. 2003).  

Kibale National Park, in Western Uganda, represents one of the few well-studied tropical forest 

ecosystems for which long-term data on plant and animal communities are available. Many areas 

of Kibale have been well protected since the 1930s and its forest and wildlife have been 

intensively studied since the 1970s. Integrating this existing long-term data suggest either 

ecosystem stability or instability depending on the components examined and time scale 

considered (Mitani et al. 2000; Chapman et al. 2005; Chapman et al. 2010a; Struhsaker 2010; 

Lwanga et al. 2011). (Chapman et al. 2010a) analyzed changes in tree recruitment and growth 

over 18 years and concluded that the old-growth forest is in a non-equilibrium state and likely 
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recovering from a large disturbance within the last several hundred years. Similar changes in tree 

species composition have been recorded in other old-growth tropical forests in other areas of 

Africa, including Cameroon (Hawthorne 1996), Uganda (Sheil et al. 2000), Gabon (Tutin & 

Oslisly 1995), and the Republic of Congo (Brncic et al. 2007), pointing to the influences of 

large- and small-scale human disturbance, fluctuating elephant populations, and climate change 

(Bongers et al. 2009). This dynamism is evident in animal populations as well. For example, the 

size of blue monkey groups (Cercopithecus mitis) from central Kibale (Ngogo) suggested that 

group sizes were not in equilibrium (Angedakin & Lwanga 2011), yet another Ngogo study 

suggested long-term stability in group sizes of redtail monkeys (Cercopithecus ascanius), black-

and-white colobus (Colobus guereza), and mangabeys (Lophocebus albigena; Teelen 2007)              

.  

The objective of our research was to examine group size dynamics in five species of diurnal 

primates over 15 years (1996-2011) at different spatial scales. We consider: red colobus 

(Procolobus rufomitratus), black-and-white colobus, redtail monkeys, mangabeys, and blue 

monkeys. We also gathered detailed demographic data from one well-habituated group of red 

colobus, three groups of redtail monkeys, and eight groups of black-and-white-colobus observed 

for six, four, and four years, respectively. We explore potential explanations for changes in 

group size using long-term data on forest dynamics.  

 

2.3 METHODS 

2.3.1 Study site  

Kibale National Park (795 km2; 0o 13' - 0o 41' N and 30o 19' - 30o 32' E) is a moist-evergreen 

forest in western Uganda (Fig. 2.1). In 1932, Kibale was designated a Crown Forest Reserve; in 

1993 it became a National Park. Anthropogenic disturbances created a mosaic of old-growth and 

regenerating forest habitats throughout the park (Struhsaker 1997; Chapman & Lambert 2000). 

In the late 1960s, much of northern Kibale was logged (Struhsaker 1997) including two study 

areas used in this research: the 405-ha forestry compartment K14 was logged at 14 m3 /ha 

(approximately 5.1 stems/ha) and the 347-ha compartment K15 was logged at 21 m3/ha 

(approximately 7.4 stems/ha). Although extraction rates for Sebatoli, a northern region of the 

park, are not available, stand structure indicates it was logged at similar levels to K15 (Chapman 
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unpubl. data). Compartment K30, immediately south of K14, is a 282-ha area that was not 

commercially harvested; although a few large stems (0.03–0.04 trees/ha) were cut by pitsawyers, 

this seems to have had little impact on the forest (Struhsaker 1997). Other areas included in this 

study are believed to have been similarly impacted in a minor way by pitsawyers, but have been 

less extensively studied. 

2.3.2 Study subjects 

Our study was conducted on five co-occurring primate species, including two colobines (red 

colobus and black and white colobus). Colobines are considered to be predominantly folivorous, 

and overlap considerably in diet, with young leaves making up the majority of food eaten. 

However, red colobus groups are often substantially larger in size than black and white colobus 

groups (Chapman & Pavelka 2005) and exhibit substantial differences in tree species and parts 

consumed (Oates 1977; Chapman & Chapman 2002; Harris & Chapman 2007; Struhsaker 2010). 

We also examined three species of cercopithecine monkeys (blue monkeys, redtail monkeys, and 

mangabeys) that are predominantly frugivorous, although insects and young leaves also compose 

parts of their diet (Struhsaker 1978). At the broadest scale, we included data from two additional 

primate species: L’hoest monkeys (Cercopithecus lhoesti) and olive baboons (Papio anubis). 

Both species relying primarily on fruit, but are more terrestrial than other five monkey species.  

2.3.3 Quantifying group size 

We counted primate group sizes in two periods (July 1996 - May 1998 and July 2010 – May 

2011; N = 268 group counts across all scales) at three nested spatial scales: (1) unhabituated 

groups throughout the park (broad scale), (2) unhabituated and habituated groups in adjacent 

logged (K14 and K15) and old-growth (K30) forest (intermediate scale), and (3) unhabituated 

and habituated groups occurring only in old-growth forest (K30) (fine scale) (Fig. 2.1; Table 2.1-

2.3). The broad scale spanned the entire park, but centered around four locations each 

approximately 12-15 km apart along a north-south gradient (Fig. 2.1). The Kanyawara study area 

provided access to K14, K15, and K30 (Chapman & Chapman 1997; Struhsaker 1997). At the 

fine and intermediate scales, we used long-term (~24 years) data on tree species composition and 

structure to explore relationships between food abundance, nutritional quality, and group size. 

To obtain accurate primate group count, three observers selected a study area for eight days per 

month. When a primate group was found in the designated area, we recorded the location and 



 22 

attempted to count all individuals. The time spent with each group was variable, but we monitored 

a group as long as was necessary to ensure that we were confident that the group count was 

accurate; the maximum time spent with a single group was ten hours. To ensure count accuracy, 

observers waited until the group made a single-file movement across a canopy opening, such as a 

treefall gap or road, where it is possible to easily count individuals. Repeat counts were made of 

the same group. We found this method to be effective for all species, regardless of level of 

habituation and species-specific behaviours (e.g., canopy height selection). Differences between 

species, such as their density, home range size, and habituation, influenced the ease with which we 

could accurately count groups. To ensure this did not affect our data, we took a conservative 

approach and only included counts for which we were totally confident in accuracy and precision. 

Due to logistic constraints, fewer groups were counted in the 2010-2011 census than in the 1996-

1998 census period; we accounted for these differences in sample sizes statistically (see: Analysis 

of group size data).  

As a means of verifying changes in group counts at the three nested spatial scales, we examined 

changes in group size using detailed demographic data from habituated study groups of red 

colobus, black-and-white colobus, and redtail monkeys that ranged in logged and old-growth 

forest around Kanyawara. These groups have each been studied for at least four years, group size 

and composition were known, and all adults are individually recognizable. We repeatedly 

counted the number of individuals in one group of red colobus between July 2006 and September 

2011 (N = 28 counts), in eight groups of black-and-white colobus between February 2008 and 

January 2012 (N = 83 counts), and in three groups of redtail monkeys between August 2008 and 

January 2012 (N = 6 counts).  

2.3.4 Analysis of group size data 

We tested group size for normality using the Shapiro-Wilks test and normalized it with a square 

root transformation (Sokal & Rohlf 1995). We tested for changes in group sizes on the broad 

scale for each primate species between the two time periods (1996-98 and 2010-11) using 

Welch’s two sample t-tests. We present back-transformed means and 95% confidence limits 

following Sokal and Rohlf (1995). Statistical comparisons between sample periods were not 

possible for three primate species for the following reasons: (1) we did not count any L’Hoest 

monkey groups in 2010-11, (2) we did not count any baboon or L’Hoest monkey groups in 
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compartments K14, K15, or K30 in either time period, and (3) we counted only one group of 

mangabeys in K30 in each period. We counted few blue monkey groups in each period as these 

animals are widely dispersed, typically at very low density, and secretive (Butynski 1990), so 

these results are interpreted with caution.  

To assess the impact of sample size differences between sampling periods, we used delete-d 

jackknifing without replacement to down-sample the 1996-1998 data to the sample size of the 

2010-2011 survey (N=10,000 replicates). We present the mean of this down-sampled data along 

with the percentage of these replicates for which the mean is greater than the mean from the 

2010-2011 survey (Table 2.1). For each replicate we conducted a Welch’s two sample t-test and 

present the percentage of these t-tests that were significant at the p<0.05 level. These results are 

statistically conservative (i.e., high probability of not finding a statistical effect when there is 

one) as they repeatedly discard a large proportion of the 1996-1998 data, but are presented to 

allow the reader to access the importance of sample size differences between study periods. 

For the habituated group of red colobus, we used a linear regression to determine whether group 

size increased through time. To test for changes in group sizes for the habituated groups of 

black-and-white colobus and redtail monkeys, we divided the study (2008-2012) in two equal 

periods, calculated the mean group size for each period, and compared them using a paired t-test.  

2.3.5 Quantifying forest change 

To identify relationships between primate food abundance, nutrition, and group size at the fine 

and intermediate spatial scale, we analyzed data from permanent tree plots in the Kanyawara 

area (200 x 10 m; total area = 5.2 ha). These plots were established and surveyed in December 

1989 and located at random places along the existing trail system. They were re-surveyed in May 

2000, September-November 2006, and January-May 2013. In each plot, trees diameter-at-breast-

height (DBH) ≥ 10 cm were identified to species-level, individually marked with a uniquely 

numbered aluminum tag, and measured for DBH. Voucher specimens for all trees were given to 

Makerere University Biological Field. During each re-survey, we relocated and measured all 

tagged trees, recorded tree deaths, and included new trees recruiting into the ≥ 10 cm DBH size 

class. We measured the tree’s DBH 1.2 m above the ground using parameters established 

previously in the study area (Chapman et al. 2010a).  

2.3.6 Analysis of forest data 
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The DBH of a tree varies reliably with both fruit and leaf biomass, is practical and easy to 

measure, and has low inter-observer error (Catchpole & Wheeler 1992; Chapman et al. 1994; 

FAO 1997; Enquist & Niklas 2001, 2002). We calculated the log10(DBH) of all trees in each plot 

and summed it (i.e., the cumulative log10(DBH)) to assess whether forest structure changed over 

time. We summed log10(DBH) because of the allometric relationship between DBH and plant 

productivity; we used cumulative log10(DBH) as an index of food availability (Snaith & 

Chapman 2008).  

Primate populations are likely more influenced by changes in the abundance of food trees than 

the abundance of all trees in an area. We followed (Chapman et al. 2010a) and used dietary data 

to determine food trees for each primate species and conducted a separate analysis on cumulative 

log10(DBH) of major food tree species for each primate species, in each plot, in each time period. 

We defined major food tree species as those that accounted for ≥ 4 percent of feeding time, as 

reported by Rudran (1978) and Butynski (1990) for blue monkeys, Waser (1975) and Olupot 

(1994) for mangabeys, Harris and Chapman (2007) and Oates (1977) for black-and-white 

colobus, Rode et al. (2006: unpublished data) and Stickler (2004: unpublished data) for redtail 

monkeys, and Chapman and Chapman (2002: unpublished data) and Struhsaker (1975, 2010) for 

red colobus.  

The preceding analyses test for changes in quantity of food available to primates; however, 

analyses of the ecological determinants of red colobus abundance clearly indicate that the quality 

of available foods is also important (Chapman & Chapman 2002; Wasserman & Chapman 2003; 

Chapman et al. 2004). As a measure of food quality for red colobus, we used the protein-to-fiber 

ratio, which is a good predictor of folivore leaf choice (Milton 1979) that has been shown to 

predict colobine biomass at local and regional scales (Milton 1979; Waterman et al. 1988; Oates 

et al. 1990; Chapman & Chapman 2002; Ganzhorn 2002; Chapman et al. 2004; Gogarten et al. 

2012b). The relationship between the protein-to-fiber ratio and colobus biomass has been 

demonstrated with the overall protein-to-fiber ratio of mature leaves in an area. Since young 

leaves constitute a larger portion of the red colobus diet than mature leaves (Struhsaker 1975; 

Ryan et al. 2013), we ran the analysis to measure the effect of the protein-to-fiber ratio of mature 

versus young leaves. For further discussion of the application of the protein-to -fiber ratio see 

(Oates et al. 1990; Chapman et al. 2004), and for details of sample collection, processing, and 
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the determination of protein and fiber see Chapman and Chapman (2002), Rothman et al. (2012) 

and (Gogarten et al. 2012b).  

To test for temporal variation in food abundance parameters, we compared repeat samples of the 

11 permanent tree plots (K30 - fine scale) and 26 plots (K30, K14, K15 - intermediate scale) 

between the four surveys using a linear mixed effect model, with sampling periods included as 

fixed effects and vegetation plot included as a random effect. These models were implemented in 

the R package ‘nlme’ (Pinheiro et al. 2012; R Development Core Team 2012). Additionally, for 

each of the five primate species with detailed dietary data, we calculated the percent change in 

cumulative log10(DBH) of food species in each plot during each of the four surveys. To 

incorporate the protein-to-fiber ratio of mature and young leaves of species eaten by red colobus 

into the measure of food availability, we re-ran the analysis with cumulative log10(DBH) 

weighted by the protein-to-fiber ratio of each major food tree species. 

 

2.4 RESULTS 

At the broad scale we found a significant increase in red colobus group size between 1996-98 

and 2010-11; we did not detect a significant increase for any other species (Table 2.1). When we 

examined groups at the intermediate scale (K30, K14, K15), we found that average group size 

for red colobus increased from 35.3 to 47.5 individuals (Table 2.2) and for mangabeys from 12.0 

to 17.3. However, mangabey results should be interpreted with caution due to the small number 

of groups sampled in 2010-2011 (N = 3; Table 2.2). We found similar trends for these two 

species at the fine scale in the old-growth forest (K30), but the smaller sample size resulted in 

marginal significance for the red colobus and did not allow us to statistically test the change in 

mangabey group size (2010-2011 N = 1; Table 2.3). Chapman et al. (2010b) found that density 

of red colobus groups in K30 decreased between 1996 and 2006 (1996 = 5.5 groups/km2; 2006 = 

4.2 groups/km2); however, since we document an increase in average group size, these results 

suggest that individual density remained relatively constant (1996 = 204 individuals/km2; 2006 = 

219 individuals/km2). 

For the long-term study groups with detailed demographic data, we did not detect a significant 

change in group size of black-and-white colobus (2008-9 mean= 7.1, 2010-12 mean = 8.7, 

t=1.766, df =7, p=0.121; Fig. 2.2a) or redtail monkeys (2008-9 mean = 24.4, 2010-12 mean = 
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28.5, t = 1.452, df = 2, p=0.284; Fig. 2.2b). In contrast, the long-term red colobus study group 

increased from 59 to 104 individuals from 2006-11 (R2=0.863, F[1,26 ]=171.7, p<0.001), with an 

estimated increase of 7.6 individuals/year (SE = 0.580, t=13.104, p<0.001; Fig. 2.2c); this 

corroborates our survey data.  

A linear mixed effects model detected a significant increase in cumulative log10(DBH) of all 

trees during the 2013 tree survey at the fine scale (Table 2.4) and intermediate scale as well as an 

increase in 2006 at the intermediate scale (Table 2.5). No significant changes in the availability 

of mangabey or blue monkey foods were detected across tree surveys at either scale. Compared 

to previous surveys, there was less black-and-white colobus food available in 2006 and 2013 at 

the fine scale in the old-growth forest, but no change in food availability at the intermediate 

scale, which included two areas that had been logged (K14 and K15) (Tables 2.4, 2.5). We 

documented more redtail monkey and red colobus foods available in 2013 than in previous times 

at both the small and intermediate scales. We documented an increase in red colobus and red tail 

food available for both species in 2006 at the intermediate scale. When red colobus food 

availability was weighted by the protein-to-fiber ratio of mature leaves, there was an increase in 

availability of quality foods in 2013 at both scales. In contrast, food availability weighted by the 

protein-to-fiber ratio of young leaves remained similar across the four surveys in the old-growth 

forest (Table 2.4), but increased at the intermediate scale that included regenerating areas (Table 

2.5).  

 

2.5 DISCUSSION 

Variation in primate group sizes have been documented across species (Janson & Goldsmith 

1995), space (Stanford 1995), and time (Angedakin & Lwanga 2011; Strier & Mendes 2012). 

However, to our knowledge our study represents the first systematic analysis of stability in 

primate group sizes on large temporal and spatial scales. For most primate species we examined, 

average group sizes remained stable across time at the park-wide scale. The only species for 

which we detected a change in group sizes at this broad spatial scale was red colobus. This 

increase was also observed at the intermediate scale in the logged and old-growth forest 

compartments and at the fine scale in the old-growth forest. Detailed demographic data from the 

long-term red colobus group support this trend, with average group size increasing by 7.6 



 27 

individuals/year. In contrast, other detailed data from redtail monkey and black-and-white 

colobus groups suggest stability in group sizes (Mitani et al. 2000; Teelen 2007; Chapman et al. 

2010b). Despite small sample size in 2010-2011, we also detected an increase in mangabey 

group sizes between the two sampling periods at the intermediate spatial scale.  

Socioecological theory suggests that grouping strategies change when food resources change. 

Specifically, group size is expected to increase with increasing food availability (Milton 1984; 

Chapman & Chapman 2000). With respect to predation, from an evolutionary perspective an 

increase in predation pressure is expected to increase group size to increase group protection 

through vigilance or dilution effects; however, predators can decrease group size through 

overexploitation (Alexander 1974; van Schaik 1983; Delm 1990; Teelen 2008). Average group 

sizes might be expected to change if populations are recovering from a large disturbance, such as 

disease or natural disaster (Gulland 1992; Pavelka et al. 2003). Isolating particular factors 

responsible for the observed changes in group sizes through time is difficult because of a paucity 

of long-term data on all potential factors.  

2.5.2 Potential drivers of observed changes: changing food availability and quality 

Both stability and dynamism were evident in food availability and food quality depending on the 

spatial scale and primate species being considered (Tables 2.4 and 2.5). Overall primate food 

availability in K30 appears to have increased between 1996 and 2013. Socio-ecological theory 

suggests that resource distributions can have major impacts on primate sociality (Clutton-Brock 

& Harvey 1977; Wrangham 1980). Whether folivores, like red colobus, defend resources and 

exhibit competition over resources remains a point of considerable debate (Fashing et al. 2007; 

Snaith & Chapman 2008; Isbell 2012), but observed changes in red colobus food availability and 

quality (high protein-to-fiber ratio) may have changed within- and between-group competition 

for resources. An increase in food abundance and quality might favour larger groups if resources 

are defensible, there is increased competition over resources, and large groups have a 

competitive advantage over smaller groups that outweighs increases in within-group competition 

that can occur with increasing group size. Fashing (2001) found evidence that male black and 

white colobus defended resources as part of a mate defense strategy, demonstrating the 

importance of resource distribution on grouping behaviour; the finding that black and white 

colobus food availability remained stable across all periods at the larger spatial scale may 
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explain the observed stability in group sizes. Given that food for both redtail monkeys and red 

colobus appears to have increased at both spatial scales, it is puzzling that redtail monkey group 

size did not increase, while red colobus group sizes did. Other factors that influence food quality 

such as minerals, toxins, and phytoestrogens (Wasserman & Chapman 2003; Rode et al. 2006; 

Rothman et al. 2012; Wasserman et al. 2012) might explain the stability in red tail group sizes. 

Overall, however, it appears that increases in the availability and quality of red colobus food 

resources is a likely mechanism driving the observed increases in red colobus group size across 

all three spatial scales.  

The changes in food availability we documented highlight the dynamism of forest composition, 

even in a relatively well-protected old-growth forest, which may reflect forest succession 

(Eggeling 1947; Chapman et al. 2010a). Changes in forest composition or structure have been 

recorded in other forests including Budongo National Park, Uganda (Sheil et al. 2000), La Selva, 

Costa Riliebca (Lieberman & Lieberman 1987; Norden et al. 2009), and Lambir Hills National 

Park (Russon et al. 2005) and Sungei Menyala Forest Reserve (Manokaran & Kochummen 

1987), Malaysia. Other long-term studies highlight the importance of considering unpredictable 

factors in forest succession, including tree species-specific reproduction events and dispersal 

limitation on Barro Colorado Island, Panama (Dent et al. 2013) and ancient, as well as recent, 

natural and anthropogenic disturbances (van Gemerden et al. 2003; Mori 2011). What roles 

equilibrium and non-equilibrium factors play in forest succession in Kibale is not yet clear; 

further study is needed to determine the rates of change and drivers of forest composition, and 

their interaction with animal populations, including the roles of land use history (Synnott 1971) 

and an expanding elephant population (Laws 1970; Omeja et al. 2014).  

2.5.3 Potential drivers: predation and disease 

Predation is hypothesized to be an important driver of ecological and evolutionary processes, 

particularly with regard to sociality (van Schaik 1989; Isbell 1994), since even low rates of 

predation can have major impacts on primates with slow life histories (Cheney & Wrangham 

1987; Isbell 1994). Although data are scarce, it is possible that group size could vary as a 

function of changing predation pressure (van Schaik & van Hooff 1983; Isbell 1994). In Kibale, 

known primate predators include leopards (Panthera pardus), golden cats (Profelis aurata), 

crowned hawk-eagles (Stephanoaetus coronatus: (Struhsaker & Leakey 1990; Mitani et al. 
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2001)), and chimpanzees (Pan troglodytes (Mitani & Watts 2001; Teelen 2008)). Bushmeat 

hunting of primates by humans is rare or absent altogether in the region (Struhsaker 1975). 

While research on felids, crowned hawk eagles, and chimpanzees does show that primates are 

primary prey resources, the overall predation pressure in the Kanyawara region is very low with 

respect to all predators. It does not appear that predation pressure has changed significantly over 

our study period (Skorupa 1989; Struhsaker & Leakey 1990; Mitani & Watts 1999; Teelen 2008; 

Lwanga et al. 2011 Chapman unpubl. data; Nakazawa et al. 2013).   

Similarly, disease can cause rapid reductions in population size and group sizes (Collias & 

Southwick 1952; Milton 1996). The red colobus in Kanyawara have been observed extensively 

since 1970 (Struhsaker 1975; Chapman et al. 2010b; Struhsaker 2010) and are known to harbour 

a number of parasites and viruses (Gillespie et al. 2005; Goldberg et al. 2008; Goldberg et al. 

2009; Lauck et al. 2011; Bailey et al. 2014). These pathogens may impact fitness, but there has 

not been an observed disease outbreak in the last forty years that would directly implicate 

recovery from an epidemic in red colobus group size increases. These observations suggest that 

neither predation nor disease adequately explain the stability in group sizes of most primate 

species, or the increases in red colobus group sizes. 

2.5.4 Consequences of changing group sizes for primate ecology and conservation 

The observed increase in red colobus group sizes will affect various aspects of their ecology and 

conservation (Gogarten et al. 2014b). When Borries et al. (2008) studied how development and 

reproductive rates varied with group size in the folivorous Phayre’s leaf monkey (Trachypithecus 

phayrei), they found that infants in large groups weaned later and females had longer inter-birth 

intervals than in smaller groups. This suggests that large groups of arboreal folivorous monkeys 

have slower reproduction and ultimately lower female fitness than smaller groups (if survival 

rates were similar). This in turn suggests that a general increase in group size, may result in a 

slower increase in population size for a folivorous primate, although there is conflicting evidence 

from this population of red colobus (Snaith & Chapman 2008; Gogarten et al. 2014b). The 

observed changes in food availability and group sizes are likely changing primate ranging 

patterns (Chapman & Chapman 2000), stress levels (Pride 2005), diets (Snaith & Chapman 

2008; Gogarten et al. 2014b), activity budgets (Gogarten et al. 2014b), population genetic 

structure (Miyamoto et al. 2013), and disease dynamics within- and between-species (Freeland 
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1976; Kuehl et al. 2008; Snaith & Chapman 2008; Caillaud et al. 2013; Gogarten et al. 2014a). 

These changes, in turn may have major cascading impacts on the entire ecosystem as both 

folivorous and frugivorous primates have been argued to play major roles as ecosystem 

engineers (Chapman et al. 2013). 

The documented changes in red colobus group size compared to the relative stability of group 

size in other primate species - despite apparent increases in food - suggest that Kibale primate 

populations and some forest habitats may be in a non-equilibrium state. If indeed primate 

populations in Kibale are not at equilibrium, conserving their populations and habitats requires 

integrating unpredictability and instability into management plans to maximize ecosystem 

resilience and withstand unforeseen change (Hamilton et al. 1986; Mori 2011). Currently, habitat 

management in Kibale largely focuses on returning “natural forest” to areas degraded by 

logging, fire, or human encroachment with the goal of increasing populations of forest-

dependent species of conservation concern (Uganda Wildlife Authority 2003). However, it is 

unclear what “natural forest” means, as forest in Kibale has almost certainly been changing from 

anthropogenic forces for the last several thousand years (Hamilton et al. 1986), as have other 

African tropical rainforests (van Gemerden et al. 2003; Brncic et al. 2007). Managing to reduce 

habitat heterogeneity ignores the dynamic nature of disturbance in animal and plant population 

dynamics; more homogenous landscapes may be less resilient to large-scale disturbances. 

Instead, it may be better to manage ecosystems by incorporating small- and large-scale 

disturbances (Mori 2011), as well as using non-equilibrium theory in conservation planning.  

 

2.6 CONCLUSION 

Our data suggest that red colobus group sizes are increasing in Kibale across all measured scales. 

In measuring both food abundance and quality, we find that an increase in overall food resources 

may be driving this increase, with larger groups conferring benefits that are not being offset by 

increased competition over food. Group size has remained stable in all other primates studied, 

regardless of changing food resources for some species. Despite stability in group sizes, changes 

in group density has been recorded for some species (Chapman et al. 2010b). Our data suggests 

that the Kibale primate community is in a non-equilibrium state.  
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Table 2.1: Primate group sizes between two sampling periods across all of Kibale National Park, Uganda (broad scale). 

  1996-1998 Group Counts  2010-2011 Group Counts  
Delete-d jackknifed 1996-
1998 Group Counts Welch 

 
Welch Two Sample 

T-testa  

Species 
N 

groups 

Mean 
group-sizeb 

(x ̅) 

95% 
confidence 

limitb 
N 

groups 

Mean 
group-sizeb 

(x ̅) 

95% 
confidence 

limitb 

Mean group-
size*  

Percent of 
t-tests 

significant 

 

t df p 

Baboon 6 28.49 13.75-48.55 3 32.66 29.87-35.58 28.73 (34.0%) 0.00 %  0.59 5.08 0.58 

Blue monkey 11 9.31 6.08-13.23 3 10.60 1.76-26.89 9.50 (32.3%) 0.00 %  0.39 3.53 0.72 

Black and white 
colobus 61 8.22 7.41-9.08 27 7.84 7.18-8.53 8.23 (79.5%) 1.54 % 

 
0.73 82.75 0.47 

L’Hoest monkey 4 19.63 8.90-34.55 - - -  - -  - - - 

Grey-cheeked 
mangabey 17 13.75 10.86-16.97 8 16.52 12.47-21.14 13.77 (4.1%) 13.22 % 

 
1.20 17.13 0.25 

Red colobus  55 28.44 24.25-32.97 27 46.63 39.11-54.81 28.50 (0%) 99.97 %  4.32 53.71 <0.001 

Red-tailed monkey 34 19.29 16.14-22.73 14 19.18 12.75-26.92 19.38 (52.9%) 0.00 %  0.03 19.61 0.98 

a Comparing group sizes between the sampling periods, 1996-1998 and 2010-2011. Group size was square root transformed to improve normality. b Values were back-transformed 

following Sokal and Rohlf (1995) for square root transformed data. *To account for different sample sizes in the two surveys, we used delete-d jackknifing to down-sample the 

1996-1998 data to the number of samples in the 2010-2011 survey (10,000 replicates). We present the mean of this down-sampled data along the percentage of these replicates that 

are greater than the mean from the 2010-2011 survey.  
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Table 2.2: Primate group sizes during two sampling periods in K30, K15, and K14 in Kibale National Park, Uganda (intermediate scale). 

  1996-1998 Group Counts  2010-2011 Group Counts  
Delete-d jackknifed 1996-
1998 Group Counts Welch 

 
Welch Two Sample 

T-testa  

Species 
N 

groups 

Mean 
group-sizeb 

(x ̅) 

95% 
confidence 

limitb 
N 

groups 

Mean 
group-sizeb 

(x ̅) 

95% 
confidence 

limitb 

Mean group-
size*  

Percent of 
t-tests 

significant 

 

t df p 

Blue monkey  9 9.74 5.69-14.88 3 10.60 1.76-26.89 9.98 (40.1%) 0.00%  0.24 4.27 0.82 

Black and white 
colobus  45 8.89 7.90-9.93 13 7.89 7.26-8.55 

 

8.90 (90.2%) 10.51% 
 

1.74 54.62 0.09 

Grey-cheeked 
mangabey 

11 12.05 9.87-14.45 3 17.31 13.75-21.29 12.08 (0.0%) 17.89% 
 

3.79 9.95 0.0036 

Red colobus  33 35.26 30.51-40.34 16 47.47 38.56-57.31 35.31 (0.0%) 61.28%  2.52 27.49 0.018 

Redtail monkey 20 20.54 17.14-24.24 7 13.99 6.18-24.96 20.61 (100.0%) 1.06%  1.45 7.66 0.19 

a Comparing group sizes between the sampling periods, 1996-1998 and 2010-2011. Group size was square root transformed to improve normality. b Values were back-transformed 

following Sokal and Rohlf (1995) for square root transformed data. * To account for different sample sizes in the two surveys, we used delete-d jackknifing to down-sample the 

1996-1998 data to the number of samples in the 2010-2011 survey (10,000 replicates). We present the mean of this down-sampled data along the percentage of these replicates that 

are greater than the mean from the 2010-2011 survey.  
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Table 2.3: Primate group sizes during two sampling periods in K30 in Kibale National Park, Uganda (fine scale). 

a Comparing group sizes between the sampling periods, 1996-1998 and 2010-2011. Group size was square root transformed to improve normality. b Values were back-transformed 

following Sokal and Rohlf (1995) for square root transformed data. * To account for different sample sizes in the two surveys, we used delete-d jackknifing to down-sample the 

1996-1998 data to the number of samples in the 2010-2011 survey (10,000 replicates). We present the mean of this down-sampled data along the percentage of these replicates that 

are greater than the mean from the 2010-2011 survey. This would need to be less than 2.5% to be significant at the p<0.05 level. 

  

  1996-1998 Group Counts  2010-2011 Group Counts  
Delete-d jackknifed 1996-1998 

Group Counts Welch 

 
Welch Two Sample T-

testa  

Species 
N 

groups 
Mean group-sizeb 

(x ̅) 

95% 
confidence 

limitb 
N 

groups 
Mean group-

sizeb (x ̅) 

95% 
confidence 

limitb 

Mean group-size*  Percent of 
t-tests 

significant 

 

t df p 

Blue monkey 3 12.16 1.77-31.88 2 10.40 - 12.30 (67.10%) 67.10%  0.28 1.85 0.80 

Black and white 
colobus 

17 7.82 5.92-9.99 3 7.66 6.28-9.18 7.95(48.3%) 48.34% 
 

0.16 18 0.87 

Mangabey 1 16 - 1 19 - - -  - - - 

Red colobus 14 37.17 27.47-48.34 11 52.07 39.50-66.38 37.25 (0.0%) 0.00%  1.95 22.24 0.065 

Redtail monkey 6 21.05 11.40-33.65 5 17.05 7.72-30.04 21.13 (100%) 100.00%  0.68 8.82 0.52 
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Table 2.4 – Results of the linear mixed effects models to test for changes in food availability (cumulative log10(DBH)) in 11 plots between the four survey periods. Means, 
95% confidence intervals (CI95, 1.96 times SE) and t-values of fixed effects (sampling periods) are given. Significant values are in bold. Vegetation plots included as 
random effect.  

Food abundance measure 
(cumulative log10(DBH) 

 Intercept 
(mean +- CI95) 

t   1999 (mean 
+- CI95) 

t  2006 (mean +- 
CI95) 

t 2013 (mean +- 
CI95)  

t 

All trees 125.1 +- 16.6 14.74*** -4.3 +- 7.8 -1.09 3.1 +- 7.8 0.79 9.3 +- 7.8 2.35* 

BWC food trees 26.8 +- 5.9 8.92*** -2.5 +- 2.7 -1.84 -3.1 +- 2.7 -2.28* -3.3 +- 2.7 -2.45* 

MG food species 28.8 +- 7.4 7.66*** -0.2 +- 3.0 -0.11 -0.3 +- 3.0 -0.19 -1.2 +- 3.0 -0.82 

RT food species 38.7 +- 10.9 6.99*** 0.6 +- 5.6 0.21 3.1 +- 5.6 0.28 5.95 +- 5.6 2.06* 

BM food species 61.8 +- 19.4 6.23*** -3.3 +- 3.6 -1.79 -2.4 +- 3.6 -1.32 -2.8 +- 3.6 1.55 

RC food species 49.7 +- 12.0 8.14*** -0.5 +- 5.8 -0.18 3.8 +- 5.8 1.29 9.5 +- 5.8 3.21** 

RC food species weighted 
by protein:fiber of ML 

31.9 +- 6.4 9.74*** 0.4 +- 3.0 0.24 3.1 +- 3.0 1.99 6.7 +- 3.0 4.35*** 

RC food species weighted 
by protein:fiber of YL 

48.6 +- 7.6 12.48*** -2.0+- 4.6 -0.87 -0.5+- 4.6 -0.20 1.4+- 4.6 0.58 

BWC = black-and-white colobus, MG = mangabey, RT = redtail monkey, BM = blue monkey, RC = red colobus 

YL = young leaves, ML = mature leaves. *** (P < 0.001), ** (P < 0.01) and * (P < 0.05). 
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Table 2.5: Results of the linear mixed effects models to test for changes in food availability (cumulative log10(DBH)) in 22 plots between the four survey periods in K30, 
K15 and K14. Means, 95% confidence intervals (CI95, 1.96 times SE) and t-values of fixed effects (sampling periods) are given. Significant values are in bold. Vegetation 
plots included as random effect.  

 

 Food abundance measure 
(cumulative log10(DBH) 

 Intercept 
(mean +- CI95) 

t   1999 (mean 
+- CI95) 

t  2006 (mean +- 
CI95) 

t 2013 (mean +- 
CI95)  

t 

All trees 111.7 +- 13.7 16.6*** -1.9 +- 5.1 -0.72 7.3 +- 5.1 2.83** 12.4 +- 5.1 4.78*** 

BWC food trees 28.0 +- 4.8 11.4*** -0.9 +- 1.9 -0.93 -0.9 +- 1.9 -0.99 -1.2 +- 1.9 -1.28 

MG food species 28.2 +- 4.6 12.10*** -0.5 +- 1.8 -0.51 -0.1 +- 1.8 -0.09 -0.9 +- 1.8 -0.91 

RT food species 35.6 +- 6.9 10.07*** 0.0 +- 3.0 0.02 3.2 +- 3.0 2.05* 4.7 +- 3.0 3.03** 

BM food species 57.4 +- 11.3 9.99*** -2.0 +- 2.8 -1.40 -0.8 +- 2.8 -0.55 -0.8 +- 2.8 -0.53 

RC food species 46.6 +- 9.7 9.44*** 1.1 +- 3.3 0.65 5.4 +- 3.3 3.20** 8.6 +- 3.3 5.09*** 

RC food species weighted 
by protein:fiber of ML 

30.8 +- 5.9 10.27*** 1.6+- 1.9 1.70 4.5+- 1.9 4.68*** 6.9+- 1.9 7.12*** 

RC food species weighted 
by protein:fiber of YL 

46.4 +- 7.6 12.03*** 0.0 +- 2.8 0.01 2.0 +- 2.8 1.39 3.2 +- 2.8 2.21* 

BWC = black-and-white colobus, MG = grey-cheeked mangabey, RT = red-tailed monkey, BM = blue monkey, RC = red colobus 

YL = young leaves, ML = mature leaves. *** (P < 0.001), ** (P < 0.01) and * (P < 0.05). 
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Figure 2.1: Map indicating study locations. The locations of a) Uganda, b) Kibale National 

Park, c) the study areas Sebatoli, Kanyawara, Dura, and Mainaro, and d) forestry compartments 

K30 (old-growth forest), K14 and K15 (logged forest). 
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Figure 2.2: Group sizes of primate group sizes of primate species in Kibale National Park. 

A) Group size of eight habituated groups of black and white colobus through time. B) Group 

sizes of three habituated groups of redtail monkeys through time. C) Group size of one 

habituated group of red colobus through time; a solid line represents the linear regression of 

group size on time. 
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LINKING STATEMENT 1 

 

In Chapter 2 I documented major changes in red colobus group sizes on a large spatial and 

temporal scale. This was in stark contrast to the relative stability in average group sizes observed 

for all other primate species in the park for which we were able to collect data. While the exact 

causes of these changes were difficult to ascertain, we did find an increase in overall food 

resources that may have been related to the observed increase in group size in red colobus. These 

findings suggested that individuals living in these changing groups might be subjected to rapidly 

changing pressures and challenges. Group sizes have been shown to influence many aspects of 

an animal’s life, including stress levels, disease transmission, reproductive rates, behaviour and 

ultimately fitness.  

These observations on group size motivated us to explore how differences in group size might 

impact individual behaviour and fitness. To date, much of what is known about the effects of 

group size on the behavioural ecology of individuals living in these groups, has come from 

comparisons across multiple groups of different sizes. In chapter 3, I use an alternatively 

approach that draws on longitudinal data collected from a single group of wild red colobus over 

six years, during which group size increased dramatically. I examined how changing group sizes 

affect the behaviour of folivorous red colobus, specifically feeding, socializing, traveling, and 

dietary diversity. We predicted that larger group sizes are associated with increased time spent 

traveling (Koenig 2002; Snaith & Chapman 2008), decreased time spent feeding and socializing 

(van Schaik et al. 1983), higher dietary diversity (Snaith & Chapman 2007, 2008), and lower 

female fecundity (Beehner et al. 2006; Borries et al. 2008; Snaith & Chapman 2008). We 

expected that red colobus spend less time traveling, more time feeding and socializing, and have 

lower dietary diversity with increased food availability, so we control for variation in this factor 

in our analysis.  
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3.1 ABSTRACT  

Group size influences many aspects of mammalian social life, including stress levels, disease 

transmission, reproductive rates, and behaviour. However, much of what is known about the 

effects of group size on behavioural ecology has come from comparisons across multiple groups 

of different sizes. These findings may be biased because behavioural differences across groups 

may be more indicative of how environmental variation influences animal behaviour, rather than 

group size itself. To partially circumvent this limitation, we used longitudinal data to examine 

how changes in group size across time affect the behaviour of the folivorous red colobus monkey 

(Procolobus rufomitratus) of Kibale National Park, Uganda. Controlling for food availability, we 

demonstrated that increasing group size resulted in altered activity budgets, based on six years of 

data on a group that increased from 57 to 98 members. Specifically, as group size increased, 

individuals spent less time feeding and socializing, more time traveling, and increased the 

diversity of their diet. These changes appear to allow the animals to compensate for greater 

scramble competition apparent at larger group sizes, as increasing group size did not show the 

predicted relationship with lower female fecundity. Our results support recent findings 

documenting feeding competition in folivorous primates. Our results also document behavioural 

flexibility, an important trait that allows many social mammals to maximize the benefits of 

sociality (e.g., increased vigilance), while minimizing costs (e.g., increased feeding competition). 
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3.2 INTRODUCTION 

Group size affects many aspects of social organization and behaviour (Pulliam & Caraco 1984; 

Janson & Goldsmith 1995). The size of social groups has been implicated in the stress levels of 

individuals (Takeda et al. 2003; Pride 2005; Snaith et al. 2008), disease susceptibility (Davies et 

al. 1991; Cote & Poulin 1995; Loehle 1995; Nunn & Heymann 2005; Rifkin et al. 2012), 

reproductive and developmental rates (Creel & MacDonald 1995; Mann et al. 2000; Borries et 

al. 2008), and individual and group behaviour (Brown & Brown 1996; Griffiths & Magurran 

1997; Koenig 2002; Carpenter 2007; Nunn et al. 2009). Inter- and intra-species variation in 

group sizes has been documented across broad spatial and temporal scales (Holmes & Price 

1986; Poulin 1995; Weldon et al. 2004), and the causes and impacts of this variation have been 

the focus of intense study (Elgar 1989; Brown & Brown 1996; Ezenwa 2004; Croft et al. 2008; 

Griffin & Nunn 2012).  

Among the numerous explanations proposed to explain the large variation in social systems 

observed across vertebrates (Wrangham 1980; Elgar 1989; Isbell 1991; Sterck et al. 1997; Snaith 

& Chapman 2007), the influence of group size on feeding competition between and within 

groups has been proposed as a major player in the evolutionary ecology of sociality (Eubank et 

al. 2004). A key relationship used in the development of theoretical models of group size 

determinants was the dependence of the rate of energy intake on the number of individuals in a 

group (Pulliam & Caraco 1984; Wrangham et al. 1993; Croft et al. 2008; Perkins et al. 2009). 

The increased nutritional requirements of larger groups are thought to cause larger groups to 

travel farther to visit more food patches that are depleted more rapidly (Janson & van Schaik 

1988; Chapman et al. 1995; Janson & Goldsmith 1995; Chapman & Chapman 2000). Thus, 

individuals in larger groups are predicted to have to increase energy expenditure and travel 

farther to maintain energy intake (i.e., scramble competition: van Schaik & van Hooff 1983; 

van Schaik 1989). The increased energetic costs of living in a large group may be a sensible 

investment, however, if larger groups experience decreased predation or increased success in 

inter-group encounters (Croft et al. 2008; Perkins et al. 2009). Given the pros and cons of 

increases in group size, there may be an ideal group size that is most appropriate for a given 

environment where the benefit-to-cost ratio of group-living is maximized (van Schaik & van 

Hooff 1983). While some groups of animals may have more flexibility to adapt to changes in 

group size, herbivorous mammals are of particular interest because their fibrous diet, subsequent 
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slow digestion, and large body sizes (Demment & Van Soest 1985) make it difficult to adjust 

time budgets to changing competitive regimes (Borries et al. 2008). 

The apparent abundance of resources (i.e., leaves) for folivorous primates in tropical forests has 

led to the suggestion that scramble competition should be limited or absent, and thus not a 

constraint on group size in folivorous primates (Isbell 1991). This hypothesis has been supported 

by numerous between-group comparisons of folivorous primates, which have found little or no 

evidence of scramble competition (Clutton-Brock & Harvey 1977; Struhsaker & Leland 1987; 

Janson & Goldsmith 1995; Yeager & Kirkpatrick 1998; Yeager & Kool 2000). In a comparative 

analysis of primates, however, Janson and Goldsmith (1995) found that folivores exhibited 

smaller group sizes than similarly sized frugivores in similar areas. This apparent contradiction 

between theory and empirical data has been coined the ‘folivore paradox’ (Janson & Goldsmith 

1995; Steenbeek & van Schaik 2001; Snaith & Chapman 2005; Snaith & Chapman 2007); 

however, there is mounting evidence that folivores may exhibit significant scramble competition 

for quality leaf resources. Folivores are resource limited in larger groups (Borries et al. 2008), 

deplete patches as a function of group and patch size (Snaith & Chapman 2005), their total 

biomass is predicted by the quality of resources (Oates et al. 1990; Chapman et al. 2002), and the 

size of their daily range increases with group size (Snaith & Chapman 2008). These findings 

suggest that resources are limiting to folivores, and that scramble competition limits group sizes 

(Snaith & Chapman 2007; Borries et al. 2008; Snaith & Chapman 2008), as it does for 

frugivores.  

In an attempt to resolve these contradictory findings, we conducted a longitudinal analysis of 

group size, food availability, and behaviour in red colobus monkeys (Procolobus rufomitratus) 

of Kibale National Park, Uganda. The mean group size of red colobus across Kibale has 

increased over the past 15 years, suggesting high levels of plasticity in this social variable 

(Gogarten et al., In review). Most studies examining the effects of group size on the behaviour of 

social mammals have compared multiple groups with different group sizes, but this method may 

be problematic if primates adjust group sizes in response to ecological conditions to avoid the 

costs of scramble competition, or if large groups are in high quality areas, negating the need to 

increase day range or modify activity budgets (Snaith & Chapman 2005). Our analysis of a 

single group through time reduces the number of confounding variables and provides an alternate 

means of examining the effect of group size on behaviour (Symington 1988). We examined how 
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changes in group size affect the behaviour of folivorous red colobus, specifically feeding, 

socializing, traveling, and dietary diversity. We predicted that larger group sizes are associated 

with increased time spent traveling (Koenig 2002; Snaith & Chapman 2008), decreased time 

spent feeding and socializing (van Schaik et al. 1983), higher dietary diversity (Snaith & 

Chapman 2007, 2008), and lower female fecundity (Beehner et al. 2006; Borries et al. 2008; 

Snaith & Chapman 2008). We expected that red colobus spend less time traveling, more time 

feeding and socializing, and have lower dietary diversity with increased food availability, so we 

control for variation in this factor in our analysis.  

 

3.3 METHODS 

We collected data from a well-habituated group of red colobus in Kibale National Park, Uganda 

(Struhsaker 1997; Chapman et al. 2000; Chapman et al. 2010b; Gogarten et al. 2012a). Kibale is 

a 795 km2 park consisting of moist, mid-altitude forest located in the western part of Uganda in 

the foothills of the Rwenzori mountains (0°13’-0–0°41’N and 30°19’–30°32’E). Rainfall is 

seasonal with two rainy seasons (1,691 mm; data from 1990–2013, Chapman & Chapman, 

unpubl. data). Monthly rainfall data were collected immediately adjacent to the group’s home 

range throughout the study. 

We collected activity data over 56 months (July 2006 to February 2011). We collected group 

scan data by randomly selecting 5 adults every 30 minutes (N = 35,100 individual scans, 

monthly mean = 638 scans, range = 190-969 scans). During these scans, we recorded the 

individual’s identity if known, sex, behaviour (e.g., feeding, traveling, being social [i.e., 

grooming, playing], resting; behavioural categories following: Struhsaker, 1975), the species and 

plant part being consumed if feeding, and the group spread. Individuals were classified as adults 

based on body size (Struhsaker 1975). Data were collected by C.A.C, J.F.G., and 5 well-trained 

field assistants; we conducted an intensive training period to standardize all data collection 

techniques and minimize inter-observer error prior to data collection.  

Counts of the number of individuals in the group were conducted opportunistically when animals 

crossed open areas, facilitating a complete group count (Ncounts = 28). We estimated group sizes 

for each month from the available group counts by building a generalized additive model (GAM) 

with a smoothing spline over the studies’ duration, using the R package ‘mgcv’ (Fig. 3.1; R2 = 
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0.878, p < 0.001; Miyamoto et al., 2013, Wood, 2011; Zuur et al., 2009). We used a GAM 

model because we were interested in best fitting the available data and did not want to assume a 

linear relationship between time and group size (Zuur et al. 2009; Wood & Wood 2011; Wood 

2011). For each group count, we calculated the infant to female ratio as an estimate of group-

wide female fertility.  

To estimate the availability of foods, we monitored the phenology of 309 trees representing 33 

species each month (for details on tree species and methods: Chapman et al. 2005). We focused 

our estimate of food availability on young leaves, as young leaves constituted over 77.0% of the 

plant parts observed being consumed across the 56 months of observation. The remainder of the 

observed diet consisted of bark (representing 5.9% of time spent feeding), leaf petioles (5.5%), 

mature leaves (3.5%), unripe fruit (1.3%), leaf buds (1.2%), and flowers (1.2%; for a detailed 

analysis of the red colobus diet, see: Chapman et al., 2002; Chapman & Chapman 2002). During 

each month, we estimated the availability of young leaves on each tree using a 0 to 4 scale 

(details in Chapman et al., 2005). If a monitored tree died, it was replaced with another tree of 

the same species and approximate size to ensure a continuous sample size. As an index of food 

availability, we used the sum of the 0-4 scores divided by the number of trees monitored that 

month. Monthly phenology data were available for all months of the study except June 2008, 

June 2009, June 2010, and October 2010; for these months we used the average of the food 

availability index of the month before and after the missing month. In addition, while all of the 

species that we monitored were eaten by red colobus, we constructed a second food availability 

index consisting of nine of the ten most commonly consumed species, to capture aspects of 

phenology potentially most relevant to the red colobus (Table 3.1). These ten most commonly 

consumed species made up almost 60% of this group`s diet, but we excluded Newtonia 

buchannani because it is a rare, but preferred, species for which phenology data were not 

available.  

When individuals were observed eating during a scan (N = 15,774 scans), we recorded the 

species, age, and plant part being consumed (e.g., Celtis durandii young leaves, Markhamia 

lutea leaf petioles of a specific length). Due primarily to poor visibility, we were unable to 

identify the plant species being consumed in ~ 2% of feeding scans and these scans were 

excluded from the analysis of dietary diversity. For each month, we calculated the inverse of 

Simpson’s index of diversity (Simpson 1949; Levins 1968) using the ‘vegan’ package for R 
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(Oksanen et al. 2012). We rarefied the data to the minimum number of scans during which 

individuals were observed eating in a given month (N = 104) to eliminate any sample size effect 

(Soetaert & Heip 1990). This index ranges from 1 to a maximum equal to the number of species 

in the sample, with higher values indicating higher diversity.  

While our behavioural data would ideally be analyzed using GLMMs with a multinomial 

response variable and controlling for potential temporal autocorrelation, we are unaware of any 

current implementation. Thus, we examined the influence of food availability and group size on 

behaviour using three separate generalized linear mixed effects models (GLMMs). Specifically, 

behaviour was treated as a binomial variable (feeding/not feeding, traveling/not traveling and 

socializing/not socializing) and we fitted models with a binomial error distribution, included 

monthly rainfall as a factor to control for aspects of environmental variability beyond food 

availability, and included month as a random factor. To account for temporal autocorrelation of 

months, as evidenced by moderate patterning in the residuals of these models, we used an AR1 

correlation structure in our models (Zuur et al. 2009). Models were implemented in the ‘nmle’ 

(Pinheiro et al. 2012) and ‘MASS’ R packages (Venables & Ripley 2002) using the glmmPQL 

function, which implements generalized linear mixed-model with a penalized quasi-likelihood. 

To test whether the estimation of group size in months, rather than actual counts, impacted our 

analysis, we created three reduced GLMMs including only data from those months where group 

counts were available.  

Because the GLMMs did not allow us to simultaneously analyze behavioural differences across 

categories, we built separate models to the explain variance in each of feeding, traveling, and 

social behaviours. Unfortunately these models do not allow the inclusion of random effects or 

temporal autocorrelation, so results should be interpreted with caution.  Given that individuals 

had a choice between any number of behaviours at any given time, we analyzed behaviour as a 

nominal response to group size in a multinomial baseline-category logit model (Agresti 2002), 

implemented in the ‘nnet’ R package (Venables & Ripley 2002; Ripley 2011). We predicted that 

the behaviour of an adult would be a function of group size, food availability, and rainfall. We 

included resting behaviour in this multinomial baseline-category logit model to have a base-line 

behaviour against which to compare our three behaviours of interest (Agresti 2002). These four 

behaviours represented 97.8% of the scans.  
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We tested the influence of food availability, rainfall, and group size on dietary diversity using 

multiple regression. In addition, to specifically test for the effect of group size on dietary 

diversity, we constructed a simple linear model to explain variance in dietary diversity as a 

function of group size. To test whether the infant to female ratio, an indicator of female fecundity 

(van Schaik 1983; Fedigan 1986), was influenced by group size, we constructed a linear model 

explaining variance in the infant to female ratio as a function of group size. We examined the 

influence of group size and food availability on group spread using a GLMM with a poisson 

error distribution and included monthly rainfall as a factor to control for aspects of 

environmental variability beyond food availability, and included month as a random factor. As 

for the analysis of the behavioural data, we used an AR1 correlation structure to control for 

temporal autocorrelation in the data (Zuur et al. 2009). All statistical analyses were conducted in 

R version 2.14.2 (R Development Core Team 2012). 

 

3.4 ETHICAL CONSIDERATIONS 

This work conforms to the legal requirements of Canada and Uganda and was carried out under 

appropriate ethics and legal clearances. Specifically, permission to conduct this research was 

given by the National Council for Science and Technology, the Uganda Wildlife Authority, and 

the McGill Animal Care Committee. 

 

3.5 RESULTS 

Group size increased from 57 to 98 individuals over 56 months (Fig. 3.1). Animals spent most of 

their time feeding (45.8%), followed by resting (37.7%), traveling (7.9%), and socializing 

(6.4%). The monthly food availability index ranged from 0.852 to 2.041 (mean = 1.673, σ = 

0.247). The food availability index for the ten top red colobus foods ranged from 1.298 to 2.430 

(mean = 1.898, σ = 0.229), while monthly rainfall ranged from 34.7 to 376.3 mm (mean = 

142.71, σ = 84.85).  

The percentage of time spent feeding ranged from 32.9 to 59.8% across months, the percentage 

of time spent traveling ranged from 0.7 to 23.3%, and the percentage of time spent socializing 

ranged from 1.5 to 13.2%. Monthly variation in behaviour was best explained by variation in 
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group size. Increasing group size was associated with a decreased percentage of time spent 

feeding and socializing, and an increased percentage of time spent traveling (Table 3.2). 

Controlling for changes in food availability and rainfall, as the observed group size increased (by 

N=41individuals), red colobus were 77% less likely to be observed feeding during a scan, 82% 

less likely to be observed socializing, and 239% more likely to be observed traveling. Increasing 

food availability was associated with an increase in the proportion of time spent feeding, while 

the relationships to time spent socializing (positive) and traveling (negative) were not significant 

(Table 3.2). Comparing the maximum to minimum food availability observed, while controlling 

for changes in food availability and rainfall, individuals were 111% less likely to be observed 

traveling, 54% more likely to be observed feeding, and 59% more likely to be socializing. 

Rainfall did not predict any behaviour. Similar results were found between food availability 

based on the ten most commonly consumed foods and group size: feeding was predicted by 

group size and food availability, but not rainfall; socializing was predicted by group size, but not 

food availability or rainfall; and traveling was predicted by group size and food availability, but 

not rainfall (Table 3.3). Results of the reduced models, including only months where group 

counts were available, are qualitatively extremely similar (Table 3.4), although in models 

explaining variance in traveling and socializing behaviour, group size was no a longer significant 

predictor, likely due to small sample size. The effects of previously significant predictors 

remained in the same direction as in the full models (i.e., the effect of previously positive 

predictors remained positive and previously negative predictors remained negative). 

From results of the multinomial logit model, behaviour was most affected by group size 

(likelihood ratio χ2 = 873.04, df = 3, p < 0.001), followed by food availability (likelihood ratio χ2 

= 204.23, df = 3, p < 0.001), and rainfall (likelihood ratio χ2 = 11.59, df = 3, p = 0.009). 

Increasing group size was associated with an increased probability that individuals were 

traveling and a decreased probability that they were socializing or feeding (Table 3.5; Figs. 3.2A 

and 3.2B), while increasing food availability was associated with an increased probability of 

individuals feeding and socializing and a decreased probability of traveling (Table 3.5; Fig. 

3.2C). Similar results were observed using the availability of the most commonly consumed 

foods: behaviour was best predicted by group size (χ2 = 840.58, df = 3, p < 0.001), followed by 

food availability (χ2 = 132.61, df = 3, p < 0.001) and rainfall (χ2 = 15.14, df = 3, p = 0.002). 
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Increasing group size was associated with higher dietary diversity (R2= 0.23, F[1,53] = 16.6, p < 

0.001; Fig. 3.3). This relationship was also the observed in the multiple regression analysis, 

explaining variance in dietary diversity as a function of group size, food availability, and rainfall 

(R2 = 0.24, F[3,51] = 5.42, p < 0.005), where food availability (t = 0.470, p = 0.640) and rainfall (t 

= 0.074, p = 0.941) were not significant factors in the model, but group size was (t = 2.279, p < 

0.01). Increasing group size had no effect on the female to infant ratio (R2= 0.045, F[1,26] = 1.22, p 

= 0.279).  While neither food availability (t = -0.730, df = 51, p = 0.470) nor rainfall (t = 1.012, 

df = 51, p = 0.316) were significant predictors of group spread, increasing group size was 

associated with increasing group spread (AR1 Phi =0.765, t = 2.380, df = 51, p < 0.001).   

 

3.6 DISCUSSION 

Our results demonstrate that changes in group size impact the behaviour of a folivorous primate 

above and beyond the variance explained by environmental factors, such as rainfall or food 

availability. With increasing red colobus group size, group spread increased and individuals 

spent less time feeding and socializing and more time traveling. This is likely a result of 

increases in patch depletion and scramble competition (caused by higher within-group 

competition), necessitating an increased proportion of time spent traveling to meet the group’s 

nutritional demands. Similarly, dietary diversity increased with group size, suggesting that 

within-group competition forces individuals to eat less-preferred foods. Taken together, these 

results suggest that there are increasing costs of within-group competition associated with 

increasing group size, including the energetics of travel, quality of the diet, and time available for 

sociality. This finding is in accord with a growing body of evidence that scramble competition in 

folivores limits group sizes (Snaith & Chapman 2005; Snaith & Chapman 2007; Borries et al. 

2008; Harris et al. 2010). In fact, in the current study the impact of this scramble competition 

apparent at larger group sizes causes greater shifts in the activity budget than seasonal 

fluctuations in food availability or rainfall.  

Our results suggest that scramble competition is occurring in folivores (Borries et al., 2008; 

Snaith & Chapman, 2007, 2008). A remaining question is, given an abundant supply of leaves in 

tropical forests, why is there still competition among animals over this resource? Possible 

reasons include variance in resource quality driven by factors such as plant secondary 
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compounds (Schofield et al. 2001; Cardiff et al. 2007; Rothman et al. 2009), available energy 

(Danish et al. 2006; Rothman et al. 2011), protein-to-fiber ratio (Chapman et al. 2003; Felton et 

al. 2009), lack of nutrients such as sodium (Rode et al. 2003; Rothman et al. 2006; Reynolds et 

al. 2009; Irwin et al. 2010), or overall fiber content (Milton 1979). While the red colobus appear 

to be able to deal with increasing scramble competition by increasing their dietary diversity and 

changing their activity budget, individuals in the group may be obtaining lower quality foods as 

group size increases. A recent study using genetic data from two unequally sized neighbouring 

groups of red colobus demonstrated increased female relatedness within the smaller group, 

which may suggest that females are less likely to disperse when there is less within-group 

competition (Miyamoto et al. 2013). Future studies should examine variation in the nutritional 

content and chemical defenses of less preferred plants, and if individuals in larger group sizes are 

forced to consume lower quality foods. It is possible that the increasing dietary diversity 

observed at larger group sizes is simply a result of individuals in larger groups encountering a 

greater variety of foods due to increased group spread and potentially larger home ranges (Snaith 

& Chapman 2008). We found no relationship between the infant-to-female ratio and group size, 

which suggests that shifts in red colobus diet are not yet great enough to impact female fecundity 

and that this behavioural flexibility is able to compensate for increased scramble competition. 

Alternatively, there may be a lag time between the increased levels of competition and resulting 

changes in energy expenditure and diet, and their effects on female fecundity, which the current 

study, despite its long-term nature, was unable to capture.  

Studying a single group longitudinally, rather than multiple groups in a cross-sectional study, 

allowed us to control for environmental variation and reduce the number of potentially 

confounding ecological and group-specific variables. However, it is important to acknowledge 

the limitations associated with studying a single group. It remains possible that the patterns 

observed in this group are an anomaly, thus further studies are needed to corroborate these 

findings in other groups. The costs and time necessary for habituating primates pose significant 

hurdles to replicating this study, and an alternative powerful approach is combining findings 

from both longitudinal and cross-sectional studies. The results of the current study closely mirror 

results from a cross-sectional study of red colobus in Kibale, where individuals in larger groups 

exhibited increased group spread and spent more time feeding and less time engaged in social 

behaviour (Snaith & Chapman 2008). Further, the changes in group size observed in this group 
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of red colobus are mirrored by changes in group sizes observed across Kibale National Park over 

the last 15 years (Gogarten et al., In review). The factors responsible for these large scale 

changes in group size remain unknown; changes in food availability or quality may be playing a 

role, but additional studies are needed. Alternatively, red colobus groups may be recovering from 

a major disturbance (e.g., disease), which led to smaller than optimal group sizes for the 

environment, with group sizes only now slowly recovering. Regardless of the causes of the 

observed changes in group sizes, these changes are modifying the behaviour of red colobus, 

which in turn may impact disease susceptibility, stress, reproductive rates, and ultimately 

population viability (Pride 2005; Borries et al. 2008; Snaith et al. 2008; Griffin & Nunn 2012; 

Rifkin et al. 2012). 

Socioecological theory suggests that individuals will remain in a group so long as the benefits 

outweigh the costs, although average group size could rise above the optimum as the benefit for 

a solitary animal to be a member of a group is greater than the benefit of excluding an individual 

attempting to join a group (Giraldeau 1988; Purvis et al. 2000). While we found support for the 

possibility that ecological constraints will limit group size, a number of alternative hypotheses 

have been proposed, including: infanticide (Steenbeek & van Schaik 2001; Cardillo et al. 2005; 

Chapman & Pavelka 2005), disease (Chapman et al. 2006; Nunn & Altizer 2006; Godfrey & 

Irwin 2007; Chapman et al. 2009), social memory (Shumway & Stoffer 2000), and predation, the 

latter of which may limit group size via mortality, especially if larger groups are easier for 

predators to detect (Hairston et al. 1960; Isbell 1994). We have no evidence that infanticide or 

predation represent significant pressures for this red colobus group, although it has been 

observed in this species (Struhsaker & Leland 1985; Struhsaker & Leland 1987), but the 

importance of these and other factors in limiting group size is a continuing focus of our 

monitoring efforts of this group. The changes in behaviour documented here suggest that 

continued monitoring of this population is critical, as such changes have been shown to impact 

fitness (Borries et al. 2008) and disease susceptibility (Griffin & Nunn 2012) in primate 

populations. 
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Table 3.1: Food species most commonly consumed by the red colobus study group in 

Kibale National Park, Uganda between July 2006 and February 2011.   

 

Species name Percent of diet 

Albizia grandibracteata 10.5 

Trilepsium madagascariense# 9.4 

Newtonia buchananii* 8.7 

Celtis africana 5.6 

Celtis durandii 4.4 

Millettia dura 3.8 

Strombosia scheffleri 3.6 

Parinari excelsa 3.5 

Dombeya mukou 3.3 

Macaranga schweinfurthii 3.2 

Prunus africana 2.9 

Total 58.9 

  # Formerly Bosqueia phoberos  

*Phenology data not available for this species as it was very rare but preferred, so it was not 

included in the food availability index 
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Table 3.2: Generalized linear mixed models explaining variance in probability that individual red colobus in the study group 

in Kibale National Park, Uganda were socializing, feeding, or traveling at a given scan between July 2006 and February 2011.  

 

     Independent variables 

   Group size  Rainfall  Food availability 

Dependent 
variable 

AR1 
Phi 

 Effect 
(std. err.) 

T p-value  Effect  
(std. err.) 

T p-value  Effect 
(std. 
err.) 

T p-value 

Proportion of 
time spent 
socializing  

0.087  -0.0200 
(0.00702) 

-3.912 <0.0001  -0.000589 
(0.000708) 

-0.832 0.409  0.498 
(0.309) 

1.609 0.114 

Proportion of 
time spent 
feeding 

0.409  -0.0188 
(0.00389) 

-4.819 <0.0001  0.000183 
(0.000398) 

0.460 0.648  0.537 
(0.175) 

3.067 0.0035 

Proportion of 
time spent 
traveling 

0.153  0.0583 
(0.0108) 

5.392 <0.0001  0.000898 
(0.00110) 

0.818 0.417  -0.932 
(0.492) 

-1.894 0.0639 

 

P-values in bold indicate significant results (α = 0.05). AR1 Phi represents the estimated autocorrelation between consecutive months 

for the model. The df for all presented T-values = 51.   
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Table 3.3: Generalized linear mixed models explaining variance in probability that individual red colobus in the study group 

in Kibale National Park, Uganda were socializing, feeding, or traveling at a given scan between July 2006 and February 2011, 

using a food availability index based only on the top ten red colobus foods.  

 

     Independent variables 

   Group size  Rainfall  Food availability* 

Dependent 
variable 

AR1 
Phi 

 Effect 
(std. err.) 

T p-value  Effect  
(std. err.) 

T p-value  Effect 
(std. 
err.) 

T p-value 

Proportion of 
time spent 
socializing  

0.087  -0.0164 
(0.00616) 

-2.661 0.010  -0.000613 
(0.000735) 

-0.834 0.482  0.380 
(0.295) 

1.285 0.205 

Proportion of 
time spent 
feeding 

0.408  -0.0150 
(0.00343) 

-4.353 <0.0001  0.000146 
(0.000417) 

0.350 0.728  0.430 
(0.168) 

2.563 0.0134 

Proportion of 
time spent 
traveling 

0.153  0.0530 
(0.00936) 

5.679 <0.0001  0.00110 
(0.00113) 

0.975 0.334  -0.890 
(0.462) 

-1.927 0.0595 

P-values in bold indicate significant results (α = 0.05). AR1 Phi represents the estimated autocorrelation between consecutive months 

for the model. The df for all presented T-values = 51.   

* Models built using food availability index based on the ten most commonly consumed red colobus foods. 
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Table 3.4: Reduced generalized linear mixed models explaining variance in probability that individual red colobus in the study 

group in Kibale National Park, Uganda were socializing, feeding, or traveling at a given scan between July 2006 and February 

2011. Included only data from those months where group counts were available.  

 

     Independent variables 

   Group size  Rainfall  Food availability 

Dependent 
variable 

AR1 
Phi 

 Effect 
(std. err.) 

T p-value  Effect  
(std. err.) 

T p-value  Effect 
(std. 
err.) 

T p-value 

Proportion of 
time spent 
socializing  

0.083  -0.0133 
(0.0116) 

-1.139 0.271  -0.00201 
(0.00123) 

-1.638 0.120  0.243 
(0.457) 

0.532 0.602 

Proportion of 
time spent 
feeding 

0.412  -0.0211 
(0.00605) 

-3.484 0.0028  0.00131 
(0.000642) 

2.035 0.0578  0.588 
(0.243) 

2.419 0.0271 

Proportion of 
time spent 
traveling 

0.134  0.0208 
(0.0228) 

0.915 0.3728  -0.000154 
(0.00239) 

-0.0643 0.950  0.0321 
(0.928) 

0.0346 0.973 

P-values in bold indicate significant results (α = 0.05). AR1 Phi represents the estimated autocorrelation between consecutive months 

for the model. The df for all presented T-values =19.   
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Table 3.5: Estimated parameters in the multinomial logit model for red colobus behaviour 

in Kibale National Park, Uganda between July 2006 and February 2011, with resting as the 

baseline category.  

 

Logit Intercept Effect of group 
size 

Effect of food 
availability 

Effect of 
rainfall 

log(πf/πr) 0.442 
(0.106) 

-0.0169 
(0.00145) 

0.649 
(0.0650) 

0.000251 
(0.000149) 

log(πs/πr) -0.939 
(0.204) 

-0.0290 
(0.00277) 

0.934 
(0.126) 

-0.000384 
(0.000291) 

log(πt/πr) -5.445 
(0.224) 

0.0589 
(0.00294) 

-0.694 
(0.123) 

0.000688 
(0.000271) 

SE values in parentheses. These parameters are combined to describe the log odds of performing 

a given behaviour instead of resting as a function of group size, food availability, and rainfall 

(e.g., the odds of feeding over resting is log(πf/πr) = 0.442 - 0.0169* Group size + 0.649 * Food 

availability + 0.000251 * rainfall). f, feeding; r, resting; t, traveling; s, socializing. 
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Figure 3.1: Size of the study group of red colobus in Kibale National Park, Uganda between 

July 2006 and February 2011. Black circles represent group counts, triangles represent the 

predicted group size for each month, the solid line represents the generalized additive model 

predicting group size through time, and the dashed line represents the 95% confidence bands.  
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Figure 3.2: Fitted probabilities from the multinomial logit model showing the effect of A) 

group size, B) rainfall, and C) food availability on the probability of conducting different 

behaviours by the red colobus group studied in Kibale National Park, Uganda between July 2006 

and February 2011. Dashed lines indicate 95 % point-wise confidence envelope around the fitted 

probabilities of the model. Tick marks along the x-axis represent data used in the construction of 

the model.  
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Figure 3.3: Dietary diversity as a function of the size of the red colobus study group in 

Kibale National Park, Uganda between July 2006 and February 2011. Solid line represents the 

regression explaining variance in dietary diversity as a function of group size.  
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LINKING STATEMENT 2 

Non-human primates living in protected areas are faced with rapidly changing social and 

ecological pressures. During my PhD, I was involved in a series of studies examining how these 

changes impact gastrointestinal parasite communities (Chapman et al. 2012), group genetic 

structure and dispersal (Miyamoto et al. 2013), the cascading impact of these changes on 

population sizes (Chapman et al. 2015a; Chapman et al. 2015b) and polyspecific associations 

(Gogarten and Chapman, unpubl. data). In the previous two chapters I documented major 

environmental and behavioural changes happening on a large spatial and temporal scale in 

Kibale National Park. The impact of changes in-group size documented in chapter 2, were 

examined in detail in chapter 3. In the following chapter I consider in the gut microbiome. 

Non-primate life is estimated to make up 90% of the cells in a primate and to contribute as much 

as 99% of the unique genes present in an organism. This microbial diversity seems to be highly 

versatile, which may allow organisms to adapt more rapidly to changing conditions (Zilber-

Rosenberg & Rosenberg 2008). On the other hand, major pathogens illustrate the potential 

problems that members of this microbiome can cause. If this microbiome is partially heritable, 

then it may also represent the actual unit of selection in evolution (Zilber-Rosenberg & 

Rosenberg 2008). Microbiome assembly might also be influenced by short-term ecological 

processes such as dispersal limitation (Costello et al. 2012). Dispersal limitation occurs by 

selective exposure to other hosts or environmental items, which in effect limits the potential 

source pool on which other ecological processes can act. Primates represent a particularly social 

order, with 75% of primate genera forming year round associations in contrast with ~33% of 

non-primate mammal genera (van Schaik & Kappeler 1997). These close social communities 

create opportunities for transmission of the gut microbiome and might create a ‘pan-microbiome’ 

of organisms that are shared by a social group, which could maintain differences observed 

between host species (Moeller et al. 2016b) while enhancing the community stability of 

microbiomes within groups and individuals via metacommunity dispersal dynamics (Leibold et 

al. 2004). To date we know little about how sociality impacts microorganism community 

composition in primates, and how stable these communities are through time. In the next chapter, 

I seek to address this knowledge gap by examining the bacterial gut microbiome of wild non-

human primates in Taï National Park, Côte d’Ivoire.  
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4.1 ABSTRACT 

Microbiomes make up as much as 90% of cells and 99% of unique genes in their hosts. The 

microbiome impacts a variety of processes including a host’s ability to access nutrients and 

maintain health. While species differences in microbiomes have been described across 

ecosystems, little is known about how microbiomes of individual hosts assemble, particularly in 

the ecological and social contexts in which they evolved. We examined gut microbiome 

assembly within nine sympatric wild non-human primate (NHP) species in a community where a 

strong hunter-prey relationship exists between chimpanzees (Pan troglodytes verus) and 

colobines. Despite sharing a common environment, and regular interspecific interactions, we 

found that individuals harbored unique and persistent microbiomes that were influenced by host 

species, social group, and parentage, but not social relationships among members of the same 

social group. We found a branching order of host-species networks constructed using the 

composition of their microbial communities as characters, which was incongruent with known 

NHP phylogenetic relationships, with chimpanzees sister to their colobine prey. In contrast to 

strong evidence of phylogenetic clustering in the microbiomes of all monkeys, chimpanzee 

microbiomes showed strong evidence of phylogenetic overdispersion. We suggest this reflects 

unique ecological processes driving microbiome assembly in chimpanzees, possibly due to 

broader exposure through hunting and microbiome assimilation of their primate prey. This 

comprehensive study of contemporaneous microbiomes of all sympatric diurnal NHPs in an 

ecosystem highlights the diverse transmission routes that shape these complex communities.  
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4.2 INTRODUCTION 

Gut microbiomes of mammals represent complex communities. These microbiomes influence a 

broad array of processes including a host’s ability to access nutrients (Tremaroli & Bäckhed 

2012), development and tissue maturation (Collins et al. 2012), health via influencing processes 

such as pathogen exclusion and immune system priming (Hooper et al. 2012), and even behavior 

and scent (Ezenwa & Williams 2014). The importance of this and other microbiome 

communities (e.g., skin, vaginal, oral) has led to suggestion that the holobiont, i.e., the host plus 

the entirety of its associated microbiomes, is one of the units of biological organization on which 

natural selection acts (Zilber-Rosenberg & Rosenberg 2008; Bordenstein & Theis 2015).  

Differences in the composition of the gut microbiome of hominine species appear to recapitulate 

their evolutionary relationships, possibly indicating co-divergence of the microbiome with their 

hosts (Ochman et al. 2010) and studies on the scale of individual bacterial taxa suggest that a 

number of bacterial lineages have co-diversified with hominines over the last 6 to 12 million 

years (Moeller et al. 2016a). However, such patterns can also emerge if cross-species 

transmission occurs and is facilitated by host phylogenetic proximity (i.e., preferential host-

switching); an alternative hypothesis that is often difficult to disentangle from co-divergence 

(Charleston & Robertson 2002). Regardless of the underlying process, present-day humans seem 

to have depauperate microbiomes when compared to great apes and other non-human primates 

(NHPs) (Moeller et al. 2014). Studies of wild NHPs might thus provide important insights into 

the ancestral human gut microbiome, which was most certainly heavily modified by changes 

occurring recently in our history, such as the development of agriculture and the use of 

antibiotics (Gillings et al. 2015). 

Microbiome assembly is influenced by ecological processes such as dispersal limitation and 

environmental selection (Costello et al. 2012). Dispersal limitation occurs by selective exposure 

to other hosts or the environment, which in effect limits the potential source pool of potential 

colonizers. For example, in humans vaginal birth exposes new-borns to unique bacteria which 

have a long-term effect on their microbiome structure (Dominguez-Bello et al. 2010). The order 

in which colonization occurs might thus condition persistence or exclusion of particular taxa; 

e.g., some bacteria may serve as ecosystem engineers and facilitate colonization by others. 

Primates represent a particularly social order, with 75% of primate genera forming year round 
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associations in contrast with ~33% of non-primate mammal genera (van Schaik & Kappeler 

1997). These close social communities present opportunities for transmission of the gut 

microbiome, and might present a ‘pan-microbiome’  of microorganisms that are shared by a 

social group, while maintaining differences observed between host species (Moeller et al. 2016b) 

and enhancing the community stability of microbiomes within groups and individuals via 

metacommunity dispersal dynamics (Leibold et al. 2004). Most NHPs also live in highly diverse 

tropical ecosystems, where leaves from an individual tree can be host to more than 400 bacterial 

taxa (Kembel et al. 2014). Disturbances to this complex ecological habitat can additionally 

influence gut microbiomes of NHPs (Amato et al. 2013; Barelli et al. 2015), while removal to 

captivity causes even more extreme shifts in microbiome composition (Clayton et al. 2016). 

Environmental selection may also play a role through the availability of resources a bacterium 

can efficiently exploit (e.g., diet drives shifts in the human microbiome (David et al. 2014)) and 

the fit to specific host conditions (e.g., human genotypes (Goodrich et al. 2014) or immune 

system states (Hooper et al. 2012)). The balance of these ecological processes involved in 

microbiome assembly in humans and NHPs remains largely unknown.  

Host-microbiome ecosystems are short-lived (with an absolute upper bound being a host’s 

lifetime); however, bacteria are fast-evolving organisms capable of horizontal gene transfer 

which provides a means for rapid evolutionary change (Gogarten et al. 2002), and allows for 

strong eco-evolutionary feedback loops between the microbiome, which provide essential 

ecosystem services, and host (Theis et al. 2016). For example, the shift to carnivory may have 

significantly changed the composition of the human microbiome (Moeller et al. 2014), while the 

seaweed rich diet of Japanese populations has been accompanied by a shift in the genes of their 

microbiomes that allow these populations to digest recalcitrant polysaccharides in their food 

(Hehemann et al. 2012; Thomas et al. 2012). We know much less, however, about the ecological 

processes that drove the evolution of the human microbiome during most of our species’ 

lifetime, that is when humans were exclusively tropical hunter-gatherers living in sympatry with 

diverse NHP communities. Two approaches allow us to explore this question. First, the study of 

present-day hunter-gatherer societies, which suggests that most modern human populations may 

have lost much of their microbial diversity (Schnorr et al. 2014; Clemente et al. 2015), though 

even these hunter-gatherer societies have also undergone major societal and environmental 
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changes. Second, comparative analyses of our closest relatives—NHPs—in their natural 

environment.  

Here we seek to understand the factors influencing microbiome assembly in a diverse wild NHP 

community sharing a common environment and including a known predator-prey relationship. 

We examined the gut microbiomes of all nine sympatric diurnal NHP species present in Taï 

National Park, Côte d’Ivoire, and described the microbiome community structure among 

individuals within conspecific groups, among social groups within species, and among species in 

the context of their phylogenetic relationships. First, we tested whether social groups form 

biological islands with distinct gut microbiomes (Moeller et al. 2016b). Second, we contrasted 

the importance of evolutionary history versus diet in shaping species differences. If the 

microbiome community is primarily structured through co-evolution or preferential host-

switching, we would expect the microbiome of colobines and cercopithecines to be most similar 

as these clades are sister to each other. In contrast, if diet is the primary driver of microbiome 

community structure, we would expect more omnivorous chimpanzees and sooty mangabeys 

(Cercocebus atys atys) to have more similar microbiomes, with folivorous colobines distinct 

from both. Third, we examined how behavior mediates both relationships, for example, by 

modifying dispersal probabilities via influencing contact rates between individuals. Uniquely, 

our study system also includes a complex hunter-prey relationship, where chimpanzees regularly 

predate on colobines (Boesch 1994; Boesch & Achermann 2000). Such trophic interactions have 

previously been shown to influence the transmission of retroviruses between species (Gogarten 

et al. 2014a), here we additionally examined whether hunting provides a novel dispersal route 

between prey and hunter for gut microbes. In addition, for sooty mangabeys, we examined 

neonatal colonization and whether similarity in mother-offspring gut microbiomes persists into 

adulthood, the importance of behaviors, such as grooming that mediate conspecific interactions, 

and spatial proximity. 

 
4.3 METHODS 

4.3.1 Site and study groups 

The study was conducted on wild primates in the Taï National Park, Ivory Coast (6°20’N to 

5°10’N and 4°20’W to 6°50° W). Two habituated species of primates inhabit the study area; a 
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group of sooty mangabeys (named the Audrenissrou group) and three neighboring groups of 

chimpanzees (named the North, South, and East group). The mangabey group was habituated 

starting in November 2012, while the chimpanzee groups have been under observation since 

1979 (Boesch & Achermann 2000). Monkey species in Taï regularly interact, forming mixed 

species associations (McGraw & Bshary 2002), while chimpanzee hunting of colobines, 

particularly red colobus, is common (Boesch 1994; Boesch & Achermann 2000). 

Samples were collected from both habituated groups and unhabituated groups, with efforts made 

to avoid resampling individuals by collecting a small number of samples relative to the group 

size under a tree occupied by the group. The microbiomes of samples from the habituated 

mangabeys and chimpanzees were analysed to examine whether: 1) individuals had distinct 

microbiomes, 2) whether there was turnover in the microbiome over time, 3), whether after a 

year, microbiomes from the same individual were more similar to their own samples than to 

other individuals, 4) whether individuals had microbiomes similar to their mothers, and 5) 

whether microbiomes from the same social group are more similar to one another than to those 

from different social groups. Samples from all species were used to examine the effect of host 

species on the relative abundances and phylogenetic structure of fecal bacteria. Samples from 

chimpanzees were also examined to evaluate the phylogenetic depth at which bacterial 

communities were structured. 

4.3.2 Sample collection 

To examine the stability of the microbiome we collected repeated samples from known 

individual chimpanzees and sooty mangabeys. To evaluate the importance of mother-offspring 

relations in shaping the gut microbiome, we examined 22 known mother-offspring sooty 

mangabey pairs. To evaluate the impact of social group membership on the gut microbiome, we 

collected samples from chimpanzees living in three neighboring groups and sooty mangabeys 

living in the Audrenissrou group and a neighboring unhabituated group. To explore cross species 

variation in gut microbiomes and phylogenetic structure of these microbiomes, we collected 

samples from all nine sympatric diurnal NHP species. From the Audrenissrou group, we 

collected repeated samples from 53 and 26 individuals in April, May and June of 2014 and 2015 

respectively, with a single additional sample available from September 2013. An additional 

individual was sampled only once in the 2014 and 2015 sampling periods. For the South and 
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North group we collected multiple samples from 18 and 11 individuals respectively, with six and 

one individual sampled only once in these groups. We collected a single sample from 28 

individuals in the East group. Samples from chimpanzees and unhabituated groups were 

collected over the same months as the Audrenissrou group in 2014, with the exception of 11 of 

28 samples collected from the unhabituated neighboring sooty mangabey group, which were 

available from August and November in 2013. 

Fecal samples (N=380; Fig. S4.1) were stored either by immediately mixing ~1ml feces with an 

equal volume of RNAlater, or ~2ml of feces were kept cool in a thermos in the field and put into 

liquid nitrogen at the end of the day. For habituated animals, collection occurred immediately 

after defecation, while for unhabituated animals, once a group was detected, we waited at a 

distance before searching the area where the group had been, collecting only a limited number of 

samples to avoid repeated sampling of the same individual. Samples stored in RNAlater were 

homogenized by mixing vigorously and stored for 5 days at ambient temperature (25-30°C) 

following manufacturer’s instructions and then stored in liquid nitrogen until transport on dry ice 

to maintain a < -80°C temperature chain.  

4.3.3 Generating bacterial gut community data 

To characterize the microbiome, DNA was extracted from samples using the Matrix Stool DNA 

purification kit (Roboklon). DNA concentrations were quantified using a Syngery HT (Biotek, 

Winooski, VT) with the Quant-iT PicoGreen kit (Invitrogen, ThermoFisher Scientific). 

Following Nelson et al. (2014), at the University of Connecticut’s Microbial Analysis, 

Resources, and Services facility, the 16S V4 hypervariable region was amplified using the 515F 

and 806R primers developed by Caporaso et al. (2012). Briefly, amplicons were generated from 

5 to 20ng of extracted DNA in triplicate PCR reactions. These reactions were pooled, quantified 

and diluted to 4nM prior to pooling amplicons for all samples. Pooled libraries were sequenced 

on an Illumina MiSeq using a 2x250bp sequencing protocol. Returned reads were pre-processed 

according to protocols described by Nelson et al. (2014). Read pairs were merged to form single 

amplicons, and screened for quality and length. Resulting reads were processed using QIIME 

v.1.8 and the 13-08 release of the Greengenes reference sequences. Operational taxonomic units 

(OTUs) were determined by clustering reads to the Greengenes reference 16S rRNA gene 

reference dataset (DeSantis et al. 2006) at 97% identity, and then de novo OTU clustering 
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performed on reads that failed to cluster to a reference (McDonald et al. 2011; Nelson et al. 

2014). Chimeras were removed and the dataset was filtered to remove reads of low quality (less 

than Q30), singleton and doubleton OTUs and then OTUs present at less than 0.0005% 

(Bokulich et al. 2012). From these sequences, we generated a De novo phylogeny using 

FastTree, which incorporates the GreenGenes reference OTU sequences.  

4.3.4 Species confirmation for samples collected from unhabituated animals 

To confirm the species identity of samples collected from unhabituated primates, we used a PCR 

targeting the mitochondrial ribosomal 16S RNAgene (Forward primer: 

CGGTTGGGGTGACCTCGGA; Reverse primer: GATGTCCTGATCCAACATCGAG) and the 

following conditions: 5 min at 95°C, 42 cycles [30 s at 95°C, 30 s at 64°C, 60 s at 72°C], 10 min 

at 72°C (Calvignac‐Spencer et al. 2013). Amplified products were sequenced using Sanger’s 

sequencing and sequences compared to publicly available sequences in GenBank through 

BLAST (Altschul et al. 1990). This resulted in the reclassification of 14 of the 53 samples 

collected from unhabituated groups.  

In addition, chimpanzees hunt red colobus in this ecosystem, and bacterial sequences in feces 

could simply represent passaging of the gut microbiome of their prey (De Nys et al. 2015). To 

test whether this could be a major contributor of 16S sequences in our chimpanzee samples, we 

tested for colobine DNA using two colobine specific PCR systems (Colobinae mt 12S rRNA and 

Colobinae mt CR: described in Minhós et al. 2013; Schubert et al. 2015). Six of the 98 

chimpanzee samples, all from the East study group, were positive for colobine DNA. However, 

these samples did not cluster together in the non-metric dimensional scaling nor did they group 

together in the cluster or maximum parsimony approaches discussed below. Similarly, stored in 

RNAlater were not found to cluster separately. We therefore included all samples in our main 

analyses presented here. 

4.3.5 Behavioral data 

From the sooty mangabey study group, we collected behavioral data using one-hour focal 

follows of all adults and subadults from January 1st, 2014 to June 30th, 2015. We continuously 

collected all occurrences of aggressive (1,715 acts) and grooming (2,771 acts) behavior, using an 

ethogram modified from Range and Noe (2002). For focal individuals, we recorded all 

approaches to within 1m given or received (4,365 acts). We hypothesized that the behavior 



	

70 
	

preceding and overlapping with sampling would most strongly impact microbial composition, so 

for the fecal samples collected between April and June 2014 we analyzed the behavioral data 

from January to June 2014 and for the fecal samples collected between April and June 2015 we 

used data from January to June 2015. To quantify dyadic grooming, we used a dyadic grooming 

index: Grooming(A+B) / (GroomingA+GroomingB - Grooming(A+B)), where Grooming(A+B) 

is the total time A and B spent grooming one another, GroomingA is the total time spent 

grooming by individual A and GroomingB is the total time spent grooming by individual B 

(Wittig & Boesch 2003). Dyadic proximity and aggression indices were recorded as for 

grooming but we used the number of observations instead of time (Wittig & Boesch 2003). We 

dropped individuals from a particular analysis if they were not observed doing a behavior at least 

20 times (or in the case of grooming, 20 minutes).  

4.3.6 Statistical analyses 

Unless otherwise indicated, statistical analyses were conducted in R version 3.2.3 (R Core Team 

2015).  

4.3.6.1 Intraspecific examination of beta diversity 

We used the Bray-Curtis (Bray & Curtis 1957) and weighted UniFrac dissimilarity indices 

(Lozupone et al. 2011) to examine pairwise dissimilarity between the bacterial communities of 

chimpanzee and sooty mangabey microbiomes. Results from the Bray-Curtis dissimilarity index 

were nearly identical to the UniFrac approach and are presented in the Supplementary Material. 

The UniFrac dissimilarity index incorporates the phylogeny of the bacterial taxa by calculating 

the fraction of shared branch length on the phylogenetic tree between samples (Lozupone et al. 

2011). A weighted implementation of the UniFrac index incorporates the abundance of specific 

taxa. Because the weighted UniFrac index can be influenced by sampling effort (Lozupone et al. 

2011), we first rarefied the data to the minimum sampling effort in a given set of samples being 

compared. UniFrac dissimilarities range from 0 (i.e., all branch length is shared between 

communities) to 1 (no branch length is shared between communities) and were calculated using 

the R package phyloseq (McMurdie & Holmes 2013). Statistical significance was assessed using 

Mantel tests and Mantel-like permutations (Sokal & Rohlf 1995). We used data from sooty 

mangabeys to evaluate the following predictions pertaining to intraspecific variation in gut 

microbiomes: 
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1. Microbiomes from the same individual are more similar than microbiomes from different 

individuals for both sampling periods combined, and for the subsets of 2014 and 2015 

data, 

2. Microbiomes from the same individual are more similar to one another when collected 

within the same year compared to when collected in different years, 

3. Microbiomes from different sampling periods from the same individual are more similar 

to one another than when collected from different individuals in different sampling 

periods, 

4. Microbiomes from young individuals (<3 years of age at time of sampling) are more 

similar to that of their mothers than to mothers of other offspring,  

5. Microbiomes from individuals of any age are more similar to that of their mothers than to 

other mothers,  

6. Microbiomes from the same social group are more similar to one another than to those 

from different social groups.  

For chimpanzees we used a similar approach to test hypotheses 1 and 6. For each of these Mantel 

tests we employed 1,000 permutations, including the original data as one permutation. To 

account for non-independence of samples from the same individual, we permuted subject 

assignments when comparing between, for instance, groups or years. As a test statistic we used 

the absolute difference between the mean dissimilarities within and between groups, and 

determined the P-value as the proportion of permutations that resulted in a test statistic larger 

than or equal to that of the original data. To compare the similarity of microbiomes of 

individuals within and between years, we used a Wilcoxen test (Gehan 1965). We examined the 

relationship between behavior (grooming, aggression, and proximity) and sooty mangabey 

microbiomes using Mantel tests using the community dissimilarity matrix and the behavioral 

matrices (grooming, aggression, and proximity). To estimate significance, we determined the 

proportion of permutations that resulted in an absolute Spearman correlation greater than or 

equal to that of the original data. Because of observed differences detected between sampling 

years, we ran these correlations between community dissimilarity matrices and behavioral 

matrices, separately for samples collected in 2014 and 2015 and focused on samples from adults 

and subadults as these individuals were targeted by our behavioral sampling strategy.  
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4.3.6.2 Interspecific differences in microorganism abundance 

To investigate whether the presence and abundance of particular bacteria differed between 

species, we fitted a Generalized Linear Mixed Model with a negative binomial error structure 

and log link function (McCullagh & Nelder 1996; Baayen 2008), implemented using the function 

glmer.nb of the R package lme4 (Bates et al. 2015). To maximize model stability, we excluded 

four NHP species for which there were less than 5 samples and 144 bacterial taxa present in < 50 

samples (Figure S4.1 provides sample sizes and read distributions). To control for seasonal and 

temporal variation, we focused on samples collected from March to June 2014 (N = 289). For 

each of the remaining OTUs, we built a model with the number of reads assigned to a particular 

OTU as the response variable. Into these models we included species as a fixed effect and 

individual and social group as random effects. Variation in sampling effort in the form of 

sequences generated per sample was included as an offset term representing the total number of 

reads per sample (log-transformed). Models with a dispersion parameter >1.3 were excluded 

from subsequent analyses. To test for the effect of species, we compared the full model with a 

null model that lacked the fixed effect of species but included the same random effects structure 

as the full model (Forstmeier & Schielzeth 2011). We compared the null and full model using a 

likelihood ratio test (Dobson & Barnett 2008). To assess model stability, we compared estimates 

from our full dataset excluding levels of random effects one at a time. For 918 of our bacterial 

OTUs we were able to fit a Generalized Linear Mixed Model with negative binomial error 

structure. Of these 17 had a dispersion parameter >1.3 and were not examined further. An 

additional 20 models were excluded due to model instability. We quantified phylogenetic 

structure in the placement of bacterial OTUs with a significant species effect on the bacterial 

phylogeny using the D statistic calculated in the R package ‘caper’ (Orme et al.) and compared 

observed D to that expected under no phylogenetic signal (expected D = 0) and under Brownian 

Motion (expected D =1) using 100,000 permutations.  

4.3.6.3 Microbiome community structure 

We followed Ochman et al. (2010) to evaluate whether similarity in primate fecal microbiome 

mirrors the phylogenetic relatedness of the hosts. Working with the rarified dataset so that 

sampling effort in terms of sequencing effort was equal for all samples, we coded each bacterial 

OTU as an ordered multistate character based on orders of magnitude of the number of reads 



	

73 
	

assigned to that taxa (hereafter referred to as the threshold based approach). This character 

matrix was analyzed using PAUP v4.0b10 and a heuristic maximum parsimony based search 

with subtree pruning and regrafting (SPR), and 250 bootstrap replicates (Swofford 2002). Tree 

topology was assessed by examining the mean branch length between clades for each bootstrap 

replicate. We explored OTU clustering by estimating the best-fitting root with the heuristic 

residual mean squared function in the program TempEst (Rambaut et al. 2016), which minimizes 

the variance of root-to-tip distances. 

As a formal test of the association between host species and position of samples on the maximum 

parsimony dendrograms, we used the program BaTS (Bayesian Tip-associated Significance 

testing) v2.0 (Parker et al. 2008). BaTS tests for a correlation between a trait state, in this case 

host species, and topological position, allowing for a comparison to a null distribution generated 

under the assumption that trait values are independent from topology. We report the 

monophyletic clade statistic (MC) as a measure of the strength of clustering of each species on 

the dendrograms (Parker et al. 2008). In addition, to test whether there was an association 

between social group and topological position, we reran the BaTS analysis including only 

mangabey and chimpanzee samples, and reporting the MC for each social group. We used BaTS 

to test for an association between individual and topological position, using a subset of the 

mangabey and chimpanzee data for which individuals were known. To further explore the 

clustering of NHP microbiomes, we constructed a tree from the pairwise weighted UniFrac 

distance matrix using hierarchical clustering and the Unweighted Pair Group Method with 

Arithmetic Mean (UPGMA)(Felsenstein & Felenstein 2004) and SplitsTree4 (Huson & Bryant 

2006) and examined the pairwise UniFrac distances between species.  

To examine the phylogenetic structure of primate fecal microbiome communities we calculated 

the mean pairwise phylogenetic distance (MPD) among OTUs and compared these to a null 

model based on random assembly from a regional species pool (Webb et al. 2002). MPD can 

range from 0 to infinity, with small values indicating phylogenetic clustering of closely related 

species and large values indicating phylogenetic overdispersion, i.e. assembly of more distantly 

related species (Webb et al. 2002). To contrast community structure among samples, we 

estimated standardized effect sizes (SES) by subtracting the mean MPD of 1000 communities 

assembled randomly from the observed MPD, and then dividing by the standard deviation of the 

1000 randomizations (Webb et al. 2002). Positive SES-MPD values indicate over dispersed 



	

74 
	

communities wherein communities are composed of species that are less related than expected 

under the null model, while negative values represent under-dispersion (Webb et al. 2002). 

Traditionally, overdispersion has been interpreted as indicative of competition (competitive 

displacement of close relatives), whereas underdispersion has been interpreted as evidence for 

environmental filtering (Webb et al. 2002). We examined variation in SES-MPD across samples 

using a linear mixed-effects model with a Gaussian error structure and host species as a fixed 

effect and individual and social group as random effects. We again excluded 4 NHP species for 

which there were less than 5 samples. Models were fitted based on Maximum likelihood and 

using the function lmer of the R package lme4 (Bates et al. 2015), employing the same model 

diagnostics and stability tests used for the model testing for bacterial differences between NHP 

species discussed above. 

To examine hierarchical structuring in microbiome communities, i.e., social groups nested within 

species, mother-offspring pairs nested within groups, and individuals nested within these mother-

offspring pairs we evaluated SES-MPD metrics assuming nested species pools. If nesting is 

strong, phylogenetic clustering should get stronger as the source pool becomes more inclusive 

and more species are added to the bacterial phylogeny. In contrast, if there is no hierarchical 

nesting, then increasing the source pool should not impact the strength of phylogenetic 

clustering. We ran these analyses for both chimpanzees and mangabeys separately. Because 

chimpanzees uniquely exhibited evidence for phylogenetic overdispersion, we additionally 

evaluated the mean nearest phylogenetic taxon distance (MNTD) in chimpanzees to explore the 

phylogenetic depth of structuring. In general, SES-MNTD is more sensitive to differences in 

closely related taxa whereas SES-MPD is more sensitive to patterns deeper in the phylogeny 

(Erickson et al. 2014). SES-MPD and significance testing were calculated using an 

implementation in PEZ (Pearse et al. 2015), which draws on the Picante R package (Kembel et 

al. 2010).  

 

4.4 RESULTS 

We found 1107 OTUs present in the gut microbiomes of primates in TNP. Of these, 1076 could 

be assigned to a phylum, with most belonging to Firmicutes (636) and Bacteroidetes (188), and 

less to Tenericutes (70), Proteobacteria (55), Actinobacteria (35), Cyanobacteria  (25), 
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Verrucomicrobia (22), and Spirochaetes (17). A few OTUs belonged to Euryarchaeota (9), 

Lengisphaerae (6) and Elusimicrobia (5) and Fibrobacteres (4), while only a single taxa was 

assigned to each of WPS-2, Synergistetes, Planctomycetes and Chloroflexi. The core 

microbiome, here considered as OTUs found in more than 80% of individuals of a species, 

varied between species, though all had significant proportions of Firmicutes and Bacteroidetes 

(Fig. 4.1). Of the 1107 OTUs 396 could be assigned to a previously described genus, with 

Prevotella (94), Ruminococcus (38), Oscillospira (27), Faecalibacterium (22), Coprococcus 

(20), Blautia (17), Bifidobacterium (14), Treponema (13), and RFN20 (13) represented by more 

than 10 OTUs.  

4.4.1 Intraspecific beta diversity 

Within sooty mangabeys, we found that samples from the same individual were more similar 

than samples from different individuals (nsamples = 229, nindividuals = 59, x̄ different individuals =  0.37, 

x̄same individual  =  0.31, Mantel test: permutation P < 0.001; Fig. 4.2A). This effect was more 

pronounced when years were analyzed separately (nsamples = 154, nindividuals = 58, x̄different individuals =  

0.376, x̄same individual  = 0.273, Mantel test: permutation P < 0.001; nsamples  = 74, nindividuals = 27, 

x̄different individuals =  0.33, x̄same individual  =  0.29, Mantel test: permutation P < 0.001; for the 2014 and 

2015 samples respectively). For the 26 individuals sampled in both years, samples from the same 

individual were more similar within years than from the same individual between years, 

suggesting turnover in gut bacterial community composition (nsamples =146, x̄between sampling year = 

0.35, x̄within sampling years = 0.28; Wilcoxon test, T+ = 348, N=26, P < 0.001; Fig. 4.2C). However, 

the microbiomes of samples collected between years were more similar when they came from the 

same individual than different individuals, suggesting individual differences in microbiome 

persisted across years (nsamples = 229, nindividuals = 59, x̄different individuals different years =  0.38, x̄same individual 

different years =  0.35, Mantel test: permutation P < 0.001; Fig. 4.2B). 

Within sooty mangabeys, we found that both familial relationships and group membership 

impacted the gut microbiome. Samples from the same study group were more similar to one 

another than samples from different groups (nsamples = 258, nindividuals = 87, x̄different group = 0.400 , 

x̄same group  =  0.37, Mantel test: permutation P = 0.022). Bacterial communities from mother-

offspring pairs were more similar to one another than to those from offspring and non-mothers 

(nsamples = 117, nmother-offspring pairs = 18, x̄non-mother-offspring pair = 0.37, x̄ mother-offspring pair = 0.33, Mantel 
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test: permutation P = 0.046; Fig. 4.2D), though we did not detect a significant difference when 

we included offspring older than 3 years of age at the time of sampling (nsamples = 136, nmother-

offspring pairs = 22, x̄mother-offspring pair = 0.36, x̄non-mother-offspring pair = 0.38, Mantel test: permutation P = 

0.22). However, there was no correlation between dyadic frequencies of grooming, aggression, 

proximity or co-occurrence in a subgroup and dissimilarity in bacterial community composition 

(Table 4.1). 

Chimpanzees showed similar trends to mangabeys: samples from the same individual were more 

similar to one another than samples from different individuals (nsamples = 47, nindividuals = 24, 

x̄different individuals =  0.41, x̄same individual  =  0.30, Mantel test: permutation P < 0.001, Fig. 4.2E; nsamples 

= 23, nindividuals = 12, x̄different individuals =  0.48, x̄same individual  =  0.36, Mantel test: permutation P < 

0.001 Fig. 4.2F; South and North group respectively), and samples from the three study groups 

were more similar within groups than between groups (nsamples = 98, nindividuals = 64, x̄UniFrac  different 

group =  0. 44, x̄UniFrac same group  =  0.41, Mantel test: permutation P < 0.001). 

The BaTS analysis of the trees built using bacterial abundance, including only chimpanzees or 

sooty mangabeys, found that social group membership and individual identity were significantly 

structured (Table 4.3), supporting the findings of the UniFrac based analyses described above. 

4.4.2 Interspecific differences in microbiomes  

There was overwhelming support for the importance of host species on the abundance of 

bacterial taxa (nsamples = 375, nindividuals = 160, nprimate species = 5, likelihood ratio test comparing full 

and null model, for 853 out of 881 models, P < 0.05). For 49 bacterial taxa, both chimpanzees 

and red colobus had effect size estimates greater than zero, when compared to the sooty 

mangabey reference level, indicating those OTUs were more abundant in both chimpanzees and 

their red colobus prey. There appeared to be no phylogenetic pattern in the placement of these 

significant bacterial taxa on the bacterial phylogeny when compared to randomizations (D = 

0.85, Pno phylogenetic structure = 0.16, PBrownian < 0.001; Figure S4.3A+B). 

We found strong evidence for distinct chimpanzee, colobine, and cercopithecine clades (Fig. 4.3, 

Table 4.2), with the chimpanzee clade clustering more closely with the colobine clade, a 

relationship also supported by the shorter average branch length distance between samples from 

chimpanzees and colobines versus the distance from either to the cercopithecine clade (Fig. 4.4). 

The BaTS analysis of the threshold-based maximum parsimony phylogeny revealed strong 
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phylogenetic structure of samples on host species (Table 4.2), but only a single of 100 bootstrap 

replicates supported a chimpanzee outgroup, a relationship that would be predicted by the 

primate phylogeny. The remaining 99 bootstrap replicates were consistent with a chimpanzee-

colobine clade, though for 6 of these, one colobine sample was placed in the cercopithecine clade 

and for four others, one sooty mangabey sample jumped into the colobine clade. Nearly identical 

results were observed for the presence-absence based maximum parsimony analysis (see 

supplementary results for details).  

UPGMA clustering supported the grouping of bacterial OTUs by primate host, though samples 

from several of the cercopithecine species jumped around within the sooty mangabey clade (Fig. 

4.5) and one chimpanzee sample was found closer to the colobines than to other chimpanzee 

samples. A similar pattern was found with the Splitstree network, with several cercopithecine 

samples jumping into the sooty mangabey clade and long chimpanzee and colobine branches 

(Fig. S4.9). While there was a great deal of variation within species, UniFrac dissimilarity scores 

indicate that sooty mangabeys have similar microbiomes to other cercopithecines, reflecting 

functionally similar communities that mirror their close phylogenetic relationships, but are 

distinct from both chimpanzees and colobines (Fig. S4.6).  

The microbiomes of the majority of samples exhibited strong phylogenetic structure, with 

phylogenetic clustering dominant, with the exception of chimpanzees, for which phylogenetic 

overdispersion was evident (Table 4.4 and S4.9, Fig. 4.6; likelihood ratio test comparing full and 

null model: χ2= 34.34, df=4, P<0.001). Sooty mangabeys additionally showed a signal indicative 

of nesting, where strength of clustering increased with the scale of the source pool (Fig. 4.7A), 

such that sooty mangabeys had a subset of the bacteria present within all primates, sooty 

mangabey groups had a subset of the bacteria within the species, mother-offspring pairs had a 

subset of those within the group, and individuals a subset of the bacteria within their mother-

offspring pair. In contrast, for chimpanzees, increasing the source pool does not expand the 

phylogenetic breadth of the gut bacterial community, thus individuals and groups tend to sample 

from overdispersed bacterial lineages (Fig. 4.7B). If anything, phylogenetic overdispersion 

appeared to increase as we expanded the source pool, suggesting these broader scales intersperse 

OTUs evenly across the bacterial phylogeny rather than introduce phylogenetically distinct 

bacterial clades. By contrasting metrics that capture structuring deeper in the tree (SES-MPD) 

with those that capture structure towards the tips of the phylogeny (SES-MNTD) we additionally 
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showed that phylogenetic clustering at the tips is much weaker (Fig. S4.8). The chimpanzee 

microbiome thus appears to consist of overdispersed clusters of bacterial OTUs. One explanation 

for this pattern would be if the chimpanzee microbiome represents a composite of bacterial 

clades, a subset of which with extra-chimpanzee origin that were subsequently integrated into the 

chimpanzee microbiome and passed between individuals.  

 

4.5 DISCUSSION 

We present a comparative study of the gut microbiome among a diverse community of 

sympatric, wild, NHPs that includes a hunter-prey relationship. Our results support previous 

work suggesting that sympatric wild NHPs have individually distinct gut microbiomes (McCord 

et al. 2014; Fogel 2015). In addition, we found evidence that both sooty mangabey and 

chimpanzee social groups maintain a ‘pan-microbiome’ of shared microorganisms and that 

mother-offspring transmission of the microbiome in sooty mangabeys is important during early 

years in life before individuals develop their own distinct microbiomes. However, in contrast to 

findings from studies of baboons (Tung et al. 2015), within mangabeys we found no evidence for 

close social partners having more similar gut microbiomes. Further, we observed incongruence 

between microbial communities and NHP evolutionary relationships, which contrasts with 

Ochman et al. (2010) who reported that the evolutionary relationships of the wild great apes was 

recapitulated by their fecal microbial communities. Contrary to phylogenetic expectations, we 

found that the gut microbiome of chimpanzees clusters more closely with colobines. Uniquely, 

chimpanzee microbiomes were also characterized by strong overdispersion, indicative of 

exposure to a broader diversity of primate gut bacteria. We suggest these patterns might be 

explained by hunting and consuming of colobine prey by chimpanzees. Going beyond 

transmission of specific pathogens (Eppinger et al. 2006), our study suggests assimilation of the 

microbiome from one species into the microbiome of another through hunting. 

Healthy humans exhibit high intra-individual stability in their gut microbiomes (Faith et al. 

2013); in wildlife settings, NHP intra-individual stability in the gut microbiome varies by species 

and habitat. For example, samples from yellow baboons (Papio cynocephalus) collected a few 

days apart were as different from each other as samples collected over 10 years apart (Ren et al. 

2015). Similarly, repeated sampling of rufous mouse lemurs (Microcebus rufus) found high 
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intra-individual variation between years (Aivelo et al. 2016), whereas western lowland 

gorillas (Gorilla gorilla gorilla)(Moeller et al. 2015), eastern chimpanzees (Pan troglodytes 

schweinfurthii)(Degnan et al. 2012), and black howler monkeys (Alouatta pigra)(Amato et al. 

2013) appear to have more stable microbiome communities, exhibiting much lower temporal 

turnover. We show that sooty mangabeys and chimpanzees in TNP exhibit individually distinct 

microbiomes that persisted through time, but which differed by social group. While habitat and 

diet are both likely to influence the stability of the gut microbiome, especially when bacteria are 

dispersed via the environment, social interactions might also be important. The sociality of 

chimpanzees and sooty mangabeys appeared to create opportunities for transmission of the gut 

microbiome between individuals, and ultimately a ‘pan-microbiome’ shared by a social group, 

likely enhancing the stability of microbiomes of individuals within groups (Leibold et al. 2004).  

Collectively our results suggest that dispersal limitation has a major role in driving microbiome 

community in this ecosystem. In humans, transmission of the microbiome from mothers to their 

infants during vaginal birth shapes an individual’s microbiome (Dominguez-Bello et al. 2010; 

Funkhouser & Bordenstein 2013). Our findings suggest a similar signal in wild primates, with 

young sooty mangabeys having more similar microbiomes to their mothers, though this 

similarity was no longer detected in older individuals. In baboons and chimpanzees, the 

microbiome appears to be transmitted in part by an individual’s sociality later in life. More social 

chimpanzees exhibit more diverse microbiomes (Moeller et al. 2016b) and in baboons, close 

social partners exhibited more similar microbiomes (Tung et al. 2015). To our surprise, we found 

no evidence that close social partners were more similar in their gut microbiomes within 

mangabeys, though social group mates did share more similar microbiomes. One potential factor 

driving this difference with baboons is that baboon microbiomes exhibit extremely high 

turnover, on the order of days (Ren et al. 2015), and these labile microbiomes might be more 

susceptible to colonization by novel bacteria from close social partners. In contrast, we found 

that sooty mangabey microbiomes were stable over longer periods, at least a year, and perhaps 

this innate stability renders social interactions less important for bacterial colonization.  

The different community phylogenetic structures observed in chimpanzees and monkeys in the 

ecosystem at TNP suggest that very different fundamental processes are shaping the assembly of 

their microbial communities. We suggest this is likely due to the ecological process of dispersal 

limitation, particularly the increased exposure to a broader aspect of the NHP bacterial 
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community by hunting. The majority of the NHP bacterial microbiomes we examined exhibited 

significant phylogenetic structure, with phylogenetic clustering dominant, wherein closely 

related bacteria were more likely to co-occur than expected by chance. This is a pattern that has 

been observed at broad scales across diverse communities, from plants (Kembel & Hubbell 

2006) to freshwater bacteria (Horner-Devine & Bohannan 2006), and has frequently been 

interpreted as evidence for environmental filtering (Webb et al. 2002), but might also reflect 

local evolutionary radiations, in this case bacterial radiation within host guts (Horner-Devine & 

Bohannan 2006). The phylogenetic overdispersion observed in chimpanzee gut microbiomes was 

thus not expected. Phylogenetic overdispersion has sometimes been suggested to be indicative of 

competition – the competitive displacement of closely related species – and might therefore 

indicate stronger interspecific competition between bacterial taxa in chimpanzees than monkeys. 

However, we found that patterns of overdispersion were strongest deeper in the bacterial 

phylogeny, and weaker towards the tips of the tree, where we might predict competition would 

be most strong. The broad taxonomic dispersion of the chimpanzee gut microbiome is consistent 

with high exposure to diverse bacterial clades. We suggest that the hunting of other NHPs by 

chimpanzees may provide one route by which chimpanzees have been exposed to such high 

bacterial diversity.  

Humans are hunters of NHPs in many ecosystems, which is thought to have facilitated the cross-

species transmission of some pathogens from NHPs to humans (e.g., HIV-1 and 2 (Erickson et 

al. 2014)); whether this close ecological relationship also impacts the gut microbiomes of human 

hunters is an important area of future research. Hunting and scavenging likely played a major 

role in hominin evolution (Domínguez-Rodrigo 2002), though to our knowledge no studies have 

explicitly addressed how this transition in diet impacted our gut microbiomes. Studies of 

contemporary Hadza hunter-gathers have suggested these human communities have more diverse 

microbiomes than Europeans or North Americans (Schnorr et al. 2014), which could be due to 

various environmental factors, including contact with NHPs during hunting. For example, sex 

differences in the microbiome observed in Hadza populations could represent differential 

exposure through hunting (Schnorr et al. 2014). While we are largely ignorant about 

determinants of gut microbiome communities in humans, particularly in hunter-gather societies, 

there is increasing awareness that they are critically important for health (Hooper et al. 2012). 

Our results suggest dispersal limitation likely played a major ecological role in the function and 
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evolution our microbiomes and highlights the need for in depth studies of humans and NHPs in 

complex ecological ecosystems.  

 

4.6 CONCLUSION 

We present a comprehensive analysis of contemporaneous microbiomes of all sympatric diurnal 

NHP species in an ecosystem including a known predator-prey relationship. Despite sharing an 

environment and being exposed to largely the same bacterial source pool, we show that host 

species maintain distinct microbiomes. These findings lend support to the idea that genetic 

factors and differential exposure from conspecifics might be important in influencing the gut 

microbiome of NHPs. We find that individuals have persistent microbiomes that are influenced 

by social group and maternity, but surprisingly not grooming and proximity. Contrary to 

phylogenetic expectations, gut microbiomes of chimpanzees cluster closer with their colobine 

prey, a finding even more the remarkable given the highly specialized diet of the latter which has 

been accompanied by physiological and microbial adaptations that enable foregut fermentation. 

In addition, and in contrast to strong signals suggesting phylogenetic clustering in the 

microbiomes of all monkeys, chimpanzee microbiomes exhibit phylogenetic overdispersion, 

suggesting a unique ecological process drives their community assembly. Our analyses indicate 

that chimpanzees have assimilated bacteria from the gut microbiomes of their NHP prey into 

their own microbiomes.  
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Table 4.1: Spearman rank correlations between behavioral association and UniFrac 

bacterial community dissimilarity for sooty mangabey fecal microbiomes 

 2014  2015 

Behavior rsb P rsb P 

Grooming -0.056 0.814 -0.015 0.609 

Aggression -0.014 0.599 -0.003 0.491 

Proximity -0.045 0.781 0.012 0.407 
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Table 4.2: Results of BaTS testing of host species relationship with phylogenetic position, 

using threshold based maximum parsimony phylogeny 

Test 

statistic Host species 

Observed 

Mean 

Null 

mean 

Null 

lower 

95% CI 

Null 

upper 

95% CI P 

AI 

 

0.732 21.066 19.024 22.927 <0.001 

PS 

 

9.000 

109.78

0 104.000 115.000 <0.001 

MC  Cercocebus atys 84.000 7.880 5.000 13.000 0.010 

MC  Procolobus verus 1.000 1.000 1.000 1.000 1.000 

MC Colobus polykomos 6.000 1.010 1.000 1.000 0.010 

MC Procolobus.badius 1.000 1.030 1.000 1.000 1.000 

MC Pan troglodytes verus 98.000 2.910 2.000 4.000 0.010 

MC Cercopithecus diana 2.000 1.050 1.000 1.000 0.060 

MC 

Cercopithecus 

campbelli 1.000 1.000 1.000 1.000 1.000 

MC 

Cercopithecus 

petaurista 1.000 1.000 1.000 1.000 1.000 

MC Cercopithecus nictitans 2.000 1.000 1.000 1.000 0.010 

PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  
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Table 4.3: Results of BaTS testing for a correlation between group membership, individual 

and phylogenetic position, using threshold based maximum parsimony phylogeny 

 

Test statistic Social group 

Observe

d Mean 

Null 

mean 

Null 

lower 

95% CI 

Null 

upper 

95% CI P 

Cercocebus atys 

      Group: AI 

 

0.758 5.966 4.536 7.208 <0.001 

Group: PS 

 

11.000 26.520 25.000 28.000 <0.001 

MC  Audrenissrou 39.000 17.890 11.000 33.000 0.020 

MC  Neighbor 6.000 1.870 1.000 3.000 0.010 

Individual: AI 

 

12.708 29.210 28.640 29.723 <0.001 

Individual: PS  132.000 

205.04

0 201.000 209.000 <0.001 

       

Pan troglodytes 

verus       

Group: AI  2.318 7.172 5.816 8.492 <0.001 

Group: PS  27.000 42.980 38.000 47.000 <0.001 

MC  East 4.000 2.200 2.000 4.000 0.080 

MC  North 6.000 2.080 1.000 4.000 0.010 

MC  South 5.000 3.410 2.000 6.000 0.160 

Individual: AI  8.987 11.512 11.215 11.618 <0.001 

Individual: PS  81.000 90.110 88.000 92.000 <0.001 

PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  



	

86 
	

Table 4.4: Number of samples by species showing phylogenetic clumping or overdispersion based on SES-MPD 

 

 

Cercocebus 

atys 

Cercopithecus 

nictitans 

Cercopithecus 

petaurista 

Cercopithecus 

campbelli 

Cercopithecus 

diana 

Colobus 

polykomos 

Pan 

troglodytes 

verus 

Procolobus 

badius 

Procolobus 

verus 

Phylogenetic 

clumping              

(P < 0.025) 

232 2 1 2 8 6 1 5 1 

Phylogenetic 

overdispersion      

(P > 0.975) 

0 0 0 0 0 0 36 0 0 

Non-

significant 

(0.025 < P < 

0.975) 

25 0 0 0 0 0 61 0 0 
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Figure 4.1: Abundance of core taxa (i.e., those shared by at least 80% of individuals in a 

species) for each species, separated by phylum.   
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Figure 4.2: Comparison of the UniFrac dissimilarities between samples from sooty 

mangebeys in the Audrenissrou group, when stemming from the same or different individuals 

(A), between samples from different sampling years when stemming from the same or 

different individuals (B), for the same individuals sampled in the same versus different 

sampling years (C), when stemming from a mother offspring-pair or between a non-mother-

offspring pair (D), between samples from chimpanzees in the South group (E) and North 

group (F) when stemming from the same or different individuals. The middle horizontal line 

represent the median while the rectangle shows the quartiles and the vertical line represents 

the 2.5 and 97.5% percentiles. Dashed lines in (C) indicate the paired nature of the dataset, 

connecting the dissimilarity for samples from each individual from the same or different 

sampling years. 
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Figure 4.3: Maximum parsimony phylogeny of samples colored by host species: A) 

Phylogeny of samples estimated with a heuristic maximum parsimony using the threshold 

based scores of bacterial abundance as characters. Tips indicate a particular sample, while 

colors indicate the host’s species, with black branches indicate branches not specific to a 

particular host. Bootstrap support is shown for the species clades and the root position was 

supported by our TempEst analysis. Some host species are represented by only a few 

samples; however, we do not find any evidence that sample size influenced our results. Host 

species largely group together and hosts with few samples do not appear to be unusual or 

driving the patterns observed. Metadata on host individual identity and social group are in the 

supplementary material. B) Phylogeny of the primate hosts based on eleven mitochondrial 

and six autosomal genes made available through the 10kTrees project (Arnold et al. 2010).   
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Figure 4.4: Mean branch lengths between species for threshold based maximum 

parsimony analysis. Based on comparisons of mean branch lengths of all samples to 

samples of A) chimpanzees, B) red colobus, C) king colobus, and D) olive colobus.  
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A)                B)  

 

 

 

 

 

   

 

  

  

  

 

Figure 4.5: A) UPGMA hierarchical clustering of samples based on UniFrac 

dissimilarity matrix. Colors indicate the host’s species as in Fig. 4.3B. B) A cladogram of 

the UPGMA clustering, using the root placement estimated from the TempEst analysis shown 

in Fig. 4.3, highlighting the congruence of these two analyses.  
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Figure 4.6: Standard effect size of mean phylogenetic distance based on null model 

simulations of the bacterial community in each fecal sample, separated by host species. 

The solid middle horizontal line of the rectangles represents the median, the rectangle shows 

the quartiles and the vertical line represents the 2.5 and 97.5% percentiles, while the values 

for each sample are indicated by overlapping gray circles. Values above the dashed line are 

those exhibiting phylogenetic overdispersion while those below the line exhibit phylogenetic 

clumping.   
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Figure 4.7: Standard effect size of mean phylogenetic distance based on null model 

simulations of the bacterial community in each fecal sample using different bacterial 

source pools. A) For sooty mangabeys for each individual that was included in a mother 

offspring pair, we used a source pool including only the bacteria found in any sample of a 

repeatedly sampled individual. We also considered a mother-offspring pool, using a source 

pool of only the bacteria found in any sample of the respective mother-offspring pair. For the 
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group pool we used a source pool of only the bacteria found in the social group, for the 

species, using a source pool of only the bacteria found in any sooty mangabey sample, and 

for the primate pool a source pool of all bacteria found in this study. B) For chimpanzees we 

ran a similar analysis; we did not include mother-offspring pairs and rather ran the group 

analysis for each of the two groups for which we had repeated sampling of individuals. In 

addition we included a source pool level that consisted of bacteria found in any colobine or 

chimpanzee sample. The solid middle horizontal line of the rectangles represents the median, 

the rectangle shows the quartiles and the vertical line represents the 2.5 and 97.5% 

percentiles, while the values for each sample are indicated by overlapping gray circles. 

Values above the dashed line are those exhibiting phylogenetic overdispersion while those 

below the line exhibit phylogenetic clumping.   
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LINKING STATEMENT 3 

In the last chapter, I discussed insights gained into the microbiomes of wild non-human 

primates (NHPs), showing that social groups form units with similar communities, and that 

the hunting behaviour of chimpanzees might be shaping the composition of these complex 

microbial communities. In my appendix chapter, I examined within- and cross-species 

transmission of primate retroviruses (including towards local human populations) and the 

importance of virus-host interactions in determining cross-species transmission risk. I discuss 

how retroviruses ecology and evolution might be changing in a shifting environment. These 

chapters serve as a stark reminder that, because of their evolutionary proximity to humans, 

NHPs can serve as reservoirs for human pathogens and symbionts. These results also 

highlight the need for methods to examine the diversity and evolution of other non-retrovirus 

NHP parasites in face of changing environments. In Chapter five I develop a new molecular 

tool for studying such wildlife pathogens. Many spirochete bacterial taxa are difficult to 

study, as they can be extremely difficult to culture. Treponema pallidum infections causing 

yaws disease and venereal syphilis are globally widespread in human populations, infecting 

hundreds of thousands and millions annually respectively. Though such treponemes have 

been shown to infect baboons, evidence in other NHP species is lacking, and despite millions 

of people being infected annually, only ten genomes of Treponema pallidum infecting 

humans have been published to date. I develop a hybridization capture enrichment approach 

and demonstrate its strength by generating genomic data from asymptomatic bones from non-

human primates. Results suggest that similar to the retroviruses and bacterial transmitted 

between hunter and prey discussed in Chapter 5 and the Appendix Chapter, Treponema 

pallidum infections occur in both chimpanzees and red colobus. I discuss potential 

transmission modes for these pathogens and future avenues of research opened by this novel 

approach.   
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CHAPTER 5 

TOOLS FOR OPENING NEW CHAPTERS IN THE BOOK OF TREPONEMA PALLIDUM 

EVOLUTIONARY HISTORY 
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5.1 ABSTRACT 

Treponema pallidum infections causing yaws disease and venereal syphilis are globally 

widespread in human populations, infecting hundreds of thousands and millions annually 

respectively; endemic syphilis is much less common and pinta has not been observed in 

decades. We discuss controversy surrounding the origin, evolution, and history of these 

pathogens in light of available molecular and anthropological evidence. These bacteria (or 

close relatives) seem to affect many wild African non-human primate species, though to date 

only a single non-human primate Treponema pallidum genome has been published, hindering 

detection of spillover events and our understanding of potential wildlife reservoirs. Similarly, 

only ten genomes of Treponema pallidum infecting humans have been published, impeding a 

full understanding of their diversity and evolutionary history. Research efforts have been 

hampered by the difficulty of culturing and propagating Treponema pallidum. Here we 

highlight avenues of research recently opened by the coupling of hybridisation capture and 

next generation sequencing. We present data generated with such an approach suggesting that 

asymptomatic bones from non-human primates occasionally contain enough treponemal 

DNA to recover large fractions of their genomes. We expect that these methods, which 

naturally can be applied to modern biopsies and ancient human bones, will soon considerably 

improve our understanding of these enigmatic pathogens and lay rest to old, yet unresolved 

controversies.
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5.2 THE GENUS TREPONEMA 

Organisms in the genus Treponema (phylum Spirochaetes, order Spirochetales, family 

Spirochaetaceae) are obligate parasites distributed across a broad range of animal hosts, 

though a few basal species may represent free living organisms (Norris et al. 2006). 

Treponemes have been detected across many of their host’s body compartments: from the 

oral cavity (Griffen et al. 2012) to the hindgut (Bittar et al. 2014), and from the skin to the 

cartilage and bone (Norris et al. 2006). Treponema species can be pathogenic or non-

pathogenic, with suggestions they may play a symbiotic role in some hosts. For example 

Treponema species found in termite guts perform H2–CO2 acetogenesis and nitrogen fixation, 

processes releasing carbon and energy or providing nitrogen for their host (Graber et al. 

2004). Many Treponema species are abundant in gut microbiomes of humans and non-human 

primates, though their functional role in these communities remains unknown (Bittar et al. 

2014; Schnorr et al. 2014). The Treponema genus is however best known for its pathogenic 

members, which are responsible for a large current and historic human global disease burden.  

 

5.3 PATHOGENIC TREPONEMA PALLIDUM 

Subspecies of the spirochete bacterium Treponema pallidum (T. pallidum) are responsible for 

yaws (T. p. pertenue), Bejel or endemic syphilis (T. p. endemicum), and venereal syphilis (T. 

p. pallidum). To date, the causative agent of pinta (currently classified as T. carateum) has 

not been cultured or isolated; this has precluded a determination of whether it represents a 

further member of the T. pallidum species or is divergent enough to warrant designation as its 

own species (Giacani & Lukehart 2014). Pinta disease is not discussed here in detail.  

The clinical presentations associated with treponemal diseases share similarities but are still 

distinctive. Yaws is characterized by a primary cutaneous lesion, most often presenting on 

lower extremities, with secondary lesions developing across the body (Giacani & Lukehart 

2014). In contrast, primary lesions of endemic syphilis infections are rarely observed, and 

when observed, are typically found in oral mucosa (Giacani & Lukehart 2014). Similarly, 

primary lesions of venereal syphilis are typically present on the genital, anal, or oral 

mucosae. All T. pallidum infections can become latent, hampering treatment efforts. Left 

untreated, endemic syphilis and yaws can lead to destructive osteitis of the nose, palate and 

nasal septum, with yaws often causing lesions on the feet (Giacani & Lukehart 2014). In 

contrast, late-stage venereal syphilis is more systemic, causing major neurological and 
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cardiovascular problems and growth of granuloma on many organs (Norris et al. 2006). 

Venereal syphilis can cause adverse outcomes for pregnant women including stillbirth, early 

fetal death, low birth weight, preterm delivery, neonatal death, and infection of the newborn 

(World Health Organization 2012). It was long thought that only venereal syphilis is involved 

with the central nervous system, though some evidence suggests this also occurs rarely with 

yaws and that yaws may also be transmitted vertically in some rare cases (Román & Román 

1986; Giacani & Lukehart 2014). All T. pallidum are predominantly transmitted by direct 

contact with infectious lesions; yaws mostly by skin-to-skin contact, while endemic syphilis 

is also transmitted by contact with mucous membranes (Giacani & Lukehart 2014). In 

contrast, venereal syphilis is predominantly transmitted by sexual contact, though non-sexual 

transmission has been described (Krivatkin & Krivatkina 1997) and vertical transmission is a 

major concern (Newman et al. 2013). Consistent with their different transmission modes, 

yaws and endemic syphilis predominantly infect children 2 to 15 years of age, while venereal 

syphilis infects mainly adults and infants (Giacani & Lukehart 2014).  

In 2009 there were 10.6 million new cases of venereal syphilis in adults, with more than 36.4 

million adults thought to be infected (World Health Organization 2012); estimates for 2008 

suggested more than half a million births were affected despite massive antenatal care efforts 

(Newman et al. 2013). While venereal syphilis is globally distributed, its prevalence varies 

by region, peaking in sub-Saharan Africa (World Health Organization 2012). Endemic 

syphilis is less well documented, though several cases have been reported across several 

countries in Africa and the Middle East (Giacani & Lukehart 2014), most recently in Iran in 

2010 (Abdolrasouli et al. 2013). Yaws has been the target of major past and present 

eradication campaigns, which has reduced its confirmed distribution to 12 countries in 

Africa, Asia, and the South Pacific, where it still caused more than 300,000 new cases 

between 2008 and 2012 (Kazadi et al. 2014). Poor documentation and detection of latent 

infections combined with underreporting and misdiagnosis suggest that the magnitude of the 

disease burden for endemic syphilis and yaws is vastly underestimated. Though symptoms 

and progression of these infections varies, debate remains as to whether these are due to the 

pathogens themselves, or rather caused by differences between hosts, environmental 

variables, or mode of infection (Thornburg & Baseman 1983; Mulligan et al. 2008). 

 

5.4 NON-HUMAN PRIMATE INFECTIONS  
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Non-human primates (NHPs) are also susceptible to T. pallidum infections and descriptions 

of symptoms (Baylet et al. 1970; Levréro et al. 2007; Knauf et al. 2012) combined with 

serological and morphological evidence suggest both syphilis and yaws like infections occur 

in a number of wild NHP populations across Africa (Baylet et al. 1970; Lovell et al. 2000; 

Knauf et al. 2013). The presence of T. pallidum in inflamed tissues has however only been 

demonstrated in baboons (Fribourg-Blanc et al. 1966; Baylet et al. 1970; Harper et al. 2012) 

(Knauf et al. 2012); conclusive evidence of infections in other species is still lacking. The 

recognition of T. pallidum infections in NHPs led to the hypothesis that human 

treponematoses are zoonotic in origin (Knauf et al. 2013), but whether human T. pallidum is 

the result of a single transmission event, continuous transmission, or whether these 

treponemes co-diverged with their primate hosts, is a source of debate (Hackett 1963; Harper 

et al. 2008b). It has been suggested that eradication initiatives for yaws might be hampered 

by continued spill-over from a NHP reservoir (Knauf et al. 2013), though evidence 

confirming transmission events, or even cross-NHP species transmission events in the wild, 

are lacking.  

 

5.5 MOLECULAR DIAGNOSIS AND PHYLOGENETIC RELATIONSHIPS BETWEEN SUBSPECIES 

Such conclusive evidence of zoonotic transmission is lacking in large part because, despite 

major advances in culture techniques, T. pallidum remains one of the last as-yet uncultured 

human pathogens (Lagier et al. 2015). The three recognized subspecies are morphologically 

indistinguishable and antigenically cross-reactive (Giacani & Lukehart 2014). Subspecies 

delineations in humans are therefore nearly always based on clinical and epidemiological 

data, rather than distinguishing molecular evidence (Mulligan et al. 2008). Most molecular 

diagnosis tools are PCR based but as T. pallidum is slowly evolving, the short regions 

amplified with these approaches fail to capture sufficient information to determine 

evolutionary history. A number of single nucleotide polymorphisms (SNPs) distinguishing 

subspecies have been proposed for diagnostics and untangling the evolutionary history of this 

species (Harper et al. 2008b), though the utility and validity of this approach has been 

questioned (Mulligan et al. 2008). The accumulation of sequences has cast doubt on a 

number of formerly recognized diagnostic SNPs which may be explained by mere sampling 

artefacts and/or recombination events (Mulligan et al. 2008).  
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Full genomes allow a resolution of evolutionary relationships that for the most part 

distinguishes subspecies in much the same manner as delineations based on symptoms, 

though misclassification has occurred when symptoms were used alone (Cameron et al. 

2000) (Fig. 5.1). From extant human strains, molecular differences across genomes were 

described for only a few cases; 10 full genomes are published and these are >99.6% per cent 

identical (Šmajs et al. 2012). The whole genome of a treponeme infecting West African 

baboons (Papio cynocephalus) isolated in 1966 was recently sequenced; phylogenetic 

analysis suggested it is extremely similar to human T. p. pertenue, though more genomes of 

treponemes infecting NHPs are required to test the hypothesis that humans acquired this 

infection from NHPs or vice versa (Zobaníková et al. 2013). The diversity of non-pathogenic 

treponemes in humans and wildlife is even less well described, though preliminary insights 

suggest it is high (Graber et al. 2004; Bittar et al. 2014; Schnorr et al. 2014), complicating 

efforts to design pathogen specific primers and presenting challenges for the hybridisation 

capture approaches described below. This is particularly true for non-invasive sampling of 

NHP populations using faeces, where treponeme diversity is high (Bittar et al. 2014). 

  

5.6 ORIGINS AND HISTORY OF T. PALLIDUM IN HUMAN POPULATIONS 

Molecular tools and the availability of full genome data promises to shed light on the origins 

and evolutionary history of T. pallidum, though many questions remain unresolved with the 

currently available data. The origins and spread of venereal syphilis particularly has been the 

focus of much of the debate and controversy. The origins and spread of yaws and endemic 

syphilis are equally enigmatic but have mostly been discussed in relation to the question of 

venereal syphilis’s origin. More specifically, controversy has surrounded the origin of 

venereal syphilis in European populations; the diseases seemingly appeared at the end of the 

15th century, and quickly turned into a major epidemic that swept across the continent. 

Contemporaries began questioning the origins of the disease and the issue remains largely 

unresolved; three main hypotheses have been proposed.  

The Columbian hypothesis posits that when Columbus and his crew returned from the New 

World in 1493, they brought with them not only tobacco and corn, but also a new infectious 

agent. Proponents of this theory recognize widespread syphilitic infections across a large 

temporal and spatial scale in the New World and argue that nothing comparable can be found 

in the European archaeological record prior to Colombus’s return. They also consider the 
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very rapid rise of syphilis as an indication that a novel infectious disease was spreading in a 

naïve population (Hudson 1965).  

Others have hypothesized that syphilis was present in the Old World long before Columbus’s 

return and that it became more virulent around the time of Columbus or increased in 

prevalence and spread due to other social and geopolitical factors (Luger 1993). Proponents 

of the pre-Columbian hypothesis suggest that the progression of the disease makes it unlikely 

the crew would have been exhibiting infective lesions following their return to Europe, that 

the time interval between the sailors return from the New World and the start of a wide-

spread outbreak across Europe is unrealistic, and draw on historic documents suggesting 

syphilis was present in Europe before Columbus’s return (Luger 1993). Archaeological 

remains have been used to argue that pre-Columbian Old World skeletons show evidence of 

syphilitic infections (von Hunnius et al. 2006) and that New World pre-Columbian skeletons 

show evidence of lesions present in young individuals, which might be more consistent with 

yaws like infections than venereal syphilis (Baker & Armelagos 1988). Much of the debate 

surrounds whether bone lesions in different archaeological records in the Old and New World 

represent T. pallidum, and if so, which subspecies.  

Another hypothesis presented is that yaws, venereal syphilis, and endemic syphilis actually 

represent the same pathogen, and that environmental and social conditions determine the 

outcome of the infection (Hudson 1965); proponents of this hypothesis draw on the low 

diversity and difficulties in identifying genetic differences between these subspecies. The full 

genome evidence discussed above suggests genetic differences do exist between these 

different pathogens, though small sample sizes might have missed a continuum of diversity in 

this species and species concepts are notoriously difficult to apply to bacterial lineages.  

 

5.7 ANCIENT PATHOGEN DNA 

Nucleic acids from archaeological and paleontological remains have proven a powerful tool 

for examining the phylogenetic relationships between historic and modern organisms and 

have the potential to resolve the aforementioned controversies (Poinar & Cooper 2000; 

Hofreiter et al. 2001; Schuenemann et al. 2013). While the treasure trove of information in 

ancient remains is appealing, the minute amounts of degraded genetic material calls for 

caution; contaminations have literally plagued the ancient DNA (aDNA) field. Great care is 

therefore required to ensure the replicability and authenticity of any findings; guidelines have 
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been proposed that include the need for replication by independent labs and the use of clean 

rooms (Poinar & Cooper 2000). The fragmented nature of aDNA means that only short reads 

can be generated with each PCR, precluding in-depth phylogenetic analyses for slowly 

evolving pathogens such as T. pallidum. The rise of next-generation sequencing (NGS) 

technologies provided a first means to generate large amounts of data from small amounts of 

starting material, circumventing many limitations of PCR based approaches. Interestingly, 

data from NGS can be leveraged to validate their own authenticity, e.g. by evidencing 

damage motifs characteristic of ancient samples (Briggs et al. 2007; Stoneking & Krause 

2011; Jónsson et al. 2013). Ancient samples are metagenomic, containing a mix of host and 

environmental DNA and often only a low percentage of endogenous pathogen DNA. In some 

rare cases, shotgun NGS approaches have been powerful enough to generate complete or 

close-to-complete ancient bacterial genomes (e.g. Tannerella forsythia (Warinner et al. 2014) 

and Mycobacterium leprae (Schuenemann et al. 2013)), though the combination of NGS with 

hybridisation capture was the fundamental technical leap that revolutionized this field of 

microbiology. Enrichment experiments have thus far succeeded in shedding light on the 

history and evolution of a number of human bacterial pathogens including Mycobacterium 

tuberculosis (Bouwman et al. 2012), Yersinia pestis (Bos et al. 2011), Vibrio cholerae 

(Devault et al. 2014), and Helicobacter pylori (Maixner et al. 2016). These enrichment 

approaches also allowed researchers to generate sequence information for the pathogen 

causing leprosy (Mycobacterium leprae) from both ancient samples and modern samples 

obtained from patient biopsies (Schuenemann et al. 2013). As is the case for T. pallidum, 

propagation by culture is difficult, which has prohibited large scale sequencing of this 

pathogen; NGS approaches coupled with hybridisation capture have greatly expanded our 

understanding of modern M. leprae diversity and how this relates to ancient infections 

(Schuenemann et al. 2013).  

Debate surrounding interpretation of archaeological evidence for T. pallidum infections 

would be clarified considerably if genome sequence information became available, 

particularly from pre-Columbian samples from the Old and New World. A short treponeme 

PCR fragment from a 200 year old mummy (Kolman et al. 1999) and from post-Columbian 

fetuses in Europe (Montiel et al. 2012) suggested aDNA approaches might prove effective; 

though in addition to being too modern to help inform the debate, the short fragments 

amplified precluded informative phylogenetic analyses. Many researchers have subsequently 

tried to use PCR based approaches to study ancient samples with evidence of T. pallidum 
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lesions, with very limited success, which has lead many to question the feasibility of using 

bones to study ancient T. pallidum infections (von Hunnius et al. 2007). This may partially be 

a product of the progression of venereal syphilis; in modern cases, the highest pathogen load 

is usually found in stage 1 when no bone lesions have developed; in adults bone deformations 

usually occur in stage 3 when it is difficult to detect the pathogen itself (Montiel et al. 2012). 

The availability of hybridisation capture coupled with NGS clearly represents a promising 

way forward; this approach should outperform PCR based approaches for screening samples 

with low concentrations and highly fragmented pathogen DNA, ultimately paving the way for 

the generation of genome-wide information from both ancient and modern samples.  

 

5.8 DEMONSTRATING FEASIBILITY OF HYBRIDISATION CAPTURE ENRICHMENT FOR BONE 

SAMPLES 

We assessed the feasibility of such an approach using a set of samples that intuitively seemed 

unpromising; asymptomatic bones from non-human primates. The ability to recover 

treponemal DNA from bones, and more particularly from diagnosed bones, has been a matter 

of controversy (von Hunnius et al. 2007). On the other hand, as mentioned above, many NHP 

populations present clinical manifestations suggestive of treponemal infections, in some 

groups even at very high prevalence (Knauf et al. 2013).  

For this study, we generated DNA extracts from contemporary non-lesioned NHP bones 

(N=51, 6 species from Taï National Park, Côte d’Ivoire) and first screened them with three 

independent PCR systems specific to T. pallidum (see Chapter 5 - Supplementary material 

for details). No bone was positive for all three PCR systems (12 tested positive for the 

shortest PolA sequence, and three were also positive for the longer GDP or cfpA fragments) 

suggesting T. pallidum DNA is highly fragmented or at low concentrations. Based on this 

screening, we selected three candidate extracts (i.e., those also positive for a longer fragment: 

Table 5.1) for which we conducted library preparation, enrichment, and sequencing in two 

separate laboratories using standard procedures to avoid contamination (Supplementary Fig. 

5.1; see Chapter 5 - Supplementary materials for details). At the University of Tübingen we 

used a DNA microarray-based approach, with probes spanning the T. p. pallidum genome 

and post-capture pathogen enriched DNA was sequenced on an Illumina HiSeq 2500 (Arora 

et al. 2016). At the Robert Koch Institute, we used an in-solution capture approach, with baits 

spanning the T. p. pertenue Fribourg-Blanc genome and post-capture pathogen enriched 
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DNA was sequenced on an Illumina MiSeq. Hybridisation capture approaches have been 

used to enrich DNA up to 42% dissimilar to baits (Wylie et al. 2015); T. pallidum is 

characterized by extremely low diversity, suggesting these different bait sets would capture 

DNA from any subspecies of T. pallidum. Reads generated at both institutions were trimmed 

using Trimmomatic, mapped to T. p. pertenue Fribourg-Blanc using BWA-MEM (Li 2013), 

and deduplicated using Picard’s MarkDuplicates. To ensure reads were not contributed by 

non-pathogenic treponemes we filtered reads; each mapped read was BLASTed against a 

local database of treponeme genomes and only reads which were a hit to every published T. 

pallidum genome and where the lowest bit score for a T. pallidum genomes was greater than 

the highest bit score for published non-T. pallidum treponeme genomes were kept. For 

comparing bit scores we used R version 3.2.3 (R Core Team 2015) with the package 

‘data.table’ (Dowle et al. 2015). Surviving reads were mapped to a closely related out-group 

of T. pallidum infecting rabbits, T. paraluiscuniculi, (Šmajs et al. 2011), along with T. p. 

pallidum and T. p. endemicum that infect humans.  

Both the array-based and in-solution-based approaches generated sequences spanning the T. 

p. pertenue Fribourg-Blanc genome (Table 5.1 and Fig. 5.2), though coverage was low for 

the two chimpanzee samples (range=0.036-1.8%) and moderate for the red colobus bone 

(7.2% and 13.9%; Table 6.1). Both laboratories, using unique indices and distinct library 

preparation methods and capture protocols, converged on similar findings for each of the 

bones. Combining data from the approaches resulted in 19.8% genome coverage from the red 

colobus bone (99.5% identical sites) and for the best chimpanzee sample, 3.4% coverage 

(98.9% identical sites). Sequence similarity to the most closely related outgroup, T. 

paraluiscuniculi was lower than for all three T. pallidum subspecies, suggesting chimpanzees 

and red colobus are infected with T. pallidum in the wild. That this approach worked for non-

lesioned bones, suggests it should work efficiently for tissue samples or swabs from humans 

or wildlife, providing a cost-effective, culture-free means of generating whole-genome data. 

It also suggests aDNA studies might benefit from screening non-lesioned remains. The 

amount of sequence information generated represents a substantial increase compared to what 

has been feasible with PCR-based analyses, particularly from bone samples (Kolman et al. 

1999; Montiel et al. 2012). Higher coverage could still be achieved by intensifying the 

sampling of DNA fragments, either through deeper sequencing of the same libraries and/or 

the generation and sequencing of further libraries. Capture experiments need not target entire 

genomes of T. pallidum and other bait designs, e.g. targeting unique but variable regions, 
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might increase the power of such an approach for screening samples; positive samples could 

subsequently be enriched with a genome wide approach to enable rigorous phylogenetic 

analysis. In any case, these experiments demonstrate the feasibility of capture enrichment in 

combination with NGS for studying the enigmatic pathogen, T. pallidum. 

While field reports have suggested T. pallidum infections might be occurring in NHP species 

beyond baboons (Knauf et al. 2013), our results molecularly confirm these observations and 

expand the NHP reservoir to include our closest NHP relatives, chimpanzees. The strongest 

evidence for T. pallidum infection came from the preferred prey species of these 

chimpanzees, red colobus; transmission of microorganisms in this hunter-prey relationship 

has been documented (Gogarten et al. 2014a) though further studies are needed to understand 

the ecology and between-species transmission of T. pallidum in wildlife communities and to 

test the hypothesis of a NHP reservoir that is continuously spilling over into human 

populations. 

 

5.9 CONCLUSION 

Despite the availability of effective antibiotic treatments, T. pallidum infections causing 

venereal syphilis and yaws are still globally widespread, while endemic syphilis continues to 

reappear despite widespread eradication efforts. The paucity of genome data from T. 

pallidum infecting humans or wildlife has hampered a deep understanding of the ecology and 

evolution of this pathogen. This lack of genomic data is notably explained by the difficulty of 

culturing T. pallidum. We show the feasibility of T. pallidum DNA enrichment through 

hybridisation capture, and demonstrate that in combination with NGS technologies these 

approaches sometimes allow for the recovery of substantial parts of treponemal genomes. 

These approaches should be applicable to biopsy samples from symptomatic NHPs and 

humans and from ancient bone specimens of humans and NHPs. We expect they will provide 

a major contribution to our understanding of these enigmatic pathogens and help resolve 

long-standing controversy surrounding their ecology and evolution.  
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Table 5.1. Screening results for bone samples from Taï National Park, Côte d’Ivoire selected for T. pallidum enrichment  

 

     Array capture approach: 
Genome coverage (%)  
[Per cent identical sites (%)] 
 

 In-solution capture:  
Genome coverage (%)  
[Per cent identical sites (%)] 

Species Death 
year  

Pol
A 
seq. 

GDP 
seq. 

cfp
A 
seq. 

T. 
paralui-
scuniculi  

T. p. 
endemic-
cum  

T. p. 
pallidum  

T. p. 
perte- 
nue FB  

 T. paralui-
scuniculi  

T. p. endemic-
cum  

T. p. 
pallidum  

T. p. perte-  
nue FB  

Proc. 
badius 

2002 + + - 13.4              
[97.8] 

13.8       
[99.5] 

13.8 
[99.4] 

13.9              
[99.5] 

 7.2          
[98.6] 

7.2          
[99.6] 

7.2  
[99.5] 

7.2           
[99.6] 

P. t. 
verus 

1992 + - + 0.036          
[97.3] 

0.036      
[97.5] 

0.036 
[97.5] 

0.036       
[97.6] 

 0.2          
[95.6] 

0.2           
[96.3] 

0.2           
[96.3] 

0.2           
[96.3] 

P. t. 
verus 

1998 + + - 1.7              
[97.5] 

1.7            
[98.9] 

1.7  
[98.9] 

1.8                
[99.0] 

 1.6           
[98.1] 

1.7          
[98.7] 

1.6          
[98.6] 

1.7          
[98.6] 

P.t. versus = Pan troglodytes verus; Proc. badius = Procolobus badius; + Indicates sanger sequence generated; - indicates no sequence generated; FB indicates Treponema 

pallidum pertenue Fribourg-Blanc (NC_021179) isolated from baboon. European Nucleotide Archive (ENA) study accession number PRJEB13855 

(http://www.ebi.ac.uk/ena/data/view/PRJEB13855). Sample accession numbers for raw data generated at Tübingen University using a microarray-based approach: Procolobus 

badius - 2002 = ERS1138345, Pan troglodytes verus - 1992 = ERS1138347, and Pan troglodytes verus - 1998 = ERS1138349. Sample accession numbers for raw data generated 

at the Robert Koch Institute using the in-solution based capture approach: Procolobus badius - 2002 = ERS1138344, Pan troglodytes verus - 1992 = ERS1138346, and Pan 

troglodytes verus - 1998 = ERS1138348 and ERS1138350  (large number of reads split into two sets of paired reads). The following reference genomes were used for mapping and 

comparison of per cent identical sites: T. paraluiscuniculi (NC_015714), T. p. endemiccum (NZ_CP007548), T. p. pallidum (NC_021490), and T. p. pertenue FB (NC_021179).  
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Figure 5.1: Maximum likelihood phylogeny of T. pallidum subspecies and closely related 

Treponema paraluiscuniculi generated from full genome sequences. Highly variable TPR 

genes were removed prior to phylogenetic analysis, as these are under strong positive selection 

and often recombine, suggesting these genes may be inappropriate for inferring phylogenetic 

history. Scale is in substitutions per variable site. Support values were calculated using 

Shimodaira-Hasegawa-like approximate likelihood ratio tests (SH-like aLRT) and all branches 

received values above 0.9, with the exception of the short branches within the Treponema 

pallidum pertenue clade between the CDC2 and Gauthier genomes and between these two 

genomes and T. p. pertenue Fribourg-Blanc, which received value of.0.422 and 0.098 

respectively. Details on how phylogeny was generated in Chapter 6 Supplementary materials. 
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Figure 5.2: Coverage of T. p. pertenue Fribourg-Blanc genome. Each point represents 

coverage at that location on the T. p. pertenue Fribourg-Blanc genome for the red colobus bone 

(RC) and two chimpanzee bones (CH) using the two different enrichment approaches at the 

Robert Koch Institute (RKI) and Tübingen University (TU). Coverage appears randomly 

distributed across the genome from both approaches and from the three samples. Points are 

illegible in a printed version though readers are invited to zoom in on the electronic version to 

see these details. 

  

jfgogarten
Typewritten Text
Click on the image to be taken to a high resolution version available at the end of this document. 
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LINKING STATEMENT 4 

In Chapter 5 I developed a new method for studying the wildlife pathogen, Treponema pallidum 

and show that two non-human primate (NHP) species in Taï National Park, Côte d’Ivoire are 

infected. In Chapter 6, I use this approach to study this pathogen in multiple NHP species across 

Africa. Using these data, we show that a number of African NHPs exhibiting yaws- and syphilis-

like symptoms in the wild, are infected with treponemes. Further, we conduct phylogenomic 

analyzes to determine whether a yaws or syphilis like strain is infecting each of these species. 

Using this genomic data allowed us to further analyze the evolution of this pathogen; results 

suggest that these pathogens radiated quickly across humans and NHPs and likely jumped 

repeatedly between their primate hosts. NHPs thus seem to represent a high-diversity reservoir 

for this pathogen, which may impact ongoing yaws eradication efforts. The changing behaviour 

observed in Chapters 2 and 3 might have major impacts on the prevalence of this pathogen, 

which in turn could greatly influence disease risk for humans living in proximity to these NHP 

populations.  
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NON-HUMAN PRIMATES AS RESERVOIRS FOR YAWS 
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6.1 ABSTRACT  

A number of African non-human primate (NHP) species exhibit yaws- and syphilis-like symptoms 

in the wild, yet it is still unclear which treponemes are involved in these infections. We present 

phylogenomic evidence that in four African countries, The Gambia, Senegal, Côte d’Ivoire and 

Tanzania, wild NHP populations harbor bacterial strains closely related to the human yaws-

causing Treponema pallidum ssp. pertenue. These pathogens radiated quickly across humans and 

NHPs and likely jumped repeatedly between their primate hosts. NHPs therefore represent a high-

diversity reservoir for this pathogen, which may impact ongoing yaws eradication efforts. 
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6.2 INTRODUCTION 

Human-pathogenic treponemes (Treponema pallidum; TP) causing syphilis (ssp. pallidum: TPA), 

yaws (ssp. pertenue: TPE) and bejel (ssp. endemicum: TEN) are responsible for a large global 

disease burden and are considered exclusively human-adapted pathogens (World Health 

Organization 2012; Mitjà et al. 2015). Yet non-human primates (NHPs) can be experimentally 

infected with TPE and TPA, and syphilis- and yaws-like symptoms, along with detection of anti-

TP antibodies, have been reported for a number of NHP species across Africa (Nichols 1910; 

Elsas et al. 1968; Fribourg-Blanc & Mollaret 1969; Knauf et al. 2013). Genetic evidence of TP in 

wild NHPs are however very scarce and confined to a baboon population in Guinea (Zobaníková 

et al. 2013) and another in Tanzania (Harper et al. 2012). A single genome allowing conclusive 

determination of the TP subspecies is available from a strain isolated from Guinean baboon (Papio 

papio) in 1966 and is highly similar to human-infecting TPE genomes (Zobaníková et al. 2013). 

Nonetheless, it remains unclear which treponemes are generally involved in NHP infections. Such 

information is critical for public health initiatives, which are currently built on the assumption that 

human infections stem only from other humans. 

 

6.3 METHODS 

Here we investigated four wild NHP populations that displayed ulcerative skin lesions in the Taï 

National Park (TNP), Côte d’Ivoire; the Bijilo Forest Park (BFP), the Gambia; the Niokolo-Koba 

National Park (NKNP), Senegal; as well as at the Lake Manyara National Park (LMNP), 

Tanzania. Additional Materials and methods are available as supplementary materials at the 

Science website. These populations either presented with syphilis-like anogenital lesions (Knauf et 

al. 2012) or yaws-like orofacial and limb lesions. While TP infections in olive baboons (Papio 

anubis) at LMNP were already confirmed (8), we collected skin lesion biopsies or swabs from 

affected individuals in TNP, BFP, and NKNP to determine their TP infection status. We detected 

TP DNA in samples from these three populations and selected promising candidates for whole 

genome sequencing from all four populations, based on high TP copy numbers or the sequencing 

of longer PCR fragments (table S6.1). To overcome the large background of host DNA we used 

targeted DNA capture coupled with next generation sequencing (Arora et al. 2016; Gogarten et al. 

2016). 
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6.4 RESULTS 

After mapping against the same reference TP genome, removing all PCR duplicates, and merging 

different sequencing runs from the same sample, we achieved a range of 22,886-470,303 DNA 

sequencing reads per sample resulting in an 6.1 to 121-fold average genome coverage for 2 

samples per population (n=8; table S6.2). After removal of four potentially recombinant genes, we 

reconstructed the phylogeny of these genomes and all other available TP genomes using maximum 

parsimony (Fig. 6.1, table S6.3 and Fig. S6.1). All simian TP strains were closely related to TPE 

strains infecting humans (Cejkova et al. 2012). Human yaws-causing TPE strains (Samoa D, 

CDC-2, and Gauthier) spanned a broad geographic and temporal range but were less divergent 

from each other than the two strains infecting sooty mangabeys (Cercocebus atys) from a single 

social group at TNP. For the two African green monkey (Chlorocebus sabaeus) and the olive 

baboon social groups, intra-group strain divergence was low, though intra-species strain 

divergence for African green monkeys was again almost as high as the divergence observed 

between human strains. The TPE clade exhibited a star-like phylogenetic branching pattern, with 

short basal branches receiving low statistical support, suggesting a rapid initial radiation of TPE 

across humans and NHPs. Neither human-infecting TPE nor NHP-infecting TPE strains formed 

monophyletic groups, which may indicate that ancestral TPE strains were not host species 

specific. 

Using long-range PCR amplification coupled with next generation sequencing (tables S6.4), we 

determined the complete sequence of one of the new NHP-infecting TPE (LMNP; primers 

available from corresponding authors). This genome showed the same structure as the three 

human-infecting and the single NHP-infecting TPE strain genomes already available, including 

gene synteny in two alternative rRNA operons (Cejkova et al. 2012). When comparing the two 

NHP-infecting TPE strains (Fribourg-Blanc and LMNP) to the closest human-infecting TPE 

strains (CDC-2 and Gauthier, respectively), we found that only 7.2% and 9.1% of all coding 

sequences (77 and 97 coding sequences out of 1065 coding sequences) comprised amino acid 

substitutions (tables S6.5, S6.6 and S6.7). There is, therefore, a strong indication of limited 

functional divergence between human-infecting and NHP-infecting TPE strains. Since the 
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Fribourg-Blanc strain causes sustainable infection when inoculated into human skin (Smith et al. 

1971), it seems likely that a number of these TPE strains infecting NHPs have zoonotic potential. 

 

6.5 DISCUSSION 

Antibiotherapy in combination with mass drug applications led to a marked decrease in the 

incidence of TP diseases in the mid-20th century. Unfortunately yaws incidence has increased 

again in West Africa, Southeast Asia, and the Pacific region (World Health Organization 2012). 

Efforts aiming to eradicate yaws globally by 2020 are currently underway (Maurice 2012). Our 

findings provide convincing evidence that NHPs likely represent a large and widespread TPE 

reservoir that could hinder future eradication efforts targeting African human populations. Even if 

yaws eradication is achieved in humans by 2020, post-treatment surveillance will be an important 

consideration for sustainable eradication in Africa, where continued high-contact rates to NHPs 

may allow for disease re-emergence (Mossoun et al. 2015). 
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Figure 6.1: Phylogenomic analysis of NHP (in bold) and human-infecting treponemes. In 

this maximum parsimony tree, nodes that had less than 90% bootstrap support are indicated with 

dashed lines. Tip labels indicate the NHP species sampled, the country of origin, and the sample 

ID. The scale is in nucleotide substitution. The inset is a map of Africa where sites of origin of 

the NHP samples from which a TP genome was determined are indicated with black circles. A 

country’s 2013 yaws status based on the World Health Organization’s Global Health 

Observatory is indicated by its color: grey indicates no previous history of yaws infections in 

humans, yellow indicates a country previously endemic for yaws though the current status is 

unknown, and countries in red indicate countries which are currently considered endemic for 

yaws.  
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CHAPTER 7 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 
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There is a saying in German that has rung true throughout my life; “man lernt nie aus”, which 

translates roughly to; one is never done learning. I was born in Germany, but am a dual US-

German citizen and my family first came to the United States shortly after the Chernobyl nuclear 

disaster. My father was working in a lab at the time and had access to a Geiger counter, and 

when we went outside to the grass where my sister was playing we found that it was more 

radioactive than the lab he was working in. Shortly thereafter, my mother left Germany with me 

and my sister, heading to the United States for the first time. Since a young age I have been 

motivated to understand how these massive environmental changes interact with wildlife and 

human populations. 

My studies in Kibale National Park, Uganda, presented in part in Chapters 2 and 3 of this thesis, 

examined how environmental change impacts non-human primate’s (NHPs) food availability and 

quality (Gogarten et al. 2012b), gastrointestinal parasites (Chapman et al. 2012), group sizes 

(Gogarten et al. 2015), behaviour (Gogarten et al. 2014b), group genetic structure and dispersal 

(Miyamoto et al. 2013), and the cascading impact of these changes on primate fitness, 

abundance, and population sizes (Gogarten et al. 2014b; Chapman et al. 2015a; Chapman et al. 

2015b). These in turn impacted the broader ecosystem, as NHP species serve as ecosystem 

engineers (Chapman et al. 2013). As part of this dissertation and through my work at the Robert 

Koch Institute in Berlin, Germany and working at their field site in Taï National Park in the Côte 

d’Ivoire, I also made my first forays into understanding how these changes may impact 

populations at the human-wildlife interface. This shift necessitated a strong emphasis on the 

molecular; In chapter 4, I generated amplicons covering the 16S V4 hypervariable region to 

examine factors impacting bacterial gut microbiome community composition in a wild NHP 

community; examining the importance of species, social group and position in the social network 

and also mother-offspring effects. In the Appendix Chapter, I began studying the ecology and 

evolution of retroviruses that have spilled over into the surrounding human population and 

gained insights into the importance of virus-host interactions in determining cross-species 

transmission risk (Gogarten et al. 2014a). In chapter 5, I developed hybridization capture 

methods on bone samples to generate Treponema pallidum pertenue sequences and demonstrate 

that this pathogen is distributed in several wild NHPs in Taï National Park. In Chapter 6, I 

expand this work and use this method to test multiple NHP species and find that T. pallidum 

made a recent radiation across NHPs and humans, with major implications for global yaws 
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eradication. That insights into a reservoir for this pathogen that infects thousands of people 

annually and has been the focus of huge global eradication efforts is only now being described, 

highlights the infancy of our understanding of wildlife pathogens.   

As it became clear to the world that there was an Ebola virus disease outbreak in West Africa, I 

happened to be about 150 km from the index village; as part of an interdisciplinary team, I 

worked as an equally contributing first-author on the study that largely ruled out the possibility 

of a concurrent large-scale outbreak in NHPs in the region as the source of the current epidemic 

(Marí Saéz et al. 2015). Rather, environmental DNA from a burned tree where the index-case 

reportedly played, suggested contact with an insectivorous bat species known to survive 

experimental infections may have been responsible for the spillover (Marí Saéz et al. 2015). We 

subsequently revaluated the evidence supporting fruit bats as the sole wildlife reservoir of 

Ebolaviruses (Leendertz et al. 2015), and have been broadening our search for potential 

Ebolavirus reservoirs and developing education materials and emergence mitigation strategies. 

Again, our knowledge about the ecology of this pathogen is rudimentary, making prevention 

efforts daunting. These efforts, in part, motivated my shifting focus to studying potentially 

zoonotic pathogens in Chapters 5 and 6.  

My thesis has examined how red colobus populations may be adjusting to environmental change 

by changing their group sizes in response to major changes in the availability of food (Chapter 

2). These changes in red colobus group size sizes across the park have required individuals to 

make behavioural shifts to cope with the changing competitive regimes in theirs groups, 

including increased travel, decreased time spent feeding, and increased time spent in polyspecific 

associations (Chapter 3). Interestingly these changes appear to allow animals to successfully 

compensate for the changing environment, as we saw no major shift in individual fitness. To 

understand how these changes might be impacting the distribution of microorganisms, I 

examined the gut microbiome of a community of NHPs at a number of scales; from the stability 

of the individual, to the impact of social groups and social networks, to between species 

differences and showing a link between chimpanzee hunting of colobines and their gut 

microbiomes (Chapter 4). These results suggest that the changing group sizes observed in Kibale 

National Park might be changing the diversity of gut microbiomes in these populations; 

individuals acquire similar microbiomes to their group mates and thus larger social groups likely 

mean that there will be less standing bacterial diversity at the landscape scale. Similarly, large 
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groups might be subject to less successful predation rates by chimpanzees; the changing red 

colobus group sizes might ultimately be changing the gut microbiome communities found in 

chimpanzee populations. To understand how these changes might be impacting pathogens in this 

ecosystem, I first developed a new method to non-invasively sequence the genome of an elusive 

pathogen, Treponema pallidum. Using this approach on bones, I show that chimpanzees and red 

colobus are infected with this pathogen that causes yaws and syphilis in humans (Chapter 5). I 

then scale this approach up to study this pathogen in multiple NHP populations across sub-

Saharan Africa. I found that a number of African NHPs that exhibit yaws- and syphilis-like 

symptoms in the wild, are infected with treponemes. Surprisingly, full genomes show that all 

NHP populations sampled are infected with a pathogen closely related to human yaws and that 

these pathogens radiated quickly across humans and NHPs and likely jumped repeatedly between 

their primate hosts (Chapter 6). NHPs represent a high-diversity reservoir for this pathogen, 

which likely impacts ongoing yaws eradication efforts. The changing behaviour observed in 

Chapters 2 and 3, which in turn likely impact the distribution of microorganisms might have 

major impacts on the prevalence of this pathogen. This in turn could greatly influence disease 

risk for humans living in proximity to these NHP populations, suggesting that projects are need 

to minimize this risk and understand changing disease emergence processes. Collectively, these 

studies suggest that changing environments might have major cascading impacts not only on 

wildlife populations, but also for humans living in proximity to these populations.  

These experiences prompted me to become involved in a small scale Health Education Project in 

the Taï Region, where we raised funds and supplies and created basic education materials about 

the hygiene and disease prevention for K-12 students; I became convinced that promoting human 

healthcare can change conservation outcomes (Chapman et al. 2015c), but frustrated at our 

ignorance involving the distribution and ecology of wildlife pathogens and only being involved 

in small-scale mitigation efforts. These experiences during the time writing my dissertation have 

reinvigorated my interest in collaborating with large-scale human health projects to enable an 

understanding of factors influencing transmission risk and conservation at the human-wildlife 

interface. Rather than simply documenting areas of transmission or areas with high disease 

prevalence, I am excited to begin exploring solutions. The complicated relationships between 

humans, their livestock, wildlife, and their environments have given rise to the Planetary Health 

paradigm (Whitmee et al. 2015). This paradigm calls for interdisciplinary collaborative efforts to 
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optimize health for people, animals and the environment. While intriguing, it has proven difficult 

to operationalize these ideas; a quantitative framework for testing whether intervention strategies 

facilitate the health of all of these parties is currently lacking and these complex systems often 

react in unexpected ways. The ways in which anthropogenic changes impact disease dynamics of 

a landscape thus represents a critical area of future research, especially in light of current and 

predicted global population growth and climate change. This highlights the need for broader 

monitoring and research to enable the development of informed public health and conservation 

strategies incorporating disease mitigation (Jones et al. 2008; Lafferty 2009). The results of this 

thesis suggest that monitoring wildlife and humans at this interface is critical for preventing 

further zoonotic emergence events and for conservation efforts.  

Efforts to alleviate extreme poverty and improve global human health are rooted in a philosophy 

of human rights (London 2008). These efforts have made tremendous progress in the last several 

decades and it has been argued that more people are living longer, have more access to 

education, clean water, and basic sanitation; this may in part be driven by higher per capita 

incomes (United Nations Development Programme 2015); ambitious efforts are underway to 

scale up these projects to fully eliminate extreme poverty and increase lifespans globally. As the 

global human population rises above 7.3 billion, the cost of these improvements has shifted 

disproportionately to wildlife and ecosystems (Whitmee et al. 2015). While difficult to measure, 

there is growing consensus that humans have driven increased rates of wildlife extinction well 

beyond historic background rates (Pereira et al. 2010). This raises the important question: how 

should animal and ecosystem rights factor into our efforts to alleviate extreme poverty and 

improve global human health? While beyond the scope of this dissertation, I believe this 

represents a critical discussion we as a species must undertake as we move forward into the 

future. This thesis suggests that small changes to the environment can have cascading impacts on 

wildlife populations, reiterating the need for caution.  

Determining how human healthcare interventions and improving livelihoods interact with 

increasing anthropogenic disturbance to impact ecosystem health and services is a critical area of 

future research. Reducing human and livestock disease burdens is predicted to reduce 

transmission risk to wildlife populations, though this has never been tested on a large scale. 

Increasing access to clean water sources and latrines should reduce microorganism spillover 

rates. Increasing socioeconomic wellbeing might decrease the need for bushmeat hunting as a 
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source of nutrition (Golden et al. 2011), thus further decreasing spillover. However, in urban 

areas bushmeat consumption increases with wealth, so it is difficult to predict how practices 

change (Brashares et al. 2011). Reforestation projects and multi-use zones might mitigate 

pressure on protected areas, but could also serve as areas of spillover. Lastly, as NHP 

populations decline, pathogens might go extinct or become more virulent or prevalent in high-

density fragments. As the world population grows, addressing these questions is critical for 

mitigating impacts of humans and wildlife on one another. Large-scale public health 

interventions provide a test case to observe how such initiatives impact the microorganism 

community and health of NHPs. 

Since my first experiences conducting fieldwork in the tropics examining the impacts of 

environmental changes, disease has remained an omnipresent topic; seemingly weekly funerals 

of youth in remote communities, and co-workers and I falling ill for days, not being able to walk 

around, let alone work. My animal study subjects suffered too; slow days and unpleasant 

symptoms were common, but disease also represented the largest known source of mortality at 

all of my field sites. The close evolutionary relationship and similar physiology of NHPs and 

humans make them particularly important for understanding disease emergence and transmission 

in both directions. This combined with the availability of high-quality long-term data from 

multiple ecosystems drove me to begin studying wild NHP populations and ultimately, to pursue 

this dissertation. This thesis provided the opportunity to link changes in the environment to 

changes in animal behaviour, and then to examine how these changes might be influencing 

microorganisms in NHP populations and ultimately the abundance of potential zoonotic 

pathogens. I hope the reader has enjoyed this thesis to even a small fraction of the extent that I 

myself have. As the German quote starting this concluding chapter highlights, I will never be 

done learning, and this dissertation has provided a critical stepping stone in my development as a 

scientist and researcher for which I will be eternally grateful.   
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APPENDIX LINKING STATEMENT  

In the Chapter 4, I began making the link between grouping behaviour, within- and between- 

species interactions, and the microbiome. The retroviral studies pursued at Taï National Park 

represent a novel integration of primate ecology and behavioural findings for the understanding 

the ecology and evolution of one aspect of the microbiome, viruses. Attempting to address some 

of the within- and between-species transmission questions highlighted in Chapter four, I sought 

to examine how these changes might be impacting microorganism transmission. I began examing 

retroviruses in Taï National Park, a field site discussed in detail in the following chapter, because 

they are quickly evolving, allowing the accumulated mutations over a host’s lifetime, to be used 

to understand the transmission process. Unfortunately my own efforts to use non-invasive 

sampling to screen samples for retroviruses were unsuccessful for SIVsmm, while SFVsmm, a 

selective sweep meant that there was not enough diversity to examine transmission processes in 

my study group. In this Appendix Chapter, I draw upon the available data from this ecosystem 

and my own data to gather insights into the prevalence, within- and cross-species transmission of 

primate retroviruses in this community. These were used to generate insights into the ecology 

and evolution of primate retroviruses in a NHP community and I discuss how these processes 

might be shifting in changing environments.  
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The existence and genetic make-up of most primate retroviruses was revealed by studies of 

bushmeat and fecal samples from unhabituated primate communities. For these, detailed data on 

intra- and within-species contact rates are generally missing, which makes identification of 

factors influencing transmission a challenging task. Here we present an assessment of 12 years of 

research on primate retroviruses in the Taï National Park area, Côte d’Ivoire.  We discuss 

insights gained into the prevalence, within- and cross-species transmission of primate 

retroviruses (including towards local human populations) and the importance of virus-host 

interactions in determining cross-species transmission risk. Finally we discuss how retroviruses 

ecology and evolution may change in a shifting environment and identify avenues for future 

research.  
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A.2 INTRODUCTION 

The close evolutionary relationship and similar physiology of non-human primates (NHPs) and 

humans make NHPs a likely source for the zoonotic transmission of viruses (reviewed in: Wolfe 

et al. 1998; Gillespie et al. 2008; Calvignac-Spencer et al. 2012b; Gessain et al. 2013). NHP 

retroviruses are arguably the best illustration of this prediction (e.g., simian origins of human 

immunodeficiency viruses HIV-1 and 2; reviewed in: Sharp & Hahn 2011) and among the best-

characterized NHP viruses. However, despite decades of research, behavioural and ecological 

factors affecting within- and between- species transmission of retroviruses in NHPs remain 

poorly understood. A full understanding of the ecology of primate retroviruses requires 

knowledge of the virus itself, the host-virus interface, and the host’s ecology. This necessitates 

multidisciplinary research efforts that are only possible where primatology research projects 

have been run on a long-term basis in collaboration with veterinarians and molecular biologists. 

Taï National Park in the Côte d’Ivoire hosts one of the world’s best-studied wild primate 

populations (Fig. A.1). Studies on the chimpanzees and monkeys of Taï National Park were 

initiated in 1979 and 1989 respectively (Boesch & Achermann 2000; McGraw et al. 2007). Taï 

National Park harbours 11 different NHP species, many of which regularly interact (Figure 2; 

McGraw et al. 2007). For example, many spend much of their time in polyspecific associations 

(e.g. red colobus - Piliocolobus badius badius, sooty mangabeys - Cercocebus atys, and Diana 

monkeys - Cercopithecus diana;  Noë & Bshary 1997; McGraw & Bshary 2002). Hunter–prey 

relationships also exist in this community as chimpanzees (Pan troglodytes verus) regularly hunt 

other NHPs (Figure 2; Boesch & Boesch 1989). Local human populations in the area also 

interact with the primate community, mostly through hunting of NHPs (Figure 2; Refisch & 

Koné 2005). This complex set of interactions offers ample opportunities for microorganism 

transmission: through biting, grooming, mating and hunting-related activities such as butchering 

of carcasses and meat consumption. 

In 2002, a perennial veterinary program began its association with the primatology research 

program. The latter has provided data and access to three groups of well-habituated chimpanzees 

(Boesch & Achermann 2000) and well-habituated monkey species (McGraw et al. 2007). This 

has helped make the primate community in Taï National Park one of the rare instances where 

thorough data are generated regarding primate ecology and the microorganisms that infect these 
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same individuals (Calvignac-Spencer et al. 2012b). This is particularly true for retroviruses, 

whose diversity and transmission patterns have been scrutinized since the very beginning of the 

veterinary studies of this community (although with some bias). These insights are augmented by 

human health projects that have spawned in the area around Taï National Park (Calvignac-

Spencer et al. 2012a; Ayouba et al. 2013) allowing the study of zoonotic retroviral transmission 

stemming from this primate community. Here we review 12 years of research on primate 

retroviruses in the Taï National Park area and highlight how the long-term primatology research 

program (Boesch & Achermann 2000; McGraw et al. 2007) allowed virological results to be 

embedded in a relevant ecological context. We focus on results relevant to the ecology of the 

three retroviruses that have been extensively studied in Taï National Park; namely the simian 

immunodeficiency viruses (SIV) and their human counterparts (HIV), the simian T-lymphotropic 

viruses type 1 (STLV-1) and their human counterparts (HTLV-1), and the simian foamy viruses 

(SFV). We summarize insights gained into their prevalence, virus-host interactions, within- and 

between-species transmission, within and between NHP species and into the surrounding human 

population. Finally, we discuss the likely impact of shifting primate community dynamics in the 

framework of ongoing “natural” and anthropogenic changes. 

 

A.3 PREVALENCE AND DIVERSITY OF RETROVIRUSES IN TAÏ NATIONAL PARK NHPS 

To date in the NHPs of Taï National Park, SIV has been detected in sooty mangabeys (SIVsmm), 

western red colobus (SIVwrc) and olive colobus (SIVolc). The prevalence of SIVsmm in sooty 

mangabeys is high (apparent prevalence = 59% (95% CI = 0.35 to 0.88); Santiago et al. 2005). 

Similarly, the prevalence of SIVwrc in the red colobus population is reported to be one of the 

highest observed in wild NHPs (estimated prevelance = 82% (95% CI = 0.66 to 0.98); Leendertz 

et al. 2010), whereas SIVolc has so far only been reported in a single olive colobus monkey 

(Courgnaud et al. 2003). Strict host specificity was observed for the SIV strains found in these 

NHPs (Courgnaud et al. 2003; Liégeois et al. 2009; Leendertz et al. 2010). A collection of fecal 

samples obtained from the other six monkey species living in the park were screened both 

serologically and by PCR without any positive results (Locatelli et al. 2011). However, since 

sampling sizes were very small (n≤10) except for two species: black and white colobus (Colobus 

polykomos, n=27 distinct individuals) and Diana monkeys (n=23 distinct individuals), low 
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prevalences cannot be ruled out. Finally, the Taï National Park chimpanzee population, like other 

Pan troglodytes verus populations (Gao et al. 1999; Prince et al. 2002; Santiago et al. 2002), is 

not infected with SIVcpz (n=32, out of a total of 300 chimpanzees living in the park; Leendertz 

et al. 2011), the chimpanzee specific virus which infects the central and east African chimpanzee 

subspecies P .t. troglodytes and P. t. schweinfurthii (Keele et al. 2006) 

STLV-1 has been detected in sooty mangabeys, red colobus monkeys and chimpanzees. Three of 

five sooty mangabeys tested in Taï National Park were infected with STLV-1, which does not 

allow for an accurate estimation of the prevalence in this species (Traina-Dorge et al. 2005; 

Calvignac-Spencer et al. 2012a). The prevalence of STLV-1 could be estimated in red colobus 

monkeys (apparent prevalence = 50% (95% CI = 0.29-0.71); Leendertz et al. 2010). It is 

markedly higher than at Kibale National Park in Uganda (Goldberg et al. 2009). Behavioural 

differences between these red colobus populations might play a role in these different 

prevalences; higher seasonality in Taï National Park seems to lead to a distinct breeding season 

with higher competition, promiscuity and aggression rates when compared to the Kibale 

community where births occur year round (Leendertz et al. 2010). Interestingly, all red colobus 

individuals in Tai (and Kibale) that tested positive for STLV-1 were co-infected with either SIV 

or SFV or both (Goldberg et al. 2009; Leendertz et al. 2010). In chimpanzees, the prevalence of 

STLV-1 is also high (apparent prevalence = 46% (95% CI = 0.28-0.65); Leendertz et al. 2003; 

Leendertz et al. 2004; Junglen et al. 2010). The STLV-1 strains circulating in these NHPs are not 

strictly species-specific, STLV-1 infecting sooty mangabeys on the one hand and red colobus 

and chimpanzees on the other, form two relatively homogeneous clades (Calvignac-Spencer et 

al. 2012a). This suggests that the generally assumed lack of host specificity of STLV-1 may not 

hold true at this small geographic scale. 

SFV has been found in sooty mangabeys, red colobus and chimpanzees. SFV prevalence in sooty 

mangabeys seems high, but the sample size is still too small to derive a meaningful prevalence 

estimate (nine positive individuals out of twelve tested; J Gogarten and F Leendertz unpublished 

data). SFV in red colobus has one of the highest prevalences of all retroviruses so far tested for at 

Taï National Park (apparent prevalence = 86% (95% CI 72-100); Leendertz et al. 2010). This is a 

similarly high prevalence as found in red colobus in East Africa and NHP populations in general 

(Calattini et al. 2004; Liu et al. 2008; Goldberg et al. 2009). SFV also infects Taï National Park 

chimpanzees at very high prevalence (apparent prevalence = 90% (95% CI = 0.80-0.95); Liu et 
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al. 2008; Morozov et al. 2009; Blasse et al. 2013), which is similar to prevalence estimates at 

other chimpanzee study sites (44% to 100%; Liu et al. 2008). SFV from Taï National Park NHPs 

conform to the strong pattern of host-parasite co-divergence observed in other vertebrates 

(Switzer et al. 2005; Murray & Linial 2006; Leendertz et al. 2008; Morozov et al. 2009; Han & 

Worobey 2012). 

In summary, sooty mangabeys and red colobus are infected at high prevalence by all three 

retroviruses while chimpanzees are not infected by SIV but frequently infected with STLV-1 and 

SFV. For the other primate species found in Taï National Park the occurrence of retroviruses is 

currently not known, but their genetic relationship to other retrovirus-infected NHPs in other 

parts of Africa suggests they could serve as hosts for these viruses. 

 

A.4 WITHIN-SPECIES TRANSMISSION OF RETROVIRUSES IN TAÏ NATIONAL PARK NHPS 

Understanding retroviral transmission within a host species is a necessary first step for 

understanding retroviral ecology. Although within-species transmission dynamics seem an 

obvious area where retrovirology and primatology could synergistically collaborate, it remains 

essentially unexplored. This is true at Taï National Park as well, where only a handful of studies 

have investigated within-species retroviral transmission patterns. 

The modalities of transmission have been partially addressed for a number of host-virus 

combinations. Both SIVsmm and SFVcpz were shown to be regularly transmitted both vertically 

(mother-to-infant) and horizontally (Santiago et al. 2005; Blasse et al. 2013). STLV-1 in 

chimpanzees  is more rarely transmitted from mother to offspring (only 2/17 infants and 

juveniles born from STLV-1 positives mothers tested positive thus far; Leendertz et al. 2004). 

This rate is similar to the vertical transmission rate described for humans that breastfed over 12 

months (15.7%; Hino et al. 1996) but it should be noted that here chimpanzee mother status was 

only determined at the time of this cross-sectional study implying this transmission rate can only 

be an overestimate (one of the mothers might have been STLV-1 negative throughout their 

breastfeeding). The importance of STLV-1 horizontal transmission during adulthood is even 

more equivocal, as many infections appear to arise due to transmission from red colobus, which 

may occur during frequent hunting of red colobus by chimpanzees (hunting preferences 

described in detail below); the slow evolutionary rate and lack of depth (in terms of sampling 
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viral diversity) has prevented an understanding of STLV-1 epidemiological processes (Leendertz 

et al. 2004; Junglen et al. 2010). 

As retroviruses reach high prevalences in Taï National Park, an important question is whether 

individuals accumulate multiple-strains over their lifetime (Goffe et al. 2012). SIVsmm 

positivity is age-structured, with infections detected more often in adults than juveniles. This 

could be a function of more frequent aggressive interactions and increased sexual activity 

associated with adulthood (Santiago et al. 2005). Distinguishable SFVcpz strains, likely the 

result of multiple independent infections, were shown to accumulate with age in chimpanzees. 

SFVcpz infection appears to first occur via vertical transmission but is followed in adult life by 

the acquisition of further infections, possibly stemming from aggressive interactions (Blasse et 

al. 2013). Interestingly, sex does not seem to influence the accumulation of SFVcpz, which may 

reflect the involvement of both sexes in aggressive interactions (Blasse et al. 2013). STLV-1 

infection in chimpanzees shows a comparable trend, with seropositivity/PCR positivity 

increasing with age (Leendertz et al. 2004; Junglen et al. 2010), which might be a result of age 

related hunting activity (see below). 

Most NHPs live in complex social systems, whose organization likely influences retroviral 

transmission (Griffin & Nunn 2012). Santiago et al. (Santiago et al. 2005) examined the 

distribution of SIVsmm positivity with respect to dominance rank and demonstrated an excess of 

high ranking females among SIVsmm positive females. A number of possible explanations for 

the observed pattern were proposed (e.g., increased mating or grooming behaviour associated 

with higher rank) but the exact mechanism driving this pattern remains unknown (Santiago et al. 

2005). While intragroup relationships play a role in the epidemiology of retroviruses, interactions 

between groups are also expected to play a major role in shaping retroviral transmission patterns. 

NHPs exhibit a huge degree of variation in intergroup dynamics and social structure, and 

understanding this variation has been a focus of primatologists for several decades (Wrangham 

1980; van Schaik & van Hooff 1983; Sterck et al. 1997). For example, while female philopatry 

(i.e., that females stay in their natal group their entire lives while males typically disperse) is 

common among many NHP species, red colobus exhibit a strong dispersal bias whereby sub-

adult females leave their natal groups (Struhsaker 2010). In this species, the fact that dispersal 

generally occurs before or concomitantly with sexual maturity and that extra-group copulations 

are rare, may explain the finding that SIVwrc strains circulating in two red colobus groups were 
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found to segregate according to a particular individual’s group membership (Locatelli et al. 

2011). Other important grouping behaviours (e.g., fission, fusion, intergroup aggression) are also 

expected to influence patterns of retroviral genetic diversity, although evidence remains weak 

and largely circumstantial (Locatelli et al. 2011). The aforementioned studies demonstrate how 

behavioural observations can aid in the interpretation of retroviral genetic diversity, while 

highlighting that successful examples of such collaboration are limited to date.. 

 

A.5 CROSS-SPECIES TRANSMISSION OF RETROVIRUSES AMONG TAÏ NATIONAL PARK NHPS 

Many NHPs at Taï National Park interact regularly with one another. The position of 

chimpanzees within this interaction network closely mimics that of humans (Fig. A.2). As a 

result of this likeness and the physiological and genetic similarity of chimpanzees to humans, the 

chimpanzee/NHP prey system has been used to provide insight into zoonotic transmission risk in 

human/NHP prey systems (Boesch 1994; Leendertz et al. 2004; Leendertz et al. 2008). 

However, major differences exist between chimpanzee and human hunting behaviour: the former 

species concentrates largely on a single prey, the red colobus, while humans exhibit much less 

specificity in hunting preference. Bushmeat market analyses reveal that nearly all NHP species 

found in Taï National Park are hunted and sold around the park. In markets located on the 

western edge of Taï National Park, no species accounts for less than 5% of the overall NHP 

bushmeat biomass, with red colobus and black and white colobus almost equally present 

(respectively 24.7 and 22.3%; Refisch & Koné 2005). In contrast, chimpanzees were observed to 

capture 215 red colobus over a 12 year period, while only successfully capturing six olive 

colobus and a single sooty mangabey (Boesch & Achermann 2000). This means that over their 

lifespan, chimpanzees will be exposed to several hundred kilograms of meat infected with 

retroviruses, the vast majority of which will be coming from red colobus (Leendertz et al. 2011), 

while humans will be exposed to retroviruses from a much broader range of species. 

Results at Taï National Park have confirmed the importance of red colobus as a source of 

retroviruses for chimpanzees. Most STLV-1 sequences obtained from chimpanzees all belong to 

clades consisting of one of their prey’s STLV-1, with a majority being closely related to STLV-1 

identified in red colobus (Leendertz et al. 2004). Two SFVcpz-infected individuals were also 

found to harbour SFV from their prey, in both cases SFVwrc from red colobus (Leendertz et al. 
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2008). To date, no evidence of a transmission chain in chimpanzees showing the spread of newly 

acquired retrovirus has been documented at Taï. SIVcpz, which arose in Central West African 

chimpanzees after their split from the Western sub-species, consists of a mosaic genome of SIVs 

from two of its prey species (red-capped mangabeys - Cercocebus torquatus - and either 

mustached guenons - Cercopithecus cephus, mona monkeys - Cercopithecus mona, greater spot-

nosed monkeys - Cercopithecus nictitans - or an ancestor of these cercopithecines; Courgnaud et 

al. 2003; Sharp et al. 2005). The Taï National Park chimpanzees also regularly consume SIV 

infected monkeys, especially red colobus infected with SIVwrc. This triggered a targeted search 

for SIVwrc infections in the Taï National Park chimpanzees, but despite extensive efforts (about 

10% of the Taï National Park chimpanzee population), no seropositive (n=23) or PCR-positive 

(n=30) individual could be detected (Leendertz et al. 2011).  

A number of recent studies have provided insights into host mechanisms for SIV/HIV resistance 

and how these are evaded by different viral genes; these studies have provided evidence for the 

role of a number host receptors (e.g., CCR5; Samson et al. 1996) and restriction factors (e.g., 

APOBEC3G, TRIM5a, tetherin, reviewed in; Malim & Bieniasz 2012), as well as a number of 

viral genes that antagonize these antiviral host restriction factors (e.g., Vif, Vpr, Vpu, Nef, 

reviewed in: Kirchhoff 2010). With respect to the lack of SIVwrc infections in the Taï National 

Park chimpanzees, a seemingly important  interaction is that of host APOBEC3G and lentiviral 

viral integration factor (Vif). APOBEC3G is a intracellular cytidine deaminase that restrict 

retroviruses by hypermutating their genomes. Retroviruses counteract APOBEC3G with the 

activity of Vif, which promotes APOBEC3G degradation by the proteasome. The binding site of 

Vif onto NHP APOBEC3G was recently shown to be well conserved among cercopithecines, 

although the sequence itself was under strong positive selection (Compton & Emerman 2013). 

By contrast, the site of binding of Vif in the colobine APOBEC3G has shifted, most likely as a 

way for colobine SIVs to cope with a unique insertion in their host’s APOBEC3G sequence that 

might have concealed the “classical” binding site (Compton & Emerman 2013). A by-side of this 

adaptation is that SIVolc (the only colobine SIV tested for sensitivity to APOBEC3G in: 

Compton & Emerman 2013) is fully sensitive to the activity of all other NHP APOBEC3G 

against which it was tested. While further studies are needed to specifically verify that SIVwrc is 

efficiently restricted by chimpanzee APOBEC3G,, it is restricted by human APOBEC3G, which 

is strictly identical to chimpanzee APOBEC3G at the Vif binding site (Compton & Emerman 
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2013). This suggests that SIVwrc is also efficiently restricted by chimpanzee APOBEC3G, 

preventing infections from propagating, despite extremely high levels of exposure. Conversely, 

given that SIVsmm efficiently inhibits human APOBEC3G, the lack of SIVsmm transmission 

into the Taï National Park chimpanzee population (which contrasts with the frequent 

transmission of SIVsmm to humans; see below) may either be a result of the rarity with which 

chimpanzees hunt this species or another, as yet undescribed, restriction factor. 

 

A.6 ZOONOTIC TRANSMISSION OF RETROVIRUSES IN THE TAÏ NATIONAL PARK AREA 

HTLV-1 strains found in West Africa mostly belong to the HTLV-1 subtype A, often referred to 

as the Cosmopolitan subtype, a clade restricted to humans for which there is no evidence of 

recent zoonotic transmission events. This makes humans inhabiting the Taï National Park area an 

ideal test case for local STLV-1 transmission, as zoonotic strains would be immediately 

identifiable through phylogenetic analyses. Out of ten HTLV-1 strains identified in villages 

bordering Taï National Park, six belonged to the subtype A while four were most closely related 

to local NHP STLV-1 strains (Calvignac-Spencer et al. 2012a). Interestingly, three were likely 

the results of cross-species transmission from sooty mangabeys while another apparently 

stemmed from a red colobus monkey, strongly suggesting multiple zoonotic transmission events 

have occurred in this hunter/prey system.  

SIVsmm appears to have crossed the species barrier several times in the Taï National Park area 

and it is hypothesized that the West African HIV-2 epidemics started here (Santiago et al. 2005). 

In fact, SIVsmm transfer seems to happen relatively frequently as evidenced by a recent study 

documenting ongoing transmission of SIVsmm through the identification of a ninth HIV-2 

lineage (Ayouba et al. 2013). Mirroring what is observed in the chimpanzee population, SIVwrc 

and SIVolc have not been detected in the local human population. As discussed above, this might 

be due in part to the action of human APOBEC3G, which efficiently restricts SIVolc and, 

maybe, SIVwrc (Compton & Emerman 2013). 

While zoonotic transmission of SFV to humans has been documented in numerous studies, 

whether secondary transmission occurs remains an open question (Switzer et al. 2004; Wolfe et 

al. 2004; Switzer et al. 2008; Betsem et al. 2011; Mouinga-Ondémé et al. 2012). At the moment 

these transmission events, thought to occur during bushmeat hunting, appear to remain isolated 
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cases that occur infrequently and SFV has not become established in a human population 

(reviewed in: Gessain et al. 2013). Around Taï National Park there are no conclusive data on 

SFV infections in humans; serological evidence suggested that infections may be present (M. 

Peeters unpublished data; Ali et al. 1996) but no virus genetic material could be amplified from 

these samples (F Leendertz unpublished data). 

 

A.7 RETROVIRUSES IN A CHANGING ENVIRONMENT 

The ongoing massive climate and habitat changes induced by human activities have led many 

primate communities into non-equilibrium states (Chapman et al. 2010a). This dynamism in the 

backdrop in which retroviruses circulate creates new evolutionary pressures and epidemiological 

processes, which might result in new patterns of cross-species and zoonotic transmission. For 

example, red colobus are also the most frequently hunted prey of the eastern chimpanzees (Pan 

troglodytes schweinfurthii) at Ngogo, in Kibale National Park, Uganda (Mitani & Watts 1999; 

Watts et al. 2012), where unsustainable levels of chimpanzee hunting pressure have caused the 

red colobus population to undergo a major decline (Teelen 2008). At Kyambura Gorge in Queen 

Elizabeth National Park in Uganda, no red colobus are present and black-and-white colobus 

(Colobus guereza) are the most frequently hunted prey (Krüger et al. 1998). This suggests that 

chimpanzees shift their prey in the face of changing availability, which will likely have major 

impacts on zoonotic retroviral transmission patterns; especially if resistance is strain specific as 

discussed above. For example, if sooty mangabeys become a regular prey item of the 

chimpanzees in Taï, SIVsmm transmission to chimpanzees could be facilitated (assuming present 

low exposure is the main explanation for the absence of SIVsmm infection in chimpanzees). 

Human food preferences and hence exposure may also shift in light of changing prey 

availability. At Taï National Park, current human hunting levels of all monkeys species have led 

to their extirpation in many areas within the park (N’Goran et al. 2012). The dramatic changes in 

monkey population distributions at Taï National Park will likely have major impacts on their 

retroviruses. 

 

A.8 CONCLUSIONS 
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The retroviral studies pursued at Taï National Park highlight the importance of the ongoing 

integration of primate ecology and behaviour findings for the interpretation of viral data. The 

primatology research programs will be indispensable partners for improving our understanding 

of retroviral ecology in the coming years. Collaborative efforts at other long-term field sites have 

already yielded results as striking as the discovery of increased mortality, decreased fitness and 

AIDS-like disease symptoms caused by SIVcpz in the chimpanzees of Gombe, Tanzania (Keele 

et al. 2009). Findings such as these would not have been possible without dense longitudinal 

sampling in combination with detailed primate behaviour and life history data. Yet the infection 

status of many NHP species at Taï National Park remains unknown and even in those species 

that have been carefully scrutinized, within-species retroviral transmission dynamics are poorly 

understood. Further, the fitness costs incurred by hosts, genetic counter-strategies deployed in 

the arms race between viruses and hosts, and the interplay with concurrent co-infections and a 

host’s resident microbiome remain completely unexplored at Tai National Park. Fortunately, the 

use of non-invasive samples is coming of age, greatly expanding the number of samples and 

species available for study (Santiago et al. 2002). Ultimately, an increased knowledge about the 

viral ecology within the park will hopefully help provide a better understanding and predictive 

framework for the emergence of retroviruses in this area, particularly in the face of a changing 

environment.  
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Figure A.1: Location of the main study area. a) Location of the Taï National Park in Africa 

and Côte d’Ivoire; b) Close-up of the research area. Stars indicate primatology research camps. 

This figure was provided by Genevieve Campbell and Hjalmar Kühl and is derived from 

(Campbell et al. 2011). 
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Figure A.2: Phylogenetic relationships, retroviral prevalence and hunting pressure on 

primates in Taï. This maximum clade credibility tree was identified from a sample of 1,000 

posterior trees obtained from the 10k project (version 3; Based on eleven mitochondrial, six 

autosomal genes, and two Y-chromosome genes using a Bayesian MCMC performed with 

MrBayes under a calibrated, relaxed clock model; Arnold et al. 2010). Time axis is in millions of 

years. All branches are supported by maximal posterior probability values (1.0) but the two 

supporting the cercopithecine and the spot-nosed monkey clades (0.86 for both). Circle sizes are 

proportional to prevalence (black circles) or hunting pressure (grey circles). 
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SUPPLEMENTARY MATRIALS FOR CHAPTER 4 

 

HUNTING CAPTURES MORE THAN PREY: EVIDENCE FOR MICROBIOME ASSIMILATION BY 

CHIMPANZEES 

  



	

184 
	

S.4.1 SUPPLEMENTARY METHODS  

S.4.1.1 Intraspecific examination of beta diversity 

4.1.1.2 Intraspecific examination of beta diversity using Bray-Curtis 

We also used the Bray-Curtis index to examine pairwise dissimilarity between the bacterial 

communities of chimpanzee and sooty mangabey microbiomes, conducting all comparisons as 

conducted using UniFrac. The Bray-Curtis index incorporates abundance information and does 

not increase based on shared absences (Bray & Curtis 1957). Bray-Curtis dissimilarities were 

calculated using an implementation in the R package Vegan (Oksanen et al. 2016), and range 

from 0, when communities are completely similar, to 1, when communities are completely 

dissimilar. 

4.1.1.2 Testing for microbiome community differences by species, social group, and individual 

We followed Ochman et al. (2010) to evaluate whether similarity between primate fecal 

microbiome mirrors the phylogenetic relatedness of the hosts. In addition to the threshold based 

analysis, we also considered each bacterial OTU as a character assigned to one of two states, 

presence or absence (hereafter referred to as the presence-absence based approach) within each 

NHP host.  

 

S.4.2 Supplementary results  

S.4.2.1 Bray-Curtis 

Using both sampling periods together, we also found that samples from the same individual were 

more similar than samples from different individuals (nsamples = 229, nindividuals = 59, x̄different 

individuals =  0.563, x̄ same individual  =  0.512, Mantel test: permutation P < 0.001; Fig. S4.2A). This 

effect was also more pronounced when we used only the 2014 samples (nsamples = 154, nindividuals = 

58, x̄different individuals =  0.549, x̄same individual  =  0.446, Mantel test: permutation P < 0.001) or the 

2015 samples (nsamples  = 74, nindividuals = 27, x̄ different individuals =  0.544, x̄same individual  =  0.497, Mantel 

test: permutation P < 0.001). The microbiomes of samples collected between years were more 

similar when they originated from the same individual than from different individuals, also 

suggesting the similarity of microbiomes from an individual persisted between years (nsamples = 

229, nindividuals = 59, x̄different individuals different years =  0.582, x̄same individual different years  =  0.561, Mantel 
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test: permutation P = 0.003; Fig. S4.2B). For the 26 individuals sampled in both years, gut 

microbiome similarity was also greater within than between sampling years (nsamples =146, x̄between 

sampling years = 0.565, x̄with sampling years = 0.475, Wilcoxon test: T+ = 348, N = 26, P < 0.001; Fig. 

S4.2C). For sooty mangabeys, samples from the same study group were more similar to one 

another than samples from different groups (nsamples = 258, nindividuals = 87, x̄different group =  0.593, 

x̄same group  =  0.563, Mantel test: permutation P = 0.004). Bacterial communities from mother-

offspring pairs were not significantly different from non-mother offspring-pairs when measured 

using the Bray-Curtis dissimilarity index (nsamples = 117, nmother-offspring pairs = 18, x̄non-mother-offspring pair 

= 0.543, x̄mother-offspring pair = 0.519, Mantel test: permutation P = 0.106; Fig. S4.2D).  

For the South chimpanzee study group, samples from the same individual were more similar to 

one another than samples from different individuals (nsamples = 47, nindividuals = 24, x̄different individuals 

=  0.638, x̄same individual  =  0.545, Mantel test: permutation P < 0.001; S2E). For the North group 

samples from the same individual were also more similar to one another than samples from 

different individuals (nsamples = 23, nindividuals = 12, x̄different individuals =  0.653, x̄same individual  =  0.554, 

Mantel test: permutation P = 0.003; S2F). Samples from the three study groups were more 

similar within groups than between groups (nsamples = 98, nindividuals = 64, x̄Bray-Curtis  different group =  0. 

653, x̄Bray-Curtis same group  =  0.633, Mantel test: permutation P = 0.006).  

S.4.2.2 Microbiome community differences by species, social group, and individual: 

presence/absence 

The presence-absence maximum parsimony analysis suggested distinct chimpanzee, colobine, 

and cercopithecine clades, though it was common to observe a sooty mangabey or colobine 

sample occasionally appearing in another clade (Fig. S4.5). The average branch length distance 

between samples of the different primate species to chimpanzee samples, also supported the 

proximity of chimpanzees to colobines (Fig. S4.6A). Similarly, the average branch length 

distance between samples of the different primate species to samples of three colobine species 

provided support for a colobine clade, with chimpanzees as a sister clade (Fig. S4.6 B-C).  

For the rooting of presence-absence based maximum parsimony phylogeny; none of 100 

bootstrap replicates supported a chimpanzee outgroup to all other primate samples. The rooting 

of 100 bootstrap replicates was consistent with a chimpanzee-colobine clade, though for 47 of 

these one colobine sample was placed in the cercopithecine clade, while for another 13, one 
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sooty mangabey sample appeared in the colobine clade. The BaTS analysis of the presence-

absence maximum parsimony phylogenies revealed strong phylogenetic structure of samples on 

these trees based on the host species (Table S4.2). A BaTS analysis of the reduced presence-

absence phylogenies including only chimpanzees or sooty mangabeys, found that social group 

membership and individual identity were also structured on these phylogenies (Table S4.3-7). 

The UPGMA clustering found that samples from a primate species tended to cluster together, 

though several of the cercopithecine species clustered in the sooty mangabey clade (Fig. 4.4A). 

Similarly, one chimpanzee sample was found closer to the colobines than to other chimpanzee 

samples. Unfortunately such an approach does not allow for anwith empirical rooting of this 

topology, though placement of the root on the branch leading from the chimpanzee clade to the 

cercopithcine clade revealed a phylogeny extremely similar to that obtained from the maximum 

parsimony analysis (Fig.4B). These results again, are generally inconsistent with the primate 

phylogeny and suggest a colobine-chimpanzee clade (Fig. 4.2B). Using UniFrac dissimilarity 

scores, we compared each sooty mangabey, chimpanzee, and red colobus sample to every other 

sample collected and grouped these dissimilarity scores by species. This analysis suggested that 

sooty mangabeys had the most shared branch length with the other cercopithecines (Fig. S4.7A), 

suggesting functionally similar communities mirroring their close phylogenetic relationship. 

Chimpanzee (Fig. S4.7B), and red colobus (Fig. S4.7C) microbiomes tended to have the most 

similar communities with conspecifics, also supporting the findings from the GLMM and PAUP 

based analysis and suggesting a strong effect of a hosts species on the composition of the 

microbiome. While there was a great deal of variation in UniFrac dissimilarity by species, sooty 

mangabeys appeared to have microbiomes most similar to other cercopithecines and much more 

dissimilar communities when compared with chimpanzees and colobines, which was highlighted 

by the UPGMA analysis.  
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Figure S4.1: Number of reads assigned to each bacterial OTU by host species. Sample size 

for each NHP host is indicated in the upper right of each group.      
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A)                B)                 C) 
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Figure S4.2: Bray-Curtis dissimilarities between samples from (A) sooty mangebeys in the 

Audrenissrou group, when stemming from the same or different individuals, (B) between 

samples from different sampling years when stemming from the same or different individuals 

(C) for individuals sampled in the same or different years, (D) when stemming from a mother 

offspring-pair or a non-mother-offspring pair, (E) between samples from the same or different 

individuals for chimpanzees in the South group and (F) North group. The middle horizontal line 

represent the median while the rectangle shows the quartiles and the vertical line represents the 

2.5 and 97.5% percentiles. Dashed lines in (C) indicate the paired nature of the dataset, 

connecting the dissimilarities for samples from each individual from the same or different 

sampling year.  
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Figure S4.3: A) Testing for phylogenetic signal in bacterial taxa for which host species had 

a major effect on the abundance. Density plots of the distributions of the two simulations 

relative to the observed D value (solid vertical black line); a value of 0 indicates that the trait was 

as phylogenetically conserved as expected under a Brownian threshold model (shown in blue) 

while a value of 1 indicates a random distribution across the phylogeny (shown in red). B) 

Phylogeny of bacterial OTUs; those with a significant species effect are indicated with a blue 

circle at the tip, while those with a non-significant species effect are shown in red.  
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Figure S4.4: A) Phylogeny of samples 

estimated with a heuristic maximum 

parsimony using the threshold based 

scores of bacterial abundance as 

characters. Colors indicate the host’s 

species. Names indicate the species, the 

social group, individual host, and a 

unique sample identifier separated by an 

underscore; these are illegible in a printed 

version though readers are invited to 

zoom in on the electronic version to see 

these details. Bootstrap support is shown 

for the species clades and the root 

position was supported by our TempEst 

analysis. B) Phylogeny of the primate 

hosts based on eleven mitochondrial and 

six autosomal genes made available 

through the 10kTrees project (Arnold et 

al. 2010).  
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Figure S4.5: Phylogeny of samples estimated with a heuristic 

maximum parsimony considering the presence or absence of 

bacteria as characters. Colors indicate the host’s species, while taxa 

names indicate the species, the social group, individual host, and a 

unique sample identifier separated by an underscore; these are illegible 

in a printed version though readers are invited to zoom in on the 

electronic version to see these details. Bootstrap support is shown for 

the species clades and the root position was supported by our TempEst 

analysis.  
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Pan . t r o g l o d y t e s . v e r u s _So u t h _KAY_ k 5 0 1

C e r c o c e b u s . a t y s _U n k n ow n _BAD _ k 3 8 9

C o l o b u s . p o l y k om o s _ U n k n o w n _ PO L 6 _ k 5 3 6

C e r c o c e b u s . a t y s _ U n k n ow n _MGB_ k 4 2 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAH_ k 2 6 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 5 7 0

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 3 7 2

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 5 4 5

Ce r c o c e b u s . a t y s _Au d r e n i s o u _FON_ k 5 5 9

C e r c o c e b u s . a t y s _U n k n ow n _NG4 _ k 3 1 9

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 2 8 2

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAK_ k 2 6 0

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _HAT _ k 3 7 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 5 8 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 2 5 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _K I B _ k 5 8 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ LOM_ k 2 6 7

Pa n . t r o g l o d y t e s . v e r u s _No r t h _PON_ k 4 7 6

Ce r c o c e b u s . a t y s _A u d r e n i s o u _MAS_ k 5 8 4

Pan . t r o g l o d y t e s . v e r u s_Eas t _REP_k449

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ LOM_ k 5 3 7

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BAL_ k 2 3 5

Pan . t r o g l o d y t e s . v e r u s _Sou t h _BAL_ k 4 83

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LOP_ k 2 4 9

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAK_ k 5 6 5

Ce r c o p i t h e c u s . p e t a u r i s t a _U n k n ow n _PET _ k 3 6 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _FON_ k 3 5 7

C o l o b u s . p o l y k om o s _ U n k n o w n _ PO L 5 _ k 5 3 3

P i l i o c o l o b u s . b a d i u s _ U n k n o w n _ BAD 4 _ k 3 9 1

Ce r c o c e b u s . a t y s _Aud r e n i s o u _SAN_ k 4 0 4

Ce r c o c ebu s . a t y s _Aud r e n i s o u _PRE_k330

Pa n . t r o g l o d y t e s . v e r u s _Ea s t _MA I _ k 4 4 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ IN I _ k 4 9 4

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ T IW_ k 3 0 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 5 3 8

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 4 2 9

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ ZAN_ k 5 8 2

Ce r c o c e b u s . a t y s _Au d r e n i s o u _PAL_ k 2 3 0

Pan . t r o g l o d y t e s . v e r u s _Ea s t _YED_k456

Pan . t r o g l o d y t e s . v e r u s _Ea s t _W I L _ k 4 5 4

Ce r c o c e b u s . a t y s _Au d r e n i s o u _K I B _ k 3 5 1

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LAS_ k269

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _GOM_ k 5 6 6

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 3 3 2

Pa n . t r o g l o d y t e s . v e r u s _E a s t _ ATHO_ k 4 3 0

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LAS_ k549

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 2 5 5

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ JAC_k497

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CUR_ k 2 3 9

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 3 3 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BAK_ k 5 9 1

Pan . t r o g l o d y t e s . v e r u s _Ea s t _ FAT_ k437

C e r c o c e b u s . a t y s _U n k n ow n _GN5 _ k 3 2 6

Ce r c o c e b u s . a t y s _A u d r e n i s o u _GUN_ k 3 0 5

Pan . t r o g l o d y t e s . v e r u s _No r t h _PER_k4 75

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 3 6 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 3 4 5

Ce r c o c e b u s . a t y s _Au d r e n i s o u _PAL_ k 3 4 7

Pan . t r o g l o d y t e s . v e r u s _Sou t h _BAL_ k 4 86

Pan . t r o g l o d y t e s . v e r u s _Ea s t _YEH_k457

Pan . t r o g l o d y t e s . v e r u s _Ea s t _ I VO_ k4 41

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SOL_k515

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BOT_ k 3 6 8

C e r c o p i t h e c u s . c am p b e l l i _ U n k n o w n _CAM2 _ k 3 6 2

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BW I _ k 3 0 0

P a n . t r o g l o d y t e s . v e r u s _S o u t h _WOO_ k 5 2 7

Ce r c o c e b u s . a t y s _Aud r e n i s o u _SON_k57 6

Ce r c o c e b u s . a t y s _A u d r e n i s o u _GUN_ k 3 1 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SUM_k51 8

Ce r c o c e b u s . a t y s _Aud r e n i s o u _BAR_ k 2 6 3

Pa n . t r o g l o d y t e s . v e r u s _No r t h _MYS_ k 4 6 4

Ce r c o c e b u s . a t y s _Au d r e n i s o u _PAN_ k 5 5 5

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ ZAN_ k 3 5 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ T I N _ k 3 0 1

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ TAN_ k 2 4 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _DOU_ k 2 6 4

Ce r c o c e b u s . a t y s _Aud r e n i s o u _SON_k27 5

Pan . t r o g l o d y t e s . v e r u s _Ea s t _QUA_ k 4 4 8

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LAS_ k352

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 7 _ k 4 2 1

C e r c o p i t h e c u s . n i c t i t a n s _U n k n ow n _N I C 2 _ k 5 3 5

C e r c o c e b u s . a t y s _U n k n ow n _GV5 _ k 6 1 7

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ ZAN_ k 4 0 2

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _GOM_ k 3 9 7

C e r c o c e b u s . a t y s _U n k n ow n _BAD _ k 4 2 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _YAK_ k 5 5 4

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAH_ k 3 4 4

Ce r c o c ebu s . a t y s _Aud r e n i s o u_ASS_k237

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 5 _ k 4 1 1

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 5 5 1

C e r c o p i t h e c u s . c am p b e l l i _ U n k n o w n _CAM1 _ k 3 6 0

P a n . t r o g l o d y t e s . v e r u s _No r t h _ FAU_ k 4 6 2

C e r c o p i t h e c u s . n i c t i t a n s _U n k n ow n _N I C 1 _ k 5 3 4

Ce r c o c ebu s . a t y s _Aud r e n i s o u_ASS_k428

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _RAM_ k 2 4 3

Pa n . t r o g l o d y t e s . v e r u s _S o u t h _WAL_ k 5 2 4

Pa n . t r o g l o d y t e s . v e r u s _S o u t h _HAV_ k 4 8 8

Ce r c o c e b u s . a t y s _Aud r e n i s o u _COR_k 3 1 2

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 6 0 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 3 3 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _KUB_ k 5 0 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ASA_k482

Pan . t r o g l o d y t e s . v e r u s _Eas t _EL I _ k 434

Pan . t r o g l o d y t e s . v e r u s _No r t h _BEL_ k 4 6 0

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BA I _ k 2 9 1

Ce r c o c e b u s . a t y s _Aud r e n i s o u _SAL_ k 2 73

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 8 _ k 5 3 2

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 6 0 6

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LOP_ k 5 9 8

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ FAN_ k 3 7 9

Pa n . t r o g l o d y t e s . v e r u s _S o u t h _HAV_ k 4 8 9

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 5 5 3

C e r c o c e b u s . a t y s _ U n k n ow n _MGB_ k 4 0 8

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ JAC_k498

Pa n . t r o g l o d y t e s . v e r u s _No r t h _POR_ k 4 7 7

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ I BR_k493

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 2 7 1

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAK_ k 2 9 7

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BUD_ k 5 4 8

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SOL_k516

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 3 5 0

C e r c o c e b u s . a t y s _U n k n ow n _GN3 _ k 3 2 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BAK_ k 2 4 0

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ T I N _ k 4 1 5

Pan . t r o g l o d y t e s . v e r u s _Eas t _EOL_k435

C e r c o c e b u s . a t y s _U n k n ow n _GN2 _ k 3 2 2

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 2 9 0

C e r c o c e b u s . a t y s _ U n k n ow n _MGB_ k 4 2 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ LUC_ k 5 0 6

Ce r c o c e b u s . a t y s _Aud r e n i s o u _COR_k 4 0 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _NGO_ k 2 7 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 5 7 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _UAP_ k 5 2 2

Pan . t r o g l o d y t e s . v e r u s _Eas t _BEA_k432

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 5 8 8

C e r c o c e b u s . a t y s _U n k n ow n _GN4 _ k 3 2 4

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BUD_ k 3 1 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ LAN_ k 2 7 4

Ce r c o c e b u s . a t y s _Aud r e n i s o u _DJO_k 2 41

Pan . t r o g l o d y t e s . v e r u s _So u t h _K IN_ k 5 0 3

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 6 _ k 4 1 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAK_ k 3 1 0

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ ZAN_ k 6 1 1

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAH_ k 5 8 7

Ce r c o c e b u s . a t y s _Au d r e n i s o u _PAN_ k 5 4 3

Pan . t r o g l o d y t e s . v e r u s _Sou t h _MBE_ k 5 0 8

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 4 1 9

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LOP_ k 5 6 2

Ce r c o c e b u s . a t y s _A u d r e n i s o u _YAK_ k 6 0 2

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BAL_ k 5 6 4

Ce r c o c e b u s . a t y s _A u d r e n i s o u _KAL _ k 5 5 7

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SHO_k514

Ce r c o c e b u s . a t y s _Aud r e n i s o u _SON_k38 0

Ce r c o c e b u s . a t y s _Aud r e n i s o u _SON_k56 9

P a n . t r o g l o d y t e s . v e r u s _ S o u t h _MOH_ k 5 0 9

Pan . t r o g l o d y t e s . v e r u s _So u t h _K IN_ k 5 0 2

P a n . t r o g l o d y t e s . v e r u s _No r t h _PAN_ k 4 7 2

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAH_ k 3 4 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAH_ k 2 3 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _ LU I _ k 3 5 6

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CUR_ k 3 3 1

Ce r c o c e b u s . a t y s _Au d r e n i s o u _PAN_ k 2 8 4

Pa n . t r o g l o d y t e s . v e r u s _S o u t h _HAV_ k 4 9 0

Ce r c o c e b u s . a t y s _A u d r e n i s o u _YAK_ k 3 9 0

Ce r c o c e b u s . a t y s _A u d r e n i s o u _NYU_ k 4 0 0

Pan . t r o g l o d y t e s . v e r u s _No r t h _SUR_k 48 0

Ce r c o c e b u s . a t y s _Au d r e n i s o u _FON_ k 6 0 1

P a n . t r o g l o d y t e s . v e r u s _N o r t h _NAO_ k 4 6 7

Pan . t r o g l o d y t e s . v e r u s _Sou t h _MBE_ k 5 0 7

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BW I _ k 2 6 6

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BAK_ k 5 8 6
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Figure S4.6: Mean branch lengths between species for presence-absence based maximum 

parsimony analysis. Based on comparisons of mean branch lengths of all samples to samples of 

A) chimpanzees, B) red colobus, C) king colobus, and D) olive colobus.   
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Figure S4.7: Unifrac dissimilarity scores between every A) sooty mangabeys, B) chimpanzees, 

and C) red colobus, sample and all other samples, grouped here by species.   
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Figure S4.8: Chimpanzee SES MNTD based on null model simulations of the bacterial 

community in each fecal sample using different bacterial source pools. We ran the group 

analysis for each of the two groups for which we had repeated sampling of individuals. In 

addition we included a source pool level that consisted of bacteria found in any colobine or 

chimpanzee sample. The solid middle horizontal line of the rectangles represents the median, the 

rectangle shows the quartiles and the vertical line represents the 2.5 and 97.5% percentiles, while 

the values for each sample are indicated by overlapping gray circles. Values above the dashed 

line are those exhibiting phylogenetic overdispersion while those below the line exhibit 

phylogenetic clumping.   
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Figure S4.9: Unrooted phylogenetic network built using the unifrac dissimiarlity matrix as 

input and the SplitsTree4. Tips represent samples and are colored by the host species as in 

Figure S4.4.   



	

197 
	

Supplementary Table 4.1: Spearman rank correlations between behavioral associations 

and bacterial community dissimilarity measured with Bray-Curtis  

 2014  2015 

Behavior rsb P rsb P 

Grooming -0.086 0.921 -0.037 0.758 

Aggression -0.013 0.637 -0.061 0.792 

Proximity -0.097 0.966 -0.024 0.679 
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Supplementary Table 4.2: Results of BaTS testing of host species relationships with 

phylogenetic position, using presence absence based maximum parsimony phylogeny 

Test 

statistic Host species 

Observe

d Mean 

Null 

mean 

Null 

lower 

95% CI 

Null 

upper 

95% CI P 

AI 

 

0.461 20.044 17.940 22.288 <0.001 

PS 

 

9.000 111.500 106.000 117.000 <0.001 

MC  Cercocebus atys 97.000 8.270 6.000 13.000 0.010 

MC  Cercopithecus diana 2.000 1.070 1.000 2.000 0.070 

MC 

Cercopithecus 

petaurista 1.000 1.000 1.000 1.000 1.000 

MC 

Cercopithecus 

nictitans 2.000 1.010 1.000 1.000 0.020 

MC 

Cercopithecus 

campbelli 1.000 1.000 1.000 1.000 1.000 

MC Procolobus verus 1.000 1.000 1.000 1.000 1.000 

MC Colobus polykomos 6.000 1.030 1.000 1.000 0.010 

MC Procolobus badius 1.000 1.010 1.000 1.000 1.000 

MC 

Pan troglodytes 

verus 98.000 2.690 2.000 4.000 0.010 

PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  
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Supplementary Table 4.3: Results of BaTS testing for a correlation between group 

membership and phylogenetic position, using presence absence based maximum parsimony 

phylogeny 

 

Test statistic Social group 

Observe

d Mean 

Null 

mean 

Null 

lower 

95% CI 

Null 

upper 

95% CI P 

Cercocebus atys 

      Group: AI 

 

2.585 5.948 4.864 7.195 <0.001 

Group: PS 

 

17.000 27.130 26.000 28.000 <0.001 

MC  Audrenissrou 14.000 15.600 11.000 23.000 0.640 

MC  Neighbor 4.000 1.600 1.000 2.000 0.010 

       

Pan troglodytes 

verus       

Group: AI  4.244 6.499 5.317 7.500 <0.001 

Group: PS  31.000 42.440 39.000 46.000 <0.001 

MC  East 2.000 2.440 2.000 4.000 0.960 

MC  North 5.000 3.570 2.000 6.000 0.120 

MC  South 2.000 2.080 1.000 3.000 0.840 

PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  
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Supplementary Table 4.4: Full results of BaTS testing for a correlation between 

chimpanzee individual identity and phylogenetic position, using threshold based maximum 

parsimony phylogeny 

Test statistic Individual 

Observed 

Mean 

Null 

mean 

Null 

lower 

95% CI 

Null 

upper 

95% CI P 

AI 

 

8.987 11.512 11.215 11.618 <0.001 

PS 

 

81.000 90.110 88.000 92.000 <0.001 

MC  ATHO 1.000 1.000 1.000 1.000 1.000 

MC  POL 1.000 1.000 1.000 1.000 1.000 

MC  WOL 1.000 1.000 1.000 1.000 1.000 

MC  BEA 1.000 1.000 1.000 1.000 1.000 

MC  WIL 1.000 1.000 1.000 1.000 1.000 

MC  IND 1.000 1.000 1.000 1.000 1.000 

MC  FAU 1.000 1.000 1.000 1.000 1.000 

MC  BEL 1.000 1.000 1.000 1.000 1.000 

MC  MYS 2.000 1.000 1.000 1.000 0.010 

MC  NAO 2.000 1.010 1.000 1.000 0.020 

MC  NAR 2.000 1.010 1.000 1.000 0.020 

MC  NOU 1.000 1.000 1.000 1.000 1.000 

MC  LUC 1.000 1.000 1.000 1.000 1.000 

MC  ASA 1.000 1.010 1.000 1.000 1.000 

MC  ISH 1.000 1.000 1.000 1.000 1.000 

MC  ERA 1.000 1.000 1.000 1.000 1.000 

MC  PES 1.000 1.000 1.000 1.000 1.000 
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MC  JAC 1.000 1.000 1.000 1.000 1.000 

MC  PEM 1.000 1.000 1.000 1.000 1.000 

MC  EOL 1.000 1.000 1.000 1.000 1.000 

MC  YEH 1.000 1.000 1.000 1.000 1.000 

MC  PAN 1.000 1.000 1.000 1.000 1.000 

MC  TAN 1.000 1.010 1.000 1.000 1.000 

MC  JUL 1.000 1.010 1.000 1.000 1.000 

MC  SUM 1.000 1.000 1.000 1.000 1.000 

MC  MBE 1.000 1.010 1.000 1.000 1.000 

MC  WAL 1.000 1.010 1.000 1.000 1.000 

MC  KIN 1.000 1.000 1.000 1.000 1.000 

MC  KUB 1.000 1.000 1.000 1.000 1.000 

MC  SHO 1.000 1.000 1.000 1.000 1.000 

MC  BAM 1.000 1.000 1.000 1.000 1.000 

MC  KOR 1.000 1.000 1.000 1.000 1.000 

MC  GIA 1.000 1.000 1.000 1.000 1.000 

MC  BAL 2.000 1.070 1.000 2.000 0.080 

MC  UAP 2.000 1.040 1.000 1.000 0.050 

MC  RIC 1.000 1.000 1.000 1.000 1.000 

MC  POR 1.000 1.010 1.000 1.000 1.000 

MC  SUR 1.000 1.000 1.000 1.000 1.000 

MC  OSC 1.000 1.000 1.000 1.000 1.000 

MC  POS 1.000 1.000 1.000 1.000 1.000 

MC  QUA 1.000 1.000 1.000 1.000 1.000 
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MC  YED 1.000 1.000 1.000 1.000 1.000 

MC  WAN 1.000 1.000 1.000 1.000 1.000 

MC  WOO 1.000 1.010 1.000 1.000 1.000 

MC  PON 1.000 1.000 1.000 1.000 1.000 

MC  PER 1.000 1.000 1.000 1.000 1.000 

MC  GAI 1.000 1.000 1.000 1.000 1.000 

MC  FAT 1.000 1.000 1.000 1.000 1.000 

MC  SOL 1.000 1.010 1.000 1.000 1.000 

MC  KAY 1.000 1.000 1.000 1.000 1.000 

MC  IVO 1.000 1.000 1.000 1.000 1.000 

MC  IBR 1.000 1.010 1.000 1.000 1.000 

MC  MAI 1.000 1.000 1.000 1.000 1.000 

MC  REP 1.000 1.000 1.000 1.000 1.000 

MC  BAR 2.000 1.010 1.000 1.000 0.020 

MC  RWE 1.000 1.000 1.000 1.000 1.000 

MC  CHA 1.000 1.000 1.000 1.000 1.000 

MC  HAV 4.000 1.030 1.000 1.000 0.010 

MC  WEH 1.000 1.000 1.000 1.000 1.000 

MC  ELI 1.000 1.000 1.000 1.000 1.000 

MC  KOS 1.000 1.000 1.000 1.000 1.000 

MC  MOH 1.000 1.000 1.000 1.000 1.000 

MC  FRE 1.000 1.000 1.000 1.000 1.000 

MC  INI 1.000 1.000 1.000 1.000 1.000 
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PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  

 

  



	

204 
	

Supplementary Table 4.5: Full results of BaTS testing for a correlation between mangabey 

individual identity and phylogenetic position, using threshold based maximum parsimony 

phylogeny 

Test 

statistic	 Individual	

Observed 

Mean	

Null 

mean	

Null 

lower 

95% CI	

Null 

upper 

95% CI	 P	

AI 

 

12.708 29.210 28.640 29.723 <0.001 

PS 

 

132.000 205.040 201.000 209.000 <0.001 

MC  DJO 1.000 1.000 1.000 1.000 1.000 

MC  PAL 2.000 1.050 1.000 1.000 0.060 

MC  LOM 1.000 1.060 1.000 2.000 1.000 

MC  BAK 1.000 1.030 1.000 1.000 1.000 

MC  MOR 2.000 1.090 1.000 2.000 0.100 

MC  COR 2.000 1.030 1.000 1.000 0.040 

MC  BOS 1.000 1.000 1.000 1.000 1.000 

MC  FAN 2.000 1.050 1.000 1.000 0.060 

MC  TIN 1.000 1.030 1.000 1.000 1.000 

MC  SON 2.000 1.050 1.000 1.000 0.060 

MC  AMB 3.000 1.060 1.000 2.000 0.010 

MC  NGO 3.000 1.020 1.000 1.000 0.010 

MC  NYU 1.000 1.010 1.000 1.000 1.000 

MC  MGA 2.000 1.020 1.000 1.000 0.030 

MC  MAH 3.000 1.070 1.000 2.000 0.010 

MC  TAN 1.000 1.030 1.000 1.000 1.000 

MC  BUD 2.000 1.060 1.000 2.000 0.070 
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MC  YAK 3.000 1.040 1.000 1.000 0.010 

MC  GOM 2.000 1.080 1.000 2.000 0.090 

MC  BAL 2.000 1.020 1.000 1.000 0.030 

MC  KAL 2.000 1.030 1.000 1.000 0.040 

MC  ZAN 3.000 1.070 1.000 2.000 0.010 

MC  OKA 2.000 1.060 1.000 2.000 0.070 

MC  FON 2.000 1.030 1.000 1.000 0.040 

MC  LAS 1.000 1.010 1.000 1.000 1.000 

MC  MAS 1.000 1.000 1.000 1.000 1.000 

MC  LOP 1.000 1.050 1.000 1.000 1.000 

MC  KIB 2.000 1.010 1.000 1.000 0.020 

MC  CAY 2.000 1.050 1.000 1.000 0.060 

MC  NDO 3.000 1.050 1.000 1.000 0.010 

MC  KAK 3.000 1.030 1.000 1.000 0.010 

MC  PAN 3.000 1.070 1.000 2.000 0.010 

MC  PHU 1.000 1.020 1.000 1.000 1.000 

MC  KAH 3.000 1.030 1.000 1.000 0.010 

MC  BZA 1.000 1.000 1.000 1.000 1.000 

MC  BAI 1.000 1.010 1.000 1.000 1.000 

MC  RAN 2.000 1.000 1.000 1.000 0.010 

MC  SAL 1.000 1.000 1.000 1.000 1.000 

MC  PRE 3.000 1.020 1.000 1.000 0.010 

MC  HAT 2.000 1.000 1.000 1.000 0.010 

MC  CUR 5.000 1.040 1.000 1.000 0.010 
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MC  BAO 2.000 1.000 1.000 1.000 0.010 

MC  SAN 3.000 1.000 1.000 1.000 0.010 

MC  RAM 2.000 1.000 1.000 1.000 0.010 

MC  ASS 3.000 1.000 1.000 1.000 0.010 

MC  BWI 2.000 1.010 1.000 1.000 0.020 

MC  TUA 1.000 1.000 1.000 1.000 1.000 

MC  GAL 1.000 1.000 1.000 1.000 1.000 

MC  IGU 2.000 1.010 1.000 1.000 0.020 

MC  BAR 1.000 1.000 1.000 1.000 1.000 

MC  GUN 3.000 1.010 1.000 1.000 0.010 

MC  MAK 2.000 1.000 1.000 1.000 0.010 

MC  DOU 2.000 1.000 1.000 1.000 0.010 

MC  LUI 3.000 1.010 1.000 1.000 0.010 

MC  LAN 1.000 1.020 1.000 1.000 1.000 

MC  ODZ 2.000 1.000 1.000 1.000 0.010 

MC  BOT 2.000 1.000 1.000 1.000 0.010 

MC  CAM 1.000 1.000 1.000 1.000 1.000 

MC  TIW 2.000 1.020 1.000 1.000 0.030 

MC  TAI 2.000 1.000 1.000 1.000 0.010 

PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  
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Supplementary Table 4.6: Full results of BaTS testing for a correlation between 

chimpanzee individual and phylogenetic position, using presence absence based maximum 

parsimony phylogeny 

Test statistic Individual 

Observed 

Mean 

Null 

mean 

Null 

lower 

95% CI 

Null 

upper 

95% CI P 

AI 

 

7.990 10.653 10.322 10.767 <0.001 

PS 

 

79.000 90.200 88.000 92.000 <0.001 

MC  ATHO 1.000 1.000 1.000 1.000 1.000 

MC  KUB 1.000 1.000 1.000 1.000 1.000 

MC  BAM 1.000 1.000 1.000 1.000 1.000 

MC  KOR 1.000 1.000 1.000 1.000 1.000 

MC  FAU 2.000 1.010 1.000 1.000 0.020 

MC  POL 1.000 1.000 1.000 1.000 1.000 

MC  WOL 1.000 1.000 1.000 1.000 1.000 

MC  CHA 1.000 1.000 1.000 1.000 1.000 

MC  HAV 4.000 1.030 1.000 1.000 0.010 

MC  RIC 1.000 1.000 1.000 1.000 1.000 

MC  POR 1.000 1.010 1.000 1.000 1.000 

MC  BAR 2.000 1.020 1.000 1.000 0.030 

MC  WAL 1.000 1.010 1.000 1.000 1.000 

MC  SUR 1.000 1.000 1.000 1.000 1.000 

MC  GIA 1.000 1.000 1.000 1.000 1.000 

MC  UAP 2.000 1.030 1.000 1.000 0.040 

MC  PAN 1.000 1.030 1.000 1.000 1.000 
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MC  YED 1.000 1.000 1.000 1.000 1.000 

MC  KIN 1.000 1.000 1.000 1.000 1.000 

MC  SHO 1.000 1.000 1.000 1.000 1.000 

MC  MBE 1.000 1.000 1.000 1.000 1.000 

MC  POS 1.000 1.000 1.000 1.000 1.000 

MC  JAC 1.000 1.010 1.000 1.000 1.000 

MC  WOO 1.000 1.010 1.000 1.000 1.000 

MC  JUL 1.000 1.010 1.000 1.000 1.000 

MC  PEM 1.000 1.000 1.000 1.000 1.000 

MC  TAN 1.000 1.020 1.000 1.000 1.000 

MC  OSC 1.000 1.000 1.000 1.000 1.000 

MC  ISH 1.000 1.000 1.000 1.000 1.000 

MC  IVO 1.000 1.000 1.000 1.000 1.000 

MC  GAI 1.000 1.000 1.000 1.000 1.000 

MC  IBR 1.000 1.010 1.000 1.000 1.000 

MC  REP 1.000 1.000 1.000 1.000 1.000 

MC  MAI 1.000 1.000 1.000 1.000 1.000 

MC  KAY 1.000 1.000 1.000 1.000 1.000 

MC  SOL 1.000 1.010 1.000 1.000 1.000 

MC  SUM 1.000 1.000 1.000 1.000 1.000 

MC  BAL 2.000 1.020 1.000 1.000 0.030 

MC  FAT 1.000 1.000 1.000 1.000 1.000 

MC  PER 1.000 1.020 1.000 1.000 1.000 

MC  PON 1.000 1.000 1.000 1.000 1.000 
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MC  ERA 1.000 1.000 1.000 1.000 1.000 

MC  YEH 1.000 1.000 1.000 1.000 1.000 

MC  PES 1.000 1.000 1.000 1.000 1.000 

MC  IND 1.000 1.000 1.000 1.000 1.000 

MC  NAO 1.000 1.020 1.000 1.000 1.000 

MC  BEL 1.000 1.000 1.000 1.000 1.000 

MC  LUC 1.000 1.000 1.000 1.000 1.000 

MC  NOU 1.000 1.000 1.000 1.000 1.000 

MC  MYS 2.000 1.000 1.000 1.000 0.010 

MC  NAR 2.000 1.000 1.000 1.000 0.010 

MC  QUA 1.000 1.000 1.000 1.000 1.000 

MC  WAN 1.000 1.000 1.000 1.000 1.000 

MC  RWE 1.000 1.000 1.000 1.000 1.000 

MC  BEA 1.000 1.000 1.000 1.000 1.000 

MC  EOL 1.000 1.000 1.000 1.000 1.000 

MC  ASA 1.000 1.000 1.000 1.000 1.000 

MC  WIL 1.000 1.000 1.000 1.000 1.000 

MC  ELI 1.000 1.000 1.000 1.000 1.000 

MC  KOS 1.000 1.000 1.000 1.000 1.000 

MC  WEH 1.000 1.000 1.000 1.000 1.000 

MC  FRE 1.000 1.000 1.000 1.000 1.000 

MC  MOH 1.000 1.000 1.000 1.000 1.000 

MC  INI 1.000 1.000 1.000 1.000 1.000 
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PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  
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Supplementary Table 4.7: Full results of BaTS testing for a correlation between sooty 

mangabey individual identity and phylogenetic position, using threshold based maximum 

parsimony phylogeny 

Test 

statistic	 Individual	

Observed 

Mean	

Null 

mean	

Null 

lower 

95% CI	

Null 

upper 

95% CI	 P	

AI 

 

14.333 28.221 27.604 28.698 <0.001 

PS 

 

149.000 205.560 202.000 209.000 <0.001 

MC  PAL 3.000 1.000 1.000 1.000 0.010 

MC  LOM 1.000 1.020 1.000 1.000 1.000 

MC  TAN 2.000 1.070 1.000 2.000 0.080 

MC  SON 1.000 1.080 1.000 2.000 1.000 

MC  MAS 1.000 1.010 1.000 1.000 1.000 

MC  FAN 2.000 1.030 1.000 1.000 0.040 

MC  BUD 2.000 1.110 1.000 2.000 0.120 

MC  AMB 2.000 1.070 1.000 2.000 0.080 

MC  PAN 3.000 1.030 1.000 1.000 0.010 

MC  BAK 2.000 1.060 1.000 2.000 0.070 

MC  TIN 1.000 1.020 1.000 1.000 1.000 

MC  LOP 1.000 1.020 1.000 1.000 1.000 

MC  BAL 2.000 1.040 1.000 1.000 0.050 

MC  NDO 3.000 1.040 1.000 1.000 0.010 

MC  MOR 2.000 1.050 1.000 1.000 0.060 

MC  FON 1.000 1.040 1.000 1.000 1.000 
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MC  CAY 4.000 1.030 1.000 1.000 0.010 

MC  KIB 1.000 1.070 1.000 2.000 1.000 

MC  KAK 3.000 1.070 1.000 2.000 0.010 

MC  MGA 2.000 1.040 1.000 1.000 0.050 

MC  BAR 2.000 1.000 1.000 1.000 0.010 

MC  YAK 2.000 1.040 1.000 1.000 0.050 

MC  CUR 3.000 1.030 1.000 1.000 0.010 

MC  GOM 3.000 1.020 1.000 1.000 0.010 

MC  KAL 2.000 1.030 1.000 1.000 0.040 

MC  OKA 1.000 1.030 1.000 1.000 1.000 

MC  ZAN 2.000 1.030 1.000 1.000 0.040 

MC  LAS 2.000 1.040 1.000 1.000 0.050 

MC  MAH 3.000 1.030 1.000 1.000 0.010 

MC  IGU 2.000 1.000 1.000 1.000 0.010 

MC  COR 2.000 1.000 1.000 1.000 0.010 

MC  HAT 1.000 1.010 1.000 1.000 1.000 

MC  GAL 1.000 1.000 1.000 1.000 1.000 

MC  ASS 3.000 1.020 1.000 1.000 0.010 

MC  GUN 2.000 1.000 1.000 1.000 0.010 

MC  BWI 2.000 1.010 1.000 1.000 0.020 

MC  BAO 2.000 1.010 1.000 1.000 0.020 

MC  SAN 3.000 1.000 1.000 1.000 0.010 

MC  TUA 1.000 1.000 1.000 1.000 1.000 

MC  NYU 1.000 1.000 1.000 1.000 1.000 
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MC  PHU 1.000 1.000 1.000 1.000 1.000 

MC  RAM 2.000 1.000 1.000 1.000 0.010 

MC  PRE 1.000 1.010 1.000 1.000 1.000 

MC  DOU 2.000 1.000 1.000 1.000 0.010 

MC  BOT 2.000 1.000 1.000 1.000 0.010 

MC  LAN 2.000 1.030 1.000 1.000 0.040 

MC  ODZ 2.000 1.000 1.000 1.000 0.010 

MC  TIW 1.000 1.010 1.000 1.000 1.000 

MC  CAM 1.000 1.000 1.000 1.000 1.000 

MC  KAH 2.000 1.010 1.000 1.000 0.020 

MC  BAI 1.000 1.000 1.000 1.000 1.000 

MC  NGO 2.000 1.000 1.000 1.000 0.010 

MC  BOS 1.000 1.000 1.000 1.000 1.000 

MC  DJO 1.000 1.000 1.000 1.000 1.000 

MC  TAI 1.000 1.000 1.000 1.000 1.000 

MC  BZA 1.000 1.000 1.000 1.000 1.000 

MC  RAN 3.000 1.020 1.000 1.000 0.010 

MC  SAL 1.000 1.000 1.000 1.000 1.000 

MC  MAK 2.000 1.010 1.000 1.000 0.020 

MC  LUI 2.000 1.010 1.000 1.000 0.020 

PS - Fitch parsimony score; AI - association index MC - monophyletic clade statistic indicating 

the maximum observed exclusive single-state clade size.  
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Supplementary Table 4.8: Model stability estimates for SES-MPD obtained from a model 

based on the full data set with maximum and minimum effect size estimates from models 

excluding one individual at a time. 

 

Original 

estimate Minimum Maximum 

Intercept - Species: Cercopithecus 

atys -3.713 -4.029 -3.035 

Species: Cercopithecus diana -1.545 -2.223 -1.229 

Species: Colobus polykomos -2.513 -3.191 -2.123 

Species: Pan troglodytes verus 5.055 4.400 5.385 

Species: Procolobus badius -0.591 -1.269 -0.275 

subject@(Intercept) 0.764 0.000 0.786 

Group.Member@(Intercept) 0.465 0.000 0.510 
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Supplementary Table 4.9: Model estimates for GLMM of SES-MPD predicted by species. 

 

Estimate 

Std. 

Error t value 

Lower 

CL 

Upper 

CL 

(Intercept): Species: Cercopithecus 

atys -3.713 0.202 

-

18.367 -4.127 -3.125 

Species: Cercopithecus.diana -1.545 0.557 -2.773 -2.756 -0.445 

Species: Colobus.polykomos -2.513 0.620 -4.051 -3.826 -1.292 

Species: Pan.troglodytes.verus 5.055 0.279 18.113 4.300 5.625 

Species: Procolobus.badius -0.591 0.667 -0.887 -1.982 0.719 

      CL: Confidence limit.  
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SUPPLEMENTARY MATRIALS FOR CHAPTER 5 

 
TOOLS FOR OPENING NEW CHAPTERS IN THE BOOK OF TREPONEMA PALLIDUM EVOLUTIONARY 
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S.5.1 SUPPLEMENTARY MATERIAL  

S.5.1.1 Extraction Protocol 

DNA was extracted using a silica-based method, following a modified protocol of Rohland and 

Hofreiter (2007) and Gamba et al. 2015 (Rohland & Hofreiter 2007; Gamba et al. 2015). For 

each bone 100-150mg of fine powder drilled at low speed were extracted using a 48h digestion 

in 5 ml of extraction Buffer A (0.5 M EDTA, 0.5% N-lauryl-Sarcosyl, 1 mg/mL Proteinase K at 

pH 8.0). The supernatant, recovered after spinning the solution at 2000 rpm for 5 min, was 

transferred into 20 ml of Buffer B (GuSCN 5 M, Tris 50 mM, NaCl 25 mM, EDTA 20 mM, 

TritonX-100 1x) with 80 µL of a fresh silica pellet prepared as described in Rohland and 

Hofreiter (2007). The final pH was adjusted to 4.0–5.0 using 37% HCl and pH paper. DNA 

binding to silica surfaces was performed for 3 h at room temperature with agitation. The 

supernatant was then removed except for 1ml after centrifugation at 2000 rpm for 2 min. The 

silica pellet was resuspended, transferred to a 1.5-mL tube and centrifuged at 1 2000 rpm for 2 

min. The supernatant was removed and washed twice with 1 mL 80% ethanol, centrifuging again 

at 12000 rpm for 2 min. The silica pellet was dried for 20min at room temperature in the laminar 

flow-hood and resuspended in 90 µl of nuclease free water. The suspension was incubated for 

20-30 min at 37°C and centrifuged at 12000rpm for 2 min. The supernatant was transferred to a 

new tube and stored at -20°C.  

S.5.1.2 PCR diagnostics for choosing samples for enrichment by hybridisation capture 

Extracts were tested using a standard PCR amplifying a 67 bp DNA fragment, including primers 

from the DNA polA gene previously described in Leslie et al. (2007) and used by Knauf et al. to 

screen samples from olive baboons (2012). Amplifications were performed in 25 µl reactions 

containing 0.2 µM of each primer, 200µM dUTPs, 4 mM MgCl2, 2.5 µl 10X PCR buffer, 0.25 

µl Platinum® Taq polymerase (Invitrogen, Carlsbad, USA), and 0.3 µl AmpErase® Uracil N-

glycosylase (UNG) to degrade any potential contamination from PCR products generated in the 

laboratory. Assays were run under the following conditions: 7 min at 45°C, 5 min at 95°C, 40 

cycles [15 s at 95°C, 45 s at 60°C, 60 s at 72°C], 7 min at 72°C. To enable sequencing of this 

short region, fusion primers were appended to those reactions positive on a gel; these reactions 

were run without AmpErase UNG as this would have degrade the product and with the following 

conditions: 5 min at 95°C, 5 cycles [15 s at 95°C, 45 s at 60°C, 60 s at 72°C], 7 min at 72°C. To 
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confirm the presence of Treponema pallidum and maximize the probability of success in a 

hybridisation capture experiments, the 12 samples that were sequence positive for polA were 

submitted to two nested PCRs amplifying longer sequences of the Treponema pallidum genome 

(Harper et al. 2008b). The first amplification round for GDP was performed in 25 µl reactions as 

for the first polA screening, though without AmpErase UNG, and under the following conditions: 

5 min at 95°C, 35 cycles [30 s at 95°C, 60s at 55°C, 60 s at 72°C], 7 min at 72°C. The nested 

round was performed using 2µl of amplified product in a 25 µl reaction as for the first round. To 

reduce the possibility of contamination, the GDP and cfpA PCRs were also performed using 

simply the 2nd round of the nest PCR but including the AmpErase UNG step. Amplified products 

were sequenced using Sanger’s sequencing and sequences were compared to publicly available 

sequences in EMBL through BLAST (Altschul et al. 1990).  

S.5.1.3 Library preparation protocols at Robert Koch Institute  

The extracts from the three PCR positive bone samples were analysed using a Bioanalyzer: two 

samples (11787 and 22-52), were further fragmented using a Covaris S220 Focused-

ultrasonicator® in a volume of 130ul low EDTA TE buffer) using settings to generate a 400 bp 

fragment side (Intensity = 4, Duty cycle = 10%, Cycles per burst = 200, Treatment time = 55 s, 

Temperature = 7°C). Those fragmented extracts were then concentrated using the MinElute PCR 

purification kit and eluted into 2x10ul low EDTA TE buffer. DNA concentrations of all extracts 

were then measured using a Qubit dsDNA High Sensitivity kit. For each extract a target of 1µg 

DNA or all available remaining DNA extract were used as input into the following library 

preparation procedure. Libraries were prepared using the Accel-NGS 2S DNA library kit 

following the standard protocol, with unique single indices. Libraries were quantified using the 

KAPA HiFI library quantification kit and subsequently amplified using the KAPA Hot Start 

Library Amplification Kit, using Illumina adaptor specific primers (5'-3': 

AATGATACGGCGACCACCGA and 5'-3': CAAGCAGAAGACGGCATACGA, 65°C 

Annealing Temperature and 45 s elongation) and then requantified. Extracts underwent variable 

number of cycles to reach the desired amount of starting material (15028 = 9 cycles, 11786 = 8 

cycles, 22-52 = 8 cycles). Samples were pooled to equal contribute to a total of 258 ng DNA of 

starting material for input into the in-solution hybridisation capture, following the concentration 

with a MinElute PCR Purification Kit.  
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S.5.1.4 In-Solution capture at the Robert Koch Institute using MYbaits Custom Target 

Enrichment Kit 

RNA baits covering the entire T. p. pertenue Fribourg-Blanc genome were designed with 2-fold 

tiling of 120mer baits. We followed the Mybaits Sequence Enrichment for Targeted Sequencing 

protocol (Version 2.3.1) using a hybridisation time of 16 hours. Following this first round of 

capture, the surviving DNA was reamplified using the KAPA Hot Start Library Amplification 

Kit for 8 cycles. The pool was then quantified using the KAPA HiFi Library Quantification Kit 

and further amplified for 11 cycles to reach 100-500 ng starting material for the 2nd round of 

capture. DNA was concentrated using a MinElute PCR Purification Kit and 264 ng of DNA were 

input into the second round of hybridisation capture, performed using the same conditions as for 

the first round of capture described above. The surviving DNA was reamplified using the KAPA 

Hot Start Library Amplification Kit for 8 cycles, purified using the MinElute PCR Purification 

Kit, quantified using the KAPA HiFi Library Quantification Kit, and diluted to 4nM as input for 

the Illumina MiSeq (v3 2x300 Chemistry). Following the successful MiSeq run, a technical error 

occurred while writing the last 100bp of the 2nd read, but all reads could be still be assigned to 

their proper index and quality appeared stable for available reads.  

S.5.1.5 Library preparation protocols at Tübingen University 

In advance of the library preparation the extracted DNA was sheared using the Covaris S220 

machine in order to produce fragments between 300 and 500 bp with the following conditions: 5 

intensity, 200 cycles per burst, 45 s. Afterwards the samples were concentrated to 30 µl each 

using Amicon ultra centrifugal filters (Millipore) according to manufacturer’s instructions. Then 

all sheared and concentrated DNA extracts were converted into double-stranded Illumina 

libraries as described in Meyer and Kircher, 2010. Via amplification sample specific indexes 

were added to both library adapters to obtain double indexed libraries (Kircher et al. 2012). 

Library blanks were treated accordingly. Adaptor ligation and addition of the barcodes were both 

monitored with a quantification assay using the primer sets IS7, IS8 and IS5, IS6 (Meyer & 

Kircher 2010), the DyNAmo Flash SYBR Green qPCR Kit (Biozym) and the Lightcycler 96 

(Roche). 

A second amplification was performed for all indexed libraries in 100 µl reactions containing 5 

µl library template, 4 units AccuPrime Taq DNA Polymerase High Fidelity (Invitrogen), 1 unit 
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10X AccuPrime buffer (containing dNTPs) and 0.3 µM IS5 and IS6 primers (Meyer & Kircher 

2010). The thermal profile used was the following: 2-min initial denaturation at 94°C, followed 

by 5 to 17 cycles consisting of 30-s denaturation at 94°C, a 30-s annealing at 60°C and a 2-min 

elongation at 68°C and a 5-min final elongation at 68°C. The amplified products were purified 

with MinElute spin columns (Qiagen) according to the manufacturer’s protocol. The amplified 

indexed libraries were quantified using an Agilent Bioanalyzer DNA 1000 Chip and pooled in 

equimolar amounts for hybridisation capture. 

S.5.1.6 Hybridisation capture and sequencing at the University of Tübingen 

For the genome wide enrichment of the equimolar pooled libraries two rounds of capture 

hybridisation were performed using 1 million Agilent SureSelect arrays with designed probes (60 

bp length and 4 bp tiling density) spanning the T. p. pallidum genome (Arora et al. 2016) 

following the protocol previously described by Hodges et al. (2009). After the first round of 

hybridisation, captured products were eluted in 490 µl H2O, quantified via qPCR as previously 

described and amplified in 100 µl reactions using 24 µl template and the reagents and thermo 

profile detailed previously. The amplified library pools were purified using MinElute columns 

(Qiagen), the concentrations were determined using an Agilent 2100 Bioanalyzer DNA 1000 

chip and used in the second round of capture. After the second hybridisation the captured 

products were eluted in 490 µl H2O and processed as detailed previously using 48 µl template for 

amplification. After the final quantification the pools were diluted to 10 nM for high-throughput 

sequencing. Paired-end dual index sequencing was performed on an Illumina Hiseq 2500 

platform using 2*100+7+7 cycles and the manufacturer’s protocols for multiplex sequencing 

(TruSeq PE Cluster Kit v3-cBot-HS). 

S.5.1.7 Precautions taken to avoid contamination 

Capture analysis was performed in two separate laboratories, using distinct methods in both of 

the spaces. Both approaches converged on a similar finding, covering distinct regions of the 

genome. Both these laboratories are set up to avoid contamination and a take number of 

precautions including a dedicated DNA extraction room where only bones were extracted inside 

of sealed glove box, with UV sterilization and bleaching of surfaces following drilling and 

extraction. All PCR reactions were prepared in in glove boxes with pipets and laboratory 

equipment only used for this purpose, in rooms physically separated from the room where DNA 
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extracts were added to the mix, again in glove boxes with equipment only used for this step of 

the procedure. PCRs were conducted in another laboratory with separate lab coats and equipment 

and on a given day, reseachers never went from the DNA and PCR product rooms to the 

extraction or PCR reaction set up rooms. All PCRs included a negative water control that 

remained negative. We confirmed PCRs with Amperase UNG to rule out contamination with any 

PCR products and all PCRs in this laboratory are conducted with uracil in place of thymine, 

suggesting PCR products would be digested by this enzyme. For all steps we used filtered pipet 

tips, clean gloves, and regular bleaching of lab spaces. Extraction of bones and sending of an 

aliquot of extract to Tübingen was done before any libraries were constructed for Treponema 

pallidum in this laboratory space.  

S.5.1.8 Details on generation of phylogeny of full genomes in Figure 5.1 

Analyses suggest that TPR genes have been under strong positive selection and may be 

recombining, suggesting these genes may be inappropriate for inferring phylogenetic history 

(Gray et al. 2006). We removed these genes from these genomes based on their annotations and 

then genomes were aligned with Mauve v2.3.1 (Darling et al. 2004), using an implementation in 

Geneious 8.1.6 with standard settings, retaining only regions present in all 12 genomes. Genome 

alignments were then stripped of identical sites in Geneious, also removing any site where any of 

the genomes had a gap, leaving 10,441 variable sites. The phylogeny was estimated from non-

identical sites using PhyML (Build 20140926 (Guindon et al. 2010)) using a GTR+G4 model of 

nucleotide evolution. Equilibrium frequencies, topology and branch lengths were all optimized 

and the gamma distribution parameter was estimated from the data. The tree search used a 

combination of nearest neighbour interchange and subtree pruning and regrafting (BEST 

approach). Support values were calculated using Shimodaira-Hasegawa-like approximate 

likelihood ratio tests (SH-like aLRT).   
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Table S5.1. Diagnostic primers and probe used to preliminary assess Treponema pallidum 

infection 

 

Genetic 

region 

Forward primer (5'-3') 

Reverse primer (5'-3')  

Size of 

amplicon 

Reference 

    

polA AGGATCCGGCATATGTCCAA     

GTGAGCGTCTCATCATTCCAAA  

67bp (Leslie et 

al. 2007) 

polA 

fusion 

primer for 

sequencing  

 

GTAAAACGACGGCCAGAGGATCCGGCA

TATGTCCAA 

CAGGAAACAGCTATGACGTGAGCGTCT

CATCATTCCAAA 

 

100bp Current 

study 

cfpA 

Nested 

GAGCGTCTGGACGTAATGG 

TAGGATGGCAATCTCCTTCG 

189bp (Harper et 

al. 2008b) 

gpd AAGAACTTTCCCTCCTCCGTGC 

CGTTTGATACGCTTCAGCTCG 

331bp (Harper et 

al. 2008b) 

gpd 

Nested 

GTGGGTTGGAACAGACAACC 

CGTTTGCACATACACTAGATCC 

 

161bp (Harper et 

al. 2008b) 
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Table S5.2: Summary of bones extracted and tested using three diagnostic PCR systems.  

 

Country Site Species Death 

date 

PolA 

gel 

band 

PolA 

seq 

GPD  

band 

GPD just 

second 

round 

with UNG 

GDP 

sequence 

CFA 

Band 

CFA 

sequence 

CI Tai 

National 

Park 

Cercocebus 

atys 

2000 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Cercocebus 

atys 

2004 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Cercocebus 

atys 

2006 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Cercocebus 

atys 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Cercopithecus 

campbelli 

2000 - NA NA NA NA NA NA 
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CI Tai 

National 

Park 

Cercopithecus 

diana 

2000 + + - Multiple 

bands: no 

sequence 

Multiple 

bands: no 

sequence 

- NA 

CI Tai 

National 

Park 

Cercopithecus 

diana 

2002 + + - + - - - 

CI Tai 

National 

Park 

Cercopithecus 

diana 

2007 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Colobus 

polykomos 

1994 + + - - NA - NA 

CI Tai 

National 

Park 

Colobus 

polykomos 

2003 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1992/

93 

+ + - - NA - NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1991 + + - - NA - NA 
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CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 + + - Multiple 

bands: no 

sequence 

Multiple 

bands: no 

sequence 

- NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1992/

93 

+ + - - NA - NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1993 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1992 + + - + - + + 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 - NA NA NA NA NA NA 
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CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1992 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 + - NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1989 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1992/

93 

+ + - - NA - NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1996 + + - - NA - NA 
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CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1996 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1999 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2000 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

~2000 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1999 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

unkno

wn 

- NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1999 - NA NA NA NA NA NA 
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CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2004 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2004 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2002 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2005 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

~2006 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2001 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

2002 - NA NA NA NA NA NA 



	

229 
	

CI Tai 

National 

Park 

Pan 

troglodytes 

verus 

1998 + + + + + - NA 

CI Tai 

National 

Park 

Procolobus 

badius 

2010 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

2001 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

2002 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

2002 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

2002 + + - + + - NA 

CI Tai 

National 

Park 

Procolobus 

badius 

2003 - NA NA NA NA NA NA 
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CI Tai 

National 

Park 

Procolobus 

badius 

2004 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

1994 - NA NA NA NA NA NA 

CI Tai 

National 

Park 

Procolobus 

badius 

1997 - NA NA NA NA NA NA 

CI = Côte d’Ivoire; NA = Not applicable; + indicates sequence matching Treponema pallidum; - indicates no sequence or sequence not 

matching Treponema pallidum  
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Table S5.3: Names and accession numbers of Treponema genomes used blastn comparison 

to filter sequences.  

Treponema pallidum 

genomes for Blast 

comparision 

  Selected non- Treponema pallidum 

genomes for Blast comparision 

Organism Accession #  Organism Accession number 

Treponema pallidum 

subsp. pertenue str. 

SamoaD 

NC_016842  Treponema 

azotonutricium ZAS-9 

NC_015577 

Treponema pallidum 

subsp. pertenue str. 

Gauthier 

NC_016843  Treponema 

brennaborense DSM 

12168 

NC_015500 

Treponema pallidum 

subsp. pallidum DAL-1 

NC_016844  Treponema bryantii 

NK4A124 

NZ_ATWV00000

000 

Treponema pallidum 

subsp. pertenue str. 

CDC2 

NC_016848  Treponema caldarium 

DSM 7334 

NC_015732 

Treponema pallidum 

subsp. pallidum str. 

Chicago 

NC_017268  Treponema denticola 

AL-2 

NZ_AGDQ000000

00 

Treponema pallidum 

subsp. pallidum str. 

Mexico A 

NC_018722  Treponema denticola 

AL-2 

NZ_CM001798 

Treponema pallidum 

subsp pertenue str. 

Fribourg-Blanc 

NC_021179  Treponema denticola 

ASLM 

NZ_AGDR000000

00 

Treponema pallidum 

subsp. pallidum str. 

NC_021490  Treponema denticola 

ATCC 33520 

NZ_AGDS000000

00 
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Nichols 

Treponema pallidum 

subsp. pallidum SS14 

NC_021508  Treponema denticola 

ATCC 33521 

NZ_AGDT000000

00 

Treponema pallidum 

subsp. pallidum str. Sea 

81-4 

NZ_CP003679  Treponema denticola 

ATCC 35404 

NZ_AGDU000000

00 

Treponema pallidum 

subsp. endemicum str. 

BosniaA 

NZ_CP007548  Treponema denticola 

ATCC 35404 

NZ_CM001796 

   Treponema denticola 

ATCC 35405 

NC_002967 

   Treponema denticola 

F0402 

NZ_ADEC000000

00 

   Treponema denticola 

H-22 

NZ_AGDV000000

00 

   Treponema denticola 

H-22 

NZ_CM001795 

   Treponema denticola 

H1-T 

NZ_AGDW00000

000 

   Treponema denticola 

H1-T 

NZ_CM001794 

   Treponema denticola 

MYR-T 

NZ_AGDX000000

00 

   Treponema denticola 

OTK 

NZ_AGDY000000

00 

   Treponema denticola 

OTK 

NZ_CM001797 
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   Treponema denticola 

SP23 

NZ_AHAB000000

00 

   Treponema denticola 

SP32 

NZ_AHAC000000

00 

   Treponema denticola 

SP33 

NZ_AGDZ000000

00 

   Treponema denticola 

SP37 

NZ_AGEA000000

00 

   Treponema denticola 

SP44 

NZ_AHAD000000

00 

   Treponema denticola 

US-Trep 

NZ_AGEB000000

00 

   Treponema 

lecithinolyticum 

ATCC 700332 

NZ_AWVH00000

000 

   Treponema 

maltophilum ATCC 

51939 

NZ_ATFF000000

00 

   Treponema medium 

ATCC 700293 

NZ_ATFE000000

00 

   Treponema 

paraluiscuniculi 

Cuniculi A 

NC_015714 

   Treponema pedis 

isoE1186 

NZ_AOTP000000

00 

   Treponema pedis 

isoM1220 

NZ_AOTQ000000

00 
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   Treponema pedis 

isoM1224 

NZ_AOTR000000

00 

   Treponema pedis str. 

B 683 

NZ_AOTN000000

00 

   Treponema pedis str. 

T A4 

NC_022097 

   Treponema pedis str. 

T M1 

NZ_AOTM00000

000 

   Treponema 

phagedenis 

NZ_CDNC000000

00 

   Treponema 

phagedenis 4A 

NZ_AQCF000000

00 

   Treponema 

phagedenis F0421 

NZ_AEFH000000

00 

   Treponema primitia 

ZAS-1 

NZ_AEEA000000

00 

   Treponema primitia 

ZAS-2 

NC_015578 

   Treponema putidum NZ_CP009228 

   Treponema 

saccharophilum DSM 

2985 

NZ_AGRW00000

000 

   Treponema socranskii 

subsp. paredis ATCC 

35535 

NZ_ATFD000000

00 

   Treponema socranskii 

subsp. socranskii VPI 

NZ_AUZJ000000

00 
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DR56BR1116 = 

ATCC 35536 

   Treponema socranskii 

subsp. socranskii VPI 

DR56BR1116 = 

ATCC 35536 

NZ_AVQI000000

00 

   Treponema sp. C6A8 NZ_JHVB000000

00 

   Treponema sp. JC4 NZ_AJGU000000

00 

   Treponema sp. OMZ 

838 

NZ_CP009227 

   Treponema 

succinifaciens DSM 

2489 

NC_015385 

   Treponema vincentii 

ATCC 35580 

NZ_ACYH000000

00 

   Treponema vincentii 

F0403 

NZ_ATFC000000

00 

   Treponema vincentii 

F0403 

NZ_ATFC010000

00 
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Figure S5.1: Visualization of workflow for hybridisation capture experiment. 
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S.6.1 SUPPLEMENTARY MATERIALS 

S6.1.1 Ethical statement 

All procedures performed on sooty mangabeys in Taï National Park (TNP) were approved by the 

Ministry of Environment and Forests as well as the Ministry of Research, the Office Ivoirien des 

Parcs et Réserves, and the director of TNP. Baboon samples from Lake Manyara National Park 

(LMNP) in Tanzania were taken in accordance with the Tanzania Wildlife Research Institute’s 

Guidelines for Conducting Wildlife Research (2001; 2012) and with permission of Tanzania 

National Parks (TNP/HQ/E.20/08B) as well as the Commission for Science and Technology in 

Tanzania (2007-56-NA-2006-176). The Joint Management Research Committee (JMRC) of the 

TAWIRI Board and TANAPA approved sample collection. The Animal Welfare and Ethics 

Committee of the German Primate Center approved the use of samples for this study. Procedures 

on green monkeys in Bijilo Forest Park (BFP) were conducted with ethical approval from the 

University of Cumbria and permission from the Forestry Department and Department of Parks 

and Wildlife Management in The Gambia. Green monkeys were captured in the wild in Niokolo 

Koba National Park (NKNP), Senegal, under license No. 1302/DPN/MEDD (10.16.2015) 

granted by the Republic of Senegal. Good veterinary practice and animal welfare were 

considered in all procedures carried out at all field sites. Anesthetized animals were monitored 

for vital functions and remained under close supervision from the time of induction until full 

recovery, and until the animals were able to reunite with their social group. 

 

S6.2 MATERIALS AND METHODS 

S6.2.1 Laboratory contributions 

The study brought together NHP samples from four field sites and involved analysis conducted 

in multiple different laboratories. As a consequence of this, several analysis steps (e.g., DNA 

extraction, PCR testing, DNA capture, sequencing and genome assembly) were performed with 

different methods. Briefly, samples from West Africa were collected by the University of 

Cumbria (Carlisle, UK), the Research Unit of Emerging Infectious and Tropical Diseases 

(Marseilles, France and Dakar, Senegal: URMITE) and the group Epidemiology of Highly 

Pathogenic Microorganisms (Robert Koch Institute, Berlin, Germany: RKI) and processed by 

URMITE and RKI. Samples from East Africa were collected and processed by the Work Group 
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Neglected Tropical Diseases (German Primate Center, Göttingen, Germany: DPZ). While DNA 

samples from West Africa were analyzed by in-solution capture at RKI and by microarray 

capture at the Department of Archaeological Sciences (Eberhard-Karls-University Tuebingen, 

Germany: EKU), samples from East Africa were only microarray captured at EKU. In addition, 

East African samples were used to run long-range PCR followed by next-generation sequencing 

at the Department of Biology (Masaryk University, Brno, Czech Republic: MU). Obtained 

sequence data from all samples were collected and shared between collaborators and jointly 

analyzed at EKU. 

S6.2.2 Study sites and sample size 

The five sooty mangabeys sampled for this project come from a study group that was habituated 

to human observers in 2012 as part of the Taï Chimpanzee Project, in TNP, Côte d’Ivoire, 

representing one of the many interacting NHP species under long-term disease surveillance in 

the Park (Gogarten et al. 2014a). All individuals in the study group were individually identifiable 

as of June 2013. The five samples from African green monkeys from BFP, The Gambia, come 

from a group that has been habituated to human presence as a result of several years of feeding 

by tourists and guides. No group composition and epidemiological data is currently available, as 

most of the monkeys have not yet been individually identified. The three samples from African 

green monkeys from NKNP, Senegal, come from monkeys captured with a wire mesh trap 

installed in the park (13°04’N-12°43’W) in proximity to a National Park guardhouse and along 

the Niokolo Koba River, about 55m south of the national road N°7. The two baboon samples 

from Tanzania were extracted from a study that aimed to investigate the pathogen that causes 

genital ulceration in olive baboons at LMNP (Knauf et al. 2012). Samples originate from a 

female (4F5230307) and a male (40M5160407) baboon from a non-habituated group in the 

northern part of the national park. 

S6.2.3 Clinical manifestation 

In TNP, we observed that many juveniles in a group of habituated sooty mangabeys (Cercocebus 

atys) presented with ulcerative lesions on the face or lower extremities. A single adult exhibited 

extensive facial tissue destruction, damage to bone and cartilage, and a poor physical condition. 

In BFP, we observed facial and anogenital lesions in a number of juveniles and adults belonging 

to a group of habituated African green monkeys (Chlorocebus sabaeus). The most severe 
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manifestations were also observed in an adult with extensive destruction and scarring of facial 

and anogenital tissues. In NKNP, genital lesions were only observed during the clinical 

examination of adult males belonging to an unhabituated group of African green monkeys. In 

LMNP, we had previously described frequent and severe anogenital lesions in juvenile and adult 

baboons (Papio anubis) (Knauf et al. 2012). 

S6.2.4 Sampling procedures in NHPs 

Seven clinically affected and four unaffected individuals from the TNP and BFP groups were 

anesthetized using a combination of ketamine (10mg/kg)/xylazine (1mg/kg) (TCP) or ketamine 

(5mg/kg)/medetomidine (50µg/kg) (BFP), which was administered intramuscularly via blowpipe 

(Telinject GmbH; TCP group) or hand-injection after trapping (BFP group). An intramuscular 

injection of atipamezole (1mg/10 mg xylazine or 5mg/1mg medetomidine) was administered 

after sampling for reversal of anesthesia. Skin biopsies and blood samples were collected from 

all individuals. Skin biopsies were taken from the edge of a lesion in clinically affected 

individuals and from normal unaffected tissue in both clinically affected and healthy individuals. 

Skin biopsies were preserved in a 10 % formalin solution, in a formaldehyde/glutaraldehyde 

mixture and/or frozen (here and subsequently this refers to freezing in liquid nitrogen in the field 

and at -80°C in the laboratory). Where refrigeration was not immediately available (BFP group), 

samples were preserved in RNAlater (Life technologies, NY) and kept at room temperature for 

three weeks, then transferred to -80°C. Blood was collected in EDTA tubes from the femoral 

vein. Whole blood was preserved frozen (TCP group) or in RNAlater (BFP group). For the TCP 

group, swabs from lesions preserved in STGG transport medium were also collected and 

refrigerated until analysis. The two baboons at LMNP were chemically short-term immobilized 

by remote-distance intramuscular injection of ketamine (10mg/kg)/xylazine (0.2 mg/kg). Skin 

samples were taken from the margin of ulcerated genital tissue, using a sterile 6 mm biopsy 

punch (Heiland VET Vertriebsgesellschaft mbH & Co. KG, Hamburg, Germany). Skin samples 

were immediately transferred into RNAlater and were frozen 12 hours later at -20°C until export 

to Germany. Swabs of penile lesions from African green monkeys in Senegal were transported 

without culture medium in liquid nitrogen. 

S6.2.5 DNA extraction 
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DNA extraction from LMNP baboon samples was performed twice (Knauf et al. 2012). Tissue 

was cut into small pieces and ground with Precillys-Keramik beads (peQlab Biotechnologie 

GmbH, Erlangen, Germany), followed by 4-6 hours of digestion with proteinase Kat 56°C. The 

first extraction (in 2007) was performed using the NucleoSpin Tissue extraction kit 

(MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany), the second extraction (in 2014) 

using the First-DNA-All-Tissue kit (Gen-ial GmbH, Troisdorf, Germany). In both cases, DNA 

was eluted in molecular grade water. Aliquots were kept frozen at -80°C. At the RKI, DNA was 

extracted from tissue, blood and swabs using DNA/RNA purification kits (MACHEREY-

NAGEL GmbH & Co. KG, Düren, Germany), QIAamp DNA Blood Mini Kits (QIAGEN 

GmbH, Hilden, Germany) and QIAamp Viral RNA Mini Kits (QIAGEN GmbH, Hilden, 

Germany) respectively. 

S6.2.6 PCR testing 

Tissue and blood samples (TCP, BFP and NKNP groups) were screened for TP infections using 

PCR and subsequent sequencing (table S6.1). Extracts were tested using a standard PCR 

amplifying a 67 bp DNA fragment (includes primers) of the DNA polymerase I gene (polA) as 

previously described (Knauf et al. 2012). Amplifications were performed in 25 µl reactions 

containing 0.2 µM of each primer, 200 µM dNTPs, 4 mM MgCl2, 2,5 µl 10X PCR buffer and 

0.25 µl Platinum® Taq polymerase (Invitrogen, Carlsbad, USA). Assays were run under the 

following conditions: 5 min at 95°C, 40 cycles [15 s at 95°C, 45 s at 60°C, 60 s at 72°C], 7 min 

at 72°C. 

S6.2.7 qPCR 

TP copy numbers in the LMNP baboon samples were measured using a TaqMan PCR run on a 

7500 Real Time PCR System (Applied Biosystems Inc., Foster City, CA, USA) targeting the 

same 67-bp fragment of the DNA polymerase I gene (polA) of T. pallidum (2007). A plasmid 

dilution series containing the amplicon was used as a standard. Cloning was performed using the 

TOPO TA cloning kit (Invitrogen, Karlsruhe, Germany) and plasmid preparation was achieved 

using the NucleoSpin Plasmid kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, Germany). 

Samples were tested as duplicates in 2007 and triplets in 2014. For the individual 4F5230307, 

copy numbers were 4,696±1,824/100 ng genomic DNA (gDNA; mean±SD; DNA extraction in 

2007) and 2±1/100 ng gDNA in DNA extracted in 2014. Likewise, DNA extracted in 2007 from 



	

242 
	

animal 40M5160407 revealed a copy number of 7,250/100 ng gDNA and 102±2/100 ng gDNA 

copies (mean±SD) for the DNA extracted in 2014. The low copy number found in DNA 

extracted in 2014 could be an effect of the different extraction methods used or of the unequal 

distribution of spirochetes in skin samples. In addition, the first DNA extraction was performed 

immediately after samples have been imported to Germany in 2007. 

S6.2.8 DNA amplification, capture, and sequencing 

Three different methods were used to amplify and sequence the whole genome of the simian TP 

strains; methods used depended on availability of DNA extracts in specific laboratories. West 

African TP isolates were whole genome sequenced using in-solution and microarray based 

capture techniques, whereas the LMNP strain was sequenced by microarray capture and long-

range PCR. Long-range PCR was able to generate high genome coverage in multiple repeat 

regions and paralogous regions where the hybridization capture enrichment approaches were less 

effective. 

S6.2.9 Amplification of target DNA (long-range PCR) 

The purified genomic DNA of East African baboon 40M5160407 was amplified using the 

multiple displacement amplification approach (REPLI-g kit, QIAGEN, Valencia, CA, USA) 

according to the manufacturer’s instructions. Resulting DNA was 100x diluted and used for the 

pooled segment genome sequencing (PSGS) as described previously (Cejkova et al. 2012) 

(Zobaníková et al. 2013). Briefly, DNA was amplified with 278 pairs of specific primers to 

obtain overlapping PCR products (table S6.4) covering the entire genome of the LMNP isolate 

(40M5160407). PCR products were amplified with PrimeSTAR GXL DNA Polymerase (Takara 

Bio Inc., Otsu, Japan) using touchdown PCR. The cycling conditions were: denaturation at 94°C 

for 1 min; 8 cycles: 98°C for 10 s, 68-60°C for 15 s (annealing temperature gradually reduced by 

1°C/every cycle), and 68°C for 6 min; 35 cycles: 98°C for 10 s, 61°C for 15 s, and 68°C for 6 

min (43 cycles in total); followed by the final extension at 68°C for 7 min. The PCR products 

were purified using a QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA) according 

to the manufacturer's instructions. To facilitate sequencing of RNA operons, tpr genes and other 

paralogous regions, PCR products were split equimolarly into four distinct pools. Prior to next-

generation sequencing on a MiSeq platform (Illumina), these pools were labeled with multiplex 

identifier (MID) adapters and sequenced as four different samples. 
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S6.2.10 Microarray capture 

DNA extracts were sheared with a Covaris S220 Focused-ultrasonicator® to produce fragments 

between 300 and 500 bp using the following conditions: 5 intensity, 200 cycles per burst, 45 

seconds. Then the samples were concentrated to 30 µl each with Amicon® Ultra Centrifugal 

Filters (Merck KGaA, Darmstadt, Germany) using the manufacturer’s instructions and were 

converted into double-stranded Illumina libraries as described by Meyer and Kircher (2010). 

Sample specific barcodes were added to both library adapters to obtain double indexed libraries 

(Kircher et al. 2012). Library blanks were treated accordingly. The efficiency of the reaction was 

tested using a quantification assay with the primer set IS5 and IS6 (Meyer & Kircher 2010), the 

DyNAmo Flash SYBR Green qPCR Kit (Biozym Scientific GmbH, Hessisch Oldendorf, 

Germany) and the Lightcycler® 96 (Roche Life Science). For all indexed libraries a second 

amplification was performed in 100 µl reactions containing 5 µl library template, 4 units 

AccuPrime Taq DNA Polymerase High Fidelity (Invitrogen), 1 unit 10X AccuPrime buffer 

(containing dNTPs) and 0.3 µM IS5 and IS6 primers (Meyer & Kircher 2010), with the 

following thermal profile: 2-min initial denaturation at 94°C, followed by 5 to 18 cycles 

consisting of 30-sec denaturation at 94°C, a 30-sec annealing at 60°C and a 2-min elongation at 

68°C and a 5-min final elongation at 68°C. The purification of the amplified products was 

performed using MinElute spin columns (QIAGEN GmbH, Hilden, Germany) following the 

manufacturer’s protocol. For hybridization capture the amplified indexed libraries were 

quantified with an Agilent Bioanalyzer DNA 1000 Chip and pooled in equimolar amounts. 

Treponemal DNA was enriched from equimolarly pooled libraries via two rounds of 

hybridization capture using 1 million Agilent SureSelect arrays with designed probes (60 bp 

length and 4 bp tiling density) that span the T. pallidum genome (Arora et al. 2016) following the 

protocol described by Hodges et al., 2009 (2009). The first round of hybridization was followed 

by an elution of the capture products in 490 µl H2O, a quantification via qPCR (see previous 

section) and amplifications in 100 µl reactions using 24 µl template (reagents and thermo profile 

as described previously). The amplified products were purified using MinElute columns 

(Qiagen) and the concentrations were determined using an Agilent 2100 Bioanalyzer DNA 1000 

chip. These amplified products were then used for the second round of capture, after which the 

captured products were again eluted in 490 µl H2O and processed as described above with 48 µl 

template for amplification. Afterwards the captured products were quantified and diluted to 10 
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nM for high-throughput sequencing. Paired-end dual index sequencing was conducted on an 

Illumina Hiseq 2500 platform using 2*100+7+7 cycles and the manufacturer’s protocols for 

multiplex sequencing (TruSeq PE Cluster Kit v3-cBot-HS). 

S6.2.11 In-solution capture 

Selected PCR positive extracts were fragmented using a Covaris S220 Focused-ultrasonicator® 

in a total volume of 130 µL (filled with low EDTA TE buffer), using settings aiming to generate 

~400 bp fragments (Intensity = 4, Duty cycle = 10%, Cycles per burst = 200, Treatment time = 

55 seconds, Temperature = 7°C). Fragmented extracts were then concentrated using a MinElute 

PCR purification kit and each fragmented extract was eluted into 2x10 µL low EDTA TE buffer. 

DNA concentration was measured using a Qubit dsDNA High Sensitivity kit. 1µg DNA or all 

available remaining DNA extract were used for subsequent library preparation using the Accel-

NGS 2S DNA library kit following the standard protocol and a sample specific unique index. 

Quantification was conducted using a KAPA HiFi library quantification kit and libraries were 

then amplified using a KAPA Hot Start Library Amplification Kit and Illumina adapter specific 

primers (5'-3': AATGATACGGCGACCACCGA and 5'-3': CAAGCAGAAGACGGCATACGA, 

45 s at 98°C, variable number of cycles [15 s at 98°C, 30 s at 65°C, 45 s at 72°C], 1 min at 72°. 

Following amplification libraries were requantified to ensure the desired amount of starting 

material for capture (total number of cycles before 1st capture: HAT = 3 cycles, M3 and IGU = 4 

cycles, A10 and A12 = 5 cycles, A9 and M2 = 6 cycles). HAT, IGU, M2 and M3 were pooled to 

equally contribute to a total of 240 ng DNA of starting material for input into the in-solution 

hybridization capture, following concentration with a MinElute PCR Purification Kit (pool A). 

A9, A10 and A12 were pooled to contribute equally to 500 ng DNA after concentration with a 

MinElute PCR Purification Kit (pool B). These two pools underwent separate hybridization 

capture and sequencing at RKI. We designed RNA baits to span the T. p. pertenue Fribourg-

Blanc genome (accession number NC_021179) with 2-fold tiling and 120mer baits, and used 

these for hybridization capture enrichment of TP DNA as described previously (Gogarten et al. 

2016). Briefly, we followed the Mybaits Sequence Enrichment for Targeted Sequencing protocol 

(Version 2.3.1) using the recommended hybridization time of 16 hours. Following an initial 

round of capture, pools of surviving libraries were reamplified using a KAPA Hot Start Library 

Amplification Kit (Pool A = 18 cycles, Pool B = 15 cycles) to generate 100-500 ng starting 

material for a second round of capture. Pools were again quantified using the KAPA HiFi 
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Library Quantification Kit to determine concentration of libraries. DNA was concentrated using 

a MinElute PCR Purification Kit prior to commencing with a second round of hybridization 

capture applying the same conditions as for the first round of capture described above. Surviving 

DNA was reamplified using the KAPA Hot Start Library Amplification Kit (Pool A=10 cycles, 

Pool B =13 cycles), purified using the MinElute PCR Purification Kit, and quantified using the 

KAPA HiFi Library Quantification Kit. The two pools were diluted to 4nM as input for two 

separate sequencing runs on an Illumina MiSeq (v3 2x300 Chemistry). 

S6.2.12 DNA sequencing and genome assembly 

The sequencing results are summarized in table S6.2. We applied EAGER (Peltzer et al. 2016), 

a comprehensive pipeline for read pre-processing, mapping, variant identification, and genome 

reconstruction on all sequenced samples. Each of the steps performed using EAGER is described 

below. 

Read preprocessing of sequenced genome samples: The sequenced products for all samples 

were paired-end reads with a varying number of overlapping nucleotides between corresponding 

forward and reverse reads. Several pre-processing steps were necessary such as adapter clipping, 

merging of corresponding paired-end reads in the overlapping regions and finally quality 

trimming of the resulting reads. To remove sequencing adapters from the paired-end reads an 

overlap alignment of the respective adapter with the 3’ end of each forward and reverse read was 

produced. Regions at the 3’ end of each read that were contained in the alignment were clipped. 

Reads that were shorter than 30 nucleotides after adapter clipping were removed. This procedure 

resulted in three kinds of remaining reads: forward reads that did not have a corresponding 

reverse read, reverse reads that did not have a corresponding forward read, and matching forward 

and reverse reads that could be used in the merging process. Merging was performed for all 

paired-end reads with a minimum overlap of 10 nucleotides and at most 5% mismatches in the 

overlap region with the Clip&Merge tool implemented in EAGER. On average about 60% of all 

paired-end reads were merged in each sample. All reads that could not be merged were first 

trimmed at the 3’ end such that all bases have a phred quality score of at least 20 and then 

mapped individually. 

Mapping assembly: After adapter clipping, merging and quality trimming, the resulting reads for 

all samples were mapped using the F-B genome as a reference. All reads (merged and unmerged) 

were treated as single-end reads and mapping was performed using the BWA-MEM algorithm 
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(Li 2013) with default parameters. After mapping the Genome Analysis Toolkit (GATK) was 

used to generate a mapping assembly for each strain that had at least 80% coverage of the F-B 

genome with a minimum of 3 reads. For this procedure, the UnifiedGenotyper module of GATK 

was applied to call reference bases and variants from the mapping. The reference base was called 

if the genotype quality of the call was at least 30 and the position was covered by at least 3 reads. 

A variant position (SNP) was called if the following criteria were met: i) the position was 

covered by at least 3 reads; ii) the genotype quality of the call was at least 30 and iii) the 

minimum SNP allele frequency was 90%. If the requirements for a variant call were not fulfilled, 

the reference base was called instead but only if at least 3 reads confirmed the reference base and 

the quality threshold was reached. If neither of the requirements for a reference base call nor the 

requirements for a variant call were met, the character ’N’ was inserted at the respective position. 

For the generation of draft genome sequences we used the tool VCF2Genome of the EAGER 

pipeline, which reads a VCF file and outputs a genome in fasta format. 

Long range PCR-based genome assembly: The Illumina sequencing reads obtained from 4 

distinct pools (sequenced as 4 different samples – see table S6.2) were separately assembled de 

novo using SeqMan NGen v4.1.0 software (DNASTAR, Madison, WI, USA). A total of 99, 81, 

62, and 138 contigs (obtained for each pool 1, 2, 3, and 4, respectively) were aligned to the 

corresponding sequences (representing each pool sequence) of the reference F-B genome 

(Zobaníková et al. 2013) (GenBank CP003902.1) using Lasergene software (DNASTAR, 

Madison, WI, USA). In addition, the Illumina sequencing reads were also mapped to the F-B 

genome and processed as mentioned above. All gaps in the genome sequence and all 

discrepancies between contig sequences and reference-guided consensus were resolved using 

Sanger sequencing. Altogether, 20 genomic regions of the baboon isolate genome from East 

Africa (40M5160407) were amplified and Sanger sequenced. The final overlapping pool 

sequences were joined to obtain complete genome sequence of the baboon isolate. The sequences 

of genes containing tandem repeats, i.e. arp (tp0433) and tp0470 genes, were also resolved using 

Sanger sequencing. The number of tandem repeats in these genes was estimated based on the gel 

electrophoresis. Gene tprK (tp0897) showed intra-strain variability and therefore nucleotides in 

variable regions were replaced with ‘N’s in the complete genome sequence. In addition, the G/C-

homopolymeric stretches revealed intra-strain variability throughout the genome. The prevailing 

number of G/Cs in these regions was used in the final genome sequence. 
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S6.2.13 SNP effect analysis 

The genetic effect of each of the SNPs occurring in at least one strain was analyzed using SnpEff 

(Cingolani et al. 2012). We used an annotation database of T. p. pallidum (Fribourg-Blanc with 

RefSeq acc. ID NC_021179.1) built from the genomic annotation (the respective gff file was also 

retrieved from NCBI). These annotations include protein-coding genes as well as non-coding 

RNAs and pseudogenes. The up-/downstream region size parameter for reporting SNPs that are 

located upstream or downstream of protein-coding genes was set to 100 nt. For all other 

parameters default values were used. The results were used to compile a table providing 

information on the genetic effect for each occurring SNP. This table is available as a separate 

supplementary file. High-throughput sequencing produced between 0.36 and 43.3 million reads 

per sample. After duplicate removal between 1,310 and 470,303 reads mapped to the Fribourg-

Blanc reference genome resulting in mean coverage estimates of 0.12 to more than 120-fold 

average. For the samples of 4F5230307 and 40M5160407 we pooled the respective mapped 

reads into a common file for each sample before the subsequent genotyping steps. After this 

pooling step, all 8 samples had a coverage of at least 80% of the Fribourg-Blanc genome with a 

minimum of 3 reads. After SNP calling using GATK between 101 and 243 SNPs in comparison 

to F-B could be identified. The sequencing and genotyping results are summarized in table S6.2. 

S6.2.14 Gene identification, annotation and classification 

Both protein-coding genes and genes for noncoding RNA were annotated in the genome 

sequence of East African baboon isolate 40M5160407 based on the annotation of previously 

published TPE strain Gauthier (GenBank CP002376.1). Lasergene software (DNASTAR, 

Madison, WI, USA) was used for Gauthier orthologous gene alignment and recalculation of gene 

coordinates to East African baboon isolate (40M5160407). A gene size limit of 150 bp was 

applied. Genes were tagged with the TPE40M5-prefix and the locus tag numbering corresponds 

to the tag numbering of orthologous genes annotated in the TPE strain Gauthier genome. 

S6.2.15 Processing of published genomes	

In order to also apply the EAGER analysis pipeline to the complete genomic sequences already 

available in GenBank, we generated artificial reads using the tool Genome2Reads (also part of 

the EAGER software). Genome2Reads uses a tiling approach with an offset of 1, to artificially 

generate reads of length 100 nucleotides, resulting in an average coverage of 100X. For the 
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resulting samples we applied the same mapping, SNP calling and genome reconstruction 

procedure as for the sequenced samples in order to obtain consistent and comparable results for 

phylogeny reconstruction. 

S6.2.16 Phylogenetic analysis 

MEGA6 was used to generate Maximum Parsimony trees. Bootstrap values were inferred from 

100 replicates. The analysis involved 19 nucleotide sequences, 8 monkey (see table S6.2) and 11 

human strains (see table S6.3). All positions with less than 85% site coverage were eliminated; 

that is, fewer than 15% alignment gaps, missing data, and ambiguous bases were allowed at any 

position. We computed one phylogenetic tree using all 2,317 informative positions (fig. S6.1 A) 

and one phylogenetic tree removing all positions from putative recombinant genes (Arora et al. 

2016), resulting in 2,012 informative positions (fig. S6.1 B). Both trees are nearly identical, with 

the only differences are the respective branch lengths, which can be attributed to the different 

number of informative positions. 

 

S6.3 SUPPLEMENTARY TEXT: COMPARISON OF WHOLE GENOME SEQUENCES 

S6.3.1 General overview 

The overall genome structure of East African baboon isolate 40M5160407 (obtained from 

Papio anubis from Lake Manyara National Park) is highly similar to other genomes of human T. 

pallidum subsp. pertenue strains (Gauthier, CDC-2, and Samoa D) and the simian F-B isolate. As 

in other genomes, different numbers in the 60 bp-long repetitions in the arp gene and different 

number of 24 nt-long repetitions in the tp0470 gene were found. The number of repetitions in the 

tp0470 is identical to the published TPE strain Gauthier and the number of repetitions in the arp 

gene (9) is close to the number of repetitions in the published TPE strain Gauthier (10). All 60 

bp-repeats in arp gene of the baboon LMNP genome were of Type II and were identical to other 

TPE strains previously described (Harper et al. 2008a). In contrast to all characterized TPE and 

T. pallidum subsp. endemicum (TEN) strains (with the exception of TPE strain Gauthier), tprC 

and tprD genes are identical in the analyzed 40M5160407 genome. Similarly, tprF and tprI 

genes are identical in the analyzed genome of baboon isolate 40M5160407. However, this is a 

common feature of all known TPE strains. The tprH gene of the LMNP strain from East Africa 
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has a frameshift mutation leading to protein shortening. The tprK gene only has 3 variable 

regions, V5-V7, when compared to other TPE strains. Interestingly, we found the genome of 

baboon isolate 40M5160407 to be more related to the genome of human TPE Gauthier strain 

than to simian isolate F-B. The number of nucleotide differences of various lengths between the 

genome of the baboon isolate 40M5160407 and the published TPE Gauthier and TPE F-B 

genomes (CP002376.1 and CP003902.1, respectively) is shown in table S6.6 indicating that the 

majority of differences are single nucleotide substitutions or indels. Altogether, differences were 

found in 266 and 325 chromosomal positions when the baboon isolate was compared to Gauthier 

and F-B genomes, respectively. In addition to differences in tp0433, tp0470, and tprK genes, 

larger differences were determined in TPEGAU_0136 (33 nt-long deletion; specific for str. 

Gauthier and Samoa D), in TPFB_0548 (42 nt-long deletion; specific for str. F-B), in 

TPEGAU_0858 (79 nt-long deletion; specific for str. Gauthier), in IGR between TPEGAU_0628 

and TPEGAU_0629 (302 nt-long deletion; specific for str. Gauthier), and in IGR between 

TPFB_0696 and TPFB_0697 (430 nt-long insertion; specific for str. F-B); the length of other 

nucleotide changes ranged between 1-15 nts. 

S6.3.2 RNA operons 

The structure of RNA operons (231,180-236,139; 279,584-284,533; according to TPE strain 

Gauthier: CP002376.1) is similar to strains Gauthier, CDC-2, and F-B, but different to what is 

found in the Samoa D, Samoa F, and CDC-1strains. The sequence of 16S-5S-23S is identical in 

both operons and the 23S RNA sequences were identical to other TPE strains (except for str. F-

B). There are no mutations associated with macrolide resistance (A2058G, A2059G) (Stamm & 

Bergen 2000; Lukehart et al. 2004). 

S6.3.3 Intergenic regions 

Out of a total of 266 nucleotide changes different from the sequence of Gauthier strain (1-302 in 

length), 28 (10.53 %) were located in intergenic regions. The length of intergenic regions in the 

TPE strains (Gauthier, CDC2, Samoa D, and F-B) is about 4.63-4.68% (Cejkova et al. 2012; 

Zobaníková et al. 2013). Indel changes detected in the 40M5160407 T. pallidum str.-intergenic 

regions were located upstream of genes coding for Tpr proteins (C, D, G, I, and J), chemotaxis 

proteins (Mcp and CheB), proteins involved in transport and metabolism (TmpC, SecA, EmrE, 

and TP0925), ribosomal protein S19 (RpsS), RNA polymerase (RpoB), and hypothetical proteins 
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(TP0381, TP0383, TP0479, TP0480, and TP0629). These indel changes were predominantly 

identified in G/C-homopolymeric tracts and were previously shown to affect transcription rate of 

the downstream genes (Giacani et al. 2007; Giacani et al. 2015). 
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Figure S6.1: Phylogenetic trees of Treponema pallidum whole genome sequences. The 

evolutionary history was inferred using the Maximum Parsimony method. The percentage of 
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replicate trees in which the associated taxa clustered together in the bootstrap test (100 

replicates) are shown next to the nodes (Felsenstein 1985). The MP tree was obtained using the 

Subtree-Pruning-Regrafting (SPR) algorithm (Nei & Kumar 2000) with search level 1 in which 

the initial trees were obtained by the random addition of sequences (10 replicates). Branch 

lengths were calculated using the average pathway method (Nei & Kumar 2000) and are in the 

units of the number of changes over the whole sequence. They are shown next to the branches. 

All positions with less than 85% site coverage were eliminated. That is, fewer than 15% 

alignment gaps, missing data, and ambiguous bases were allowed at any position. Evolutionary 

analyses were conducted in MEGA6 (Tamura et al. 2013). A. Maximum parsimony tree of 

alignment with all positions in SNP alignment. There were a total of 2,317 positions in the 

final dataset. B. Maximum parsimony tree of alignment without positions of recombinant 

genes (TPFB_0136, TPFB_0326, TPFB_0488, TPFB_0865). There were a total of 2,046 

positions in the final dataset. 
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Table S6.1: Molecular analysis (PCR and sequencing) performed on blood samples, tissue 

samples and lesion swabs (RKI).  

 

 

Species Group ID Sample type Treponema polA 

Cercocebus atys TCP 

Hat*,$ 
face lesion biopsy P 
normal skin biopsy N 

blood N 

Igu*,$ 
face lesion biopsy P 
arm lesion biopsy P 

normal skin biopsy N 

Kah 
normal skin biopsy N 

blood N 

Ran 
normal skin biopsy N 

blood N 

Pha* 
face lesion biopsy N 

blood N 

Chlorocebus sabaeus BFP 

M2*,$ 
face lesion biopsy P 

blood N 

M3*,$ 
face lesion biopsy P 
normal skin biopsy N 

blood N 

M7* 
face lesion biopsy P 

genital lesion biopsy N 
blood N 

M6 
normal skin biopsy N 

blood N 

M4 
normal skin biopsy N 

blood N 

P: positive PCR result or sequences generated but too short to be uploaded into EMBL; N: 

negative PCR result. * clinically affected individual. $ samples from which genome sequencing 

was successful.
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Table S6.2: Read mapping and genotyping results (EKU). Read mapping and genotyping 

results using EAGER. Here, details on raw reads, mapped reads, mean coverage of F-B genome, 

percentage of genome that is covered by at least 3 reads and number of SNPs are shown. Note 

that EAGER outputs a more extensive result table, including percentage of endogenous DNA, 

duplication factors and many more. The full report table is available as supplementary material. 

 

Sample Name # of raw 
reads 

Mapped 
reads after 
duplicate 
removal 

Mean 
coverage 

Coverage ≥ 
3X 
[%] 

# of 
SNPs 

Cercocebus atys IGU 355672 22886 6.12 82.39 207 

Cercocebus atys HATO 1279702 108150 29.64 99.90 228 

Chlorocebus sabaeus M2 6618162 418774 113.12 99.99 101 

Chlorocebus sabaeus M3 5741494 447331 121.26 100.00 102 

Chlorocebus sabaeus A10 7491960 470303 114.71 99.96 115 

Chlorocebus sabaeus A12 3169682 207318 46.71 96.53 109 

BS1-40M5 4.33E+0
7 

50,746 5.27 75.08 158 

BS2-40M5 1.19E+0
8 

142490 15.07 98.18 208 

BS3-40M5 2.75E+0
7 

36505 3.98 56.58 127 

BS9-40M5 3.44E+0
7 

8296 0.94 8.86 29 
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Papio anubis 40M5-
pooled 

- 240262 25.85 99.80 244 

BS4-04-F5 2.83E+0
7 

21422 2.20 23.84 46 

BS5-04-F5 2.99E+0
7 

26246 2.67 29.99 71 

BS6-04-F5 1.85E+0
7 

17257 1.76 16.83 36 

BS7-04-F5 3.99E+0
7 

37511 3.85 48.12 103 

BS8-04-F5 3.49E+0
7 

1310 0.12 0.45 0 

Papio anubis 04-F5-
pooled 

- 77809 7.97 88.70 174 
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Table S6.3: Published genomes used for phylogenetic analyses.  

 

Sample RefSeq ID 

Nichols  NC_021490.2 

SS14 NC_021508.1 

Chicago NC_017268.1 

Mexico A  NC_018722.1 

DAL-1 NC_016844.1 

SEA81-4  CP003679.1 

Fribourg-Blanc NC_021179.1 

SamoaD  NC_016842.1 

CDC2 NC_016848.1 

Gauthier  NC_016843.1 

BosniaA  CP007548.1 
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Table S6.4: Summary of the PSGS sequencing results of 4 genomic DNA (gDNA) pools of 

the East African baboon isolate (40M5160407; MU, EKU, DPZ). Each gDNA pool resulted 

in overlapping PCR products. Processing was done on an Illumina Nextera NX library 

preparation and sequencing on MiSeq nano v2 2x250 bp. Raw reads in fastq format (past 

filter). *R1: forward read; R2: reverse read; Mean Qx%: percent bases with a Phred score 

of at least x; Mean Q: mean Phred score; Masked: reads smaller 10 bases get masked with 

35 consecutive "N". ** length according to the published Fribourg-Blanc (F-B) genome 

(Zobaníková et al. 2013) (GenBank CP003902.1); nts=nucleotides. 

 

Sample* Pool** 
(nts) 

No. of 
reads 

No. of 
bases 

Mean 
read 
lengt

h 

Mean 
Q20%

* 

Mean 
Q30%

* 

Mea
n Q* 

Masked
* 

M1_S19_L00
1 

_R1_001 1 

(259,918
) 

216,57
2 

38,354,13
5 

178 97.43 96.32 37 1,153 

M1_S19_L00
1 

_R2_001 

216,57
2 

38,449,94
3 

178 93.89 91.58 36 1,151 

M2_S31_L00
1 

_R1_001 2 

(253,932
) 

293,79
6 

48,039,99
7 

165 95.40 93.58 36 2,503 

M2_S31_L00
1 

_R2_001 

293,79
6 

48,446,71
1 

166 90.34 87.07 35 2,500 

M3_S43_L00
1 

_R1_001 
3 

(254,562
) 

313,12
5 

52,076,57
2 

167 97.24 96.09 37 2,138 

M3_S43_L00
1 

313,12
5 

52,293,00
4 

168 93.04 90.60 36 2,123 
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_R2_001 

M4_S55_L00
1 

_R1_001 4 

(376,699
) 

315,73
2 

53,669,73
2 

171 96.80 95.53 37 2,175 

M4_S55_L00
1 

_R2_001 

315,73
2 

53,901,78
8 

172 92.78 90.29 36 2,176 
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Table S6.5: Number of nucleotide differences (i.e. indels and SNVs) of various lengths 

between the genome of the baboon isolate 40M5160407 and the published TPE Gauthier 

and TPE F-B genomes. tprD and tprK genes as well as the differences in the number of 

repeats in arp and tp0470 genes were excluded from the analysis. 

Length of nucleotide differences   M5-40 vs. Gauthier M5-40 vs. F-B 

1 nt 252 307 

2 nt 3 5 

3 nt 1 5 

4 nt 1 1 

5 nt 1 0 

6 nt 0 2 

9 nt 4 2 

15 nt 1 1 

33 nt 1 0 

42 nt 0 1 

79 nt 1 0 

302 nt 1 0 

430 nt 0 1 

Total number 266 325 
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Table S6.6: Proteins encoded by the TPE Fribourg-Blanc baboon isolate with 1 and more 

amino acid changes when compared to the TPE strain CDC-2 proteome. 

 

Gene* 

Protein / Functional group 

TPE F-B 
whole genome 
coordinatesΔ 

Type of 
change in 

comparison 
with TPE 
Gauthier 

Number 
of aa 

changes 

Result of the 
frameshift 
mutation 

TPFB_0005 GyrA, cDP-
diacylglycerol--glycerol-3-

phosphate 3-
phosphatidyltransferase / DNA 

replication, repair, 
recombination 

6654 1 SNV 1  

TPFB_0012○ 12487-12488 

1 bp deletion 
resulting in 
frameshift 
mutation 

 

considered as 
pseudogene, 
(deletion in 
position 114 

out of 177 bp) 

TPFB_0018 GreA, transcription 
elongation factor / transcription 

20705 1 SNV 1  

TPFB_0033 hypothetical protein 
/ unknown 41224 1 SNV 1  

TPFB_0040 Mcp, putative 
methyl-accepting chemotaxis 

protein / cell rocesses 
49369-49373 

5 bp insertion 
resulting in 
frameshift 
mutation 

6 

protein 
shortening on 
C-terminus 
from 814 to 

810 aa (808 aa 
similar to 
CDC-2) 
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TPFB_0092 RpoE, DNA-
directed RNA polymerase sigma 

subunit / transcription 
101955 1 SNV 1  

TPFB_0098 DnaJ1, chaperone / 
cell processes 

106884, 
107247 

2 SNV 2  

TPFB_0117 TprC / unknown 
within region 

134966-
136550 

19 SNV 16  

TPFB_0126a hypothetical 
protein / unknown 

within region 
148979-
148985 

6 SNV 2  

TPFB_0126b hypothetical 
protein / unknown 

148982-
148985 

4 SNV 14 

SNV in 
START codon, 

protein 
shortening on 
N-terminus 
from 135 to 

121 aa 

TPFB_0131 TprD / unknown 153989 1 SNV 1  

TPFB_0152a hypothetical 
protein / unknown 176235 1 SNV 1  

TPFB_0179 hypothetical protein 
/ unknown 

199635-
199637 

3 bp insertion 1  

TPFB_0196 RplP, ribosomal 
protein L16 / translation 210334 1 SNV 1  

TPFB_0200 RplX, ribosomal 
protein L24 / translation 

211401 1 SNV 1  
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TPFB_0236 NusG, transcription 
antitermination protein / 

regulation 
243855 1 SNV 1  

TPFB_0242 RpoC, DNA-
directed RNA polymerase 

subunit beta prime / transcrition  

254357, 
254472 

2 SNV 1  

TPFB_0245 hypothetical protein 
/ unknown 258570 1 SNV 1  

TPFB_0279 bifunctional 
cytidylate kinase/ribosomal 

protein /  translation 

295340-
295342 

3 bp insertion 1  

TPFB_0303 MutL, DNA 
mismatch repair protein / DNA 

replication, repair, 
recombination 

319012, 
319401, 
321132 

3 SNV 3  

TPFB_0316 TprF / unknown 
within region 

332557-
333448 

7 SNV 6  

TPFB_0322 
sugar ABC superfamily ATP 
binding cassette transporter, 
membrane protein / transport 

340498-
340499, 
340529 

1 bp deletion 
and 1 bp 

insertion in a 
close 

proximity  

9  

TPFB_0324 putative outer 
membrane protein / unknown  

within region 
342126-
345775 

5 SNV 5  

TPFB_0326 
Tp92, outer membrane protein / 

virulence 

346413, 
348114, 
348115 

3 SNV 2  
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TPFB_0344 TrcF, transcription-
repair coupling factor / 

transcription 
368400 1 SNV 1  

TPFB_0345a  hypothetical 
protein / unknown 

372913, 
372920 

2 SNV 1  

TPFB_0346 putative lipoprotein 
/ unknown 

373273, 
373352, 
373484 

3 SNV 3  

TPFB_0347 putative membrane 
protein / unknown  

373760, 
373761 

2 bp insertion 
leading to 
frameshift 
mutation 

40 

protein 
shortening on 
N-terminus 
from 276 to 

236 aa  

TPFB_0370 hypothetical protein 
/ unknown 

396159-
396160 

6 bp deletion 2  

TPFB_0433 Arp, acidic repeat 
protein / unknown 

463017-
463676 

11x60 bp 
insertion 

220  

TPFB_0457 hypothetical protein 
/ unknown 488933 1 SNV 1  

TPFB_461a hypothetical protein 
/ unknown 

493022-
493023 

1 bp deletion 
resulting in 
frameshift 
mutation 

46 

protein 
elongation on 
C-terminus 

from 60 to 81 
aa (35 aa 

similar to TPE 
CDC-2) 

TPFB_0462 putative lipoprotein 
/ unknown 

493401-
493403 

3 bp insertion 1  
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TPFB_0463  494190 1 SNV 1  

TPFB_0470 TPR domain 
protein / unknown 

499964-
499965 

15x24 bp 
deletion 

120  

TPFB_0484 hypothetical protein 
/ unknown 

517708-
517709 

1 bp deletion 
resulting in 
frameshift 
mutation 

103 

protein 
shortening on 
N-terminus 
from 671 to 

568 aa 

TPFB_0488 Mcp, methyl-
accepting chemotaxis protein / 

cell processes 

within region 
523706-
525356 

10 SNV 10  

TPFB_0529 NtpA2, two-sector 
ATPase, V(1) subunit A / 

transport 
575936 1 SNV 1  

TPFB_0548 hypothetical protein 
/ unknown 

594092-
594093, 
594408, 
594420, 
594421, 
595033 

42 bp deletion 
and 4 SNV 

17  

TPFB_0552 hypothetical protein 
/ unknown 

600656 1 SNV 1  

TPFB_0577 putative membrane 
protein / unknown 

630702, 
630712 

2 SNV 2  

TPFB_0584 hypothetical protein 
/ unknown 636174 1 SNV 1  

TPFB_0596 PcnB2, tRNA 
polynucleotide 

650042 1 SNV 1  
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adenylyltransferase / translation 

TPFB_0620 TprI / unknown 
within region 

673711-
674602 

8 SNV 6  

TPFB_0622 putative membrane 
protein / unknown 679037 1 SNV 1  

TPFB_0639 Mcp, methyl-
accepting chemotaxis protein / 

cell processes 
700639 1 SNV 1  

TPFB_0640 Mcp, methyl-
accepting chemotaxis protein / 

cell processes 
703788 1 SNV 1  

TPFB_0652 
PotA, spermidine/putrescine 

ABC superfamily ATP binding 
cassette transporter, ABC protein 

/ transport 

718955 1 SNV 1  

TPFB_0675 hypothetical protein 
/ unknown  743072 1 SNV 1  

TPFB_0690 putative lipoprotein 
/ unknown  760088 1 SNV 1  

TPFB_0730 PgsA2, CDP-
diacylglycerol--glycerol-3-

phosphate 3-
phosphatidyltransferase / general 

metabolism 

798522 1 SNV 1  

TPFB_0733 hypothetical protein 
/ unknown 

801328, 
801349 

2 SNV 2  
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TPFB_0747 hypothetical protein 
/ unknown 814737 1 SNV 1  

TPFB_0817 
Eno, phosphopyruvate hydratase 

/ general metabolism 
888576 1 SNV 1  

TPFB_0854 putative lipoprotein 
/ unknown  928417 1 SNV 1  

TPFB_0856 putative lipoprotein 
/ unknown 

936307, 
936308, 
936310 

3 SNV 2  

TPFB_0856a hypothetical 
protein / unknown 

937211, 
937317, 
937445, 
938301 

4 SNV 4  

TPFB_0858 putative lipoprotein 
/ unknown 

937211, 
937317, 
937445, 
938301 

4 SNV 4  

TPFB_0859 hypothetical protein 
/ unknown 

938535, 
939155-
939156 

1 SNV and 3 
bp deletion 

2  

TPFB_0861 GlmS, glutamine--
fructose-6-phosphate 
transaminase / general 

metabolism 

946841, 
946842 

2 SNV 1  

TPFB_0865 putative outer 
membrane protein / unknown 

within region 
946841-
946848 

7 SNV 3  
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TPFB_0891 InfB, initiation 
factor IF2 / translation 

972710 1 SNV 1  

TPFB_0896○  
within region 

976990-
977041 

6 SNV  

SNV leading to 
STOP codon, 
considered as 
pseudogene 

TPFB_0901 NorM, MATE 
family multi antimicrobial 

extrusion protein / transport  
985974 1 SNV 1  

TPFB_0949a hypothetical 
protein / unknown 1034780 1 SNV 1  

TPFB_0952 
putative lipase/esterase / general 

metabolism 
1036094 1 SNV 1  

TPFB_0957         TRAP-
T family tripartite ATP-
independent periplasmic 

transporter / transport 

1041824 1 SNV 1  

TPFB_0960 FlgG1, flagellar 
basal body rod protein / cell 

structure  
1044647 1 SNV 1  

TPFB_0966 putative lipoprotein 
/ unknown  1051534 1 SNV 1  

TPFB_0967 hypothetical protein 
/ unknown 

1053139, 
1053293 

2 SNV 1  

TPFB_0968 hypothetical protein 
/ unknown 

1053676, 
1053893, 
1054025, 

4 SNV 4  



	

268 
	

1055233 

TPFB_0973 
PheS, phenylalanine--tRNA 

ligase alpha subunit / translation 
1059810 1 SNV 1  

TPFB_0976 putative membrane 
protein / unknown 1062865 1 SNV 1  

TPFB_0993a hypothetical 
protein / unknown 1081313 1 SNV 1  

TPFB_0998 
AlsT2, sodium/alanine 

symporter family protein / 
transport 

1088215 1 SNV 1  

TPFB_1007 ThyX, thymidylate 
synthase / general metabolism 

1100256 1 SNV 1  

* Gene tprK (TPE40M5_0897) was omitted from the analysis due to its intra-strain variability. 

Δ Coordinates correspond to the positions leading to amino acid changes. 

○ Gene was not annotated in the TPE F-B genome. 
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Table S6.7: Proteins encoded by the LMNP baboon isolate 40M5160407 with 1 and more 

amino acid changes when compared to the TPE strain Gauthier proteome. 

 

Gene* 

Protein / Functional group 

40M5160407 
whole 

genome 
coordinatesΔ 

Type of 
change in 

comparison 
with TPE 
Gauthier 

Number 
of aa 

changes 

Result of the 
frameshift 
mutation 

TPE40M5_0001 DnaA, DNA-
directed DNA replication 
initiator protein / DNA 

replication, repair, 
recombination 

263 1 SNV 1  

TPE40M5_0006 putative 
lipoprotein / unknown 

7547-7548, 
8213 

1 bp deletion 
resulting in 
frameshift 
mutation, 1 

SNV 

237 

protein shortening 
on C-terminus 

from 415 to 195 
aa (178 aa similar 
to TPE Gauthier) 

TPE40M5_0012 hypothetical 
protein / unknown 12486-12487 

1 bp deletion 
resulting in 
frameshift 
mutation 

20 

protein shortening 
on C-terminus 

from 58 to 42 aa 
(38 aa similar to 
TPE Gauthier) 

TPE40M5_0023 NSS family 
putative amino acid:sodium 
(Na+) symporter / transport 

27869 1 SNV 1  

TPE40M5_0040 Mcp, putative 
methyl-accepting chemotaxis 

protein / cell processes 
49368-49371 

5 bp 
insertion 

resulting in 
frameshift 
mutation 

6 

protein shortening 
on C-terminus 

from 771 to 767 
aa (765 aa similar 
to TPE Gauthier) 
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TPE40M5_0042 hypothetical 
protein / unknown 49826 1 SNV 1  

TPE40M5_0067 TPR domain 
protein / unknown 

72691-72694 

4 bp 
insertion 

resulting in 
frameshift 
mutation 

11 

protein shortening 
on N-terminus 

from 390 to 376 
aa 

 72732-72733 9 bp deletion 3  

 72862, 72952 2 SNV 2  

TPE40M5_0083 hypothetical 
protein / unknown 93789 1 SNV 1  

TPE40M5_0098 
DnaJ chaperone / cell processes 107102 1 SNV 1   

TPE40M5_0117      TprC / 
unknown 

136694-
136695 

1 bp deletion  

deletion in 
START codon, 
instead of GTG 
gene starts with 

ATG 

 
within region 

134911-
136545 

26 SNV 15  

TPE40M5_0119      methionine 
ABC superfamily ATP binding 
cassette transporter / transport 

138272 1 SNV 1  

TPE40M5_0127a hypothetical 
protein / unknown 

150210-
150211 

1 bp 
insertion 

resulting in 
frameshift 

106 

protein elongation 
on C-terminus 

from 126 to 222 
aa (116 aa similar 
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mutation to TPE Gauthier) 

TPE40M5_0127b putative 
lipoprotein / unknown 

150210-
150211, 
150463 

1 bp 
insertion 

resulting in 
frameshift 

mutation and 
1 SNV 

 

considered as 
pseudogene 
(insertion in 

position 74-75 out 
of 414 bp) 

TPE40M5_0131      TprD / 
unknown 

154140-
154141 

1 bp deletion  

deletion in 
START codon, 
instead of GTG 
gene starts with 

ATG 

 
within region 

152357-
153408 

25 SNV 14  

TPE40M5_0134       

putative outer membrane 
protein / unknown 

156213-
156215, 
156253 

3 bp 
insertion and 

1 SNV 
2  

TPE40M5_0136       

putative outer membrane 
protein / virulence 

158538-
158570 

33 bp 
insertion  

11  

 
within region 

158132-
158511  

7 SNV 3  

TPE40M5_0143       

ABC superfamily ATP binding 
cassette transporter, membrane 

protein / transport 

164599 1 SNV 1  
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TPE40M5_0219       

probable sigma factor 
regulatory protein / regulation 

224855, 
226013 

2 SNV 2  

TPE40M5_0230       

PriA, DNA replication factor Y 
/ DNA replication, repair, 

recombination 

239958 1 SNV 1  

TPE40M5_0249       

FlaA, flagellar filament outer 
layer protein / cell structure 

262681 1 SNV 1  

TPE40M5_0259 LysM domain 
protein / unknown 

271476-
271484 

9 bp 
insertion 

3  

TPE40M5_0279  

bifunctional cytidylate 
kinase/ribosomal protein / 

translation 

296015, 
296193 

2 SNV 1  

TPE40M5_0286 hypothetical 
protein / unknown 301572 1 SNV 1  

TPE40M5_0312a hypothetical 
protein / unknown 

329051-
329052 

1 bp deletion 
resulting in 
frameshift 
mutation 

 

considered as 
pseudogene 
(deletion in 

position 103-104 
out of 162 bp) 

TPE40M5_0313     TprE / 
unknown 

330487, 
331148, 
331175, 

4 SNV 2  
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331206 

TPE40M5_0316     TprF / 
unknown 

334039-
334040 

1 bp deletion 1 

deletion in 
START codon, 
instead of GTG 
gene starts with 

ATG 

 
within region 

332289-
334033 

24 SNV 18  

TPE40M5_0317     TprG / 
unknown 334965 1 SNV 1  

TPE40M5_0319  TmpC, 
sugar ABC superfamily ATP 
binding cassette transporter, 
membrane protein / transport 

336858, 
336869, 
336963 

3 SNV 3  

 337590 1 SNV  

read through 
STOP codon, 

fusion to 
TPE40M5_0320 

TPE40M5_0321      

sugar ABC superfamily ATP 
binding cassette transporter / 

transport 

337867 1 SNV 1  

TPE40M5_0326   Tp92, 
outer membrane protein / 

virulence 

within region 
347585-
348193 

7 SNV 7  

TPE40M5_0334   

HTH domain protein / unknown 
359096 1 SNV 1  
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TPE40M5_0346   

putative lipoprotein / unknown 

373022, 
373479, 
373488 

3 SNV 2  

TPE40M5_0347 putative 
membrane protein / unknown 

373756-
373757 

2 bp 
insertion 

resulting in 
frameshift 
mutation 

40 

protein shortening 
on N-terminus 

from 276 to 236 
aa 

TPE40M5_0398  

FliE flagellar hook-basal body 
protein / cell structure 

424529 1 SNV 1  

TPE40M5_0401 

FliH, IIISP family Type III 
(virulence-related) secretory 
pathway protein / virulence 

428180 1 SNV 1  

TPE40M5_0433      Arp, 
acidic repeat protein / unknown 462316 1 SNP 1  

 463318-
463319 

1x60 bp 
deletion 

20  

TPE40M5_0444 LysM domain 
protein / unknown 472228 

1 bp 
insertion 

resulting in 
frameshift 
mutation 

42 

protein shortening 
on N-terminus 

from 342 to 300 
aa 

TPE40M5_0462 putative 
lipoprotein / unknown 

493896-
493897 

9 bp deletion 3  

 493749 1 SNP 1  
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TPE40M5_0483 hypothetical 
protein / unknown 514807 1 SNV 1  

TPE40M5_0488     Mcp, 
methyl-accepting chemotaxis 

protein / cell processes 

within region 
523457-
524502 

11 SNV 11  

TPE40M5_0496 TPR domain 
protein / unknown 533718 1 SNV 1  

TPE40M5_0505  

hexokinase / general 
metabolism 

541183 1 SNV 1  

TPE40M5_0512 
IspDF, bifunctional 2-C-
methyl-D-erythritol 4-

phosphate 
cytidylyltransferase/2-C-
methyl-D-erythritol 2,4-

cyclodiphosphate synthase / 
general metabolism 

550259, 
550820 

2 SNV 2  

TPE40M5_0514  

UvrA, excision endonuclease 
subunit / DNA Replication, 

Repair, Recombination 

552914 1 SNV 1  

TPE40M5_0526 

HrpA, ATP-dependent helicase 
/ DNA Replication, Repair, 

Recombination 

571132 1 SNV 1  

TPE40M5_0528  573806 1 SNV 1  
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NtpB2, two-sector ATPase, 
V(1) subunit B / transport 

TPE40M5_0534 

hypothetical protein / unknown 

579146, 
579341 

2 SNV 2  

TPE40M5_0546 

S1B subfamily peptidase / 
general metabolism 

591706 1 SNV 1  

TPE40M5_0548 
outer membrane protein / 

unknown 

within region 
593836-
594613 

7 SNV 7  

TPE40M5_0549  

ClpA, S14 family 
endopeptidase / cell processes 

595254 1 SNV 1  

TPE40M5_0569       

Xaa-Pro aminopeptidase / 
general metabolism 

620521 1 SNV 1  

TPE40M5_0584 hypothetical 
protein / unknown 636180 1 SNV 1  

TPE40M5_0610      TprH / 
unknown 

664542-
664543 

1 bp deletion 
resulting in 
frameshift 
mutation 

280 

protein shortening 
from 693 to 475 

aa (413 aa similar 
to TPE Gauthier) 

TPE40M5_0611       

ABC superfamily ATP binding 
cassette transporter, ABC 

666233 1 SNV 1  



	

277 
	

protein / transport 

TPE40M5_0620       TprI / 
unknown 

674940-
674941 

1 bp deletion 1 

deletion in 
START codon, 
instead of GTG 
gene starts with 

ATG 

 
within region 

673190-
674934 

24 SNV 18  

TPE40M5_0621       TprJ / 
unknown 675865 1 SNV 1  

TPE40M5_0622      putative 
membrane protein / unknown 677330 1 SNV 2 

SNV leading to 
STOP codon, 

protein truncation 
on C-terminus 

from 595 to  593 
aa 

TPE40M5_0629 hypothetical 
protein / unknown 689822 1 SNV 1  

TPE40M5_0639  

methyl-accepting chemotaxis 
protein / cell processes 

700841, 
701394 

2 SNV 2  

TPE40M5_0640 Mcp, methyl-
accepting chemotaxis protein / 

cell processes 

702455, 
702637, 
702679 

3 SNV 3  

TPE40M5_0652 
PotA, spermidine/putrescine 

ABC superfamily ATP binding 
cassette transporter / transport 

717776 1 SNV 1  



	

278 
	

TPE40M5_0654 
PotC, spermidine/putrescine 

ABC superfamily ATP binding 
cassette transporter / transport 

719981, 
720341, 
720540 

3 SNV 3  

TPE40M5_0678     
hypothetical protein / unknown 744875 1 SNV 1  

TPE40M5_0684 
MglB, galactose ABC 

superfamily ATP binding 
cassette transporter, binding 

protein / transport 

750550 1 SNV 1  

TPE40M5_0693      putative 
lipoprotein / unknown 762579 1 SNV 1  

TPE40M5_0696 putative 
nicotinamidase / general 

metabolism 
767109 

1 bp 
insertion 

resulting in 
frameshift 
mutation 

20 

protein shortening 
on N-terminus 

from 278 to 258 
aa 

TPE40M5_0698 hypothetical 
membrane protein / unknown 768282 1 SNV 1  

TPE40M5_0722 
FliL2, flagellar basal body-

associated protein / cell 
structure 

792057 1 SNV 1  

TPE40M5_0733 hypothetical 
protein / unknown 

800658, 
800673, 
800717 

3 SNV 3  

TPE40M5_0741 
NadD, putative nicotinate-

808690 1 SNV 1  



	

279 
	

nucleotide adenylyltransferase / 
general metabolism 

TPE40M5_0746 
PpdK, pyruvate, phosphate 

dikinase / general metabolism 

812279, 
813232 

2 SNV 2  

TPE40M5_0748 
CfpA, cytoplasmic filament 

protein A / cell processes 
816355 1 SNV 1  

TPE40M5_0758 
RpsU, ribosomal protein S21 / 

translation 
824067 1 SNV 1  

TPE40M5_0761 hypothetical 
protein / unknown 

827081-
827082 

2 bp deletion 
resulting in 
frameshift 
mutation 

 
fusion to 

TPE40M5_0762 

TPE40M5_0764  

HD-GYP domain protein / 
regulation 

830136 1 SNV 1  

TPE40M5_0796 putative ApbE 
family protein / general 

metabolism 

864688, 
865092 

2 SNV 1  

TPE40M5_0804 sugar ABC 
superfamily ATP binding 

cassette transporter / transport 
874803 1 SNV 1  

TPE40M5_0842 
Map, methionyl aminopeptidase 

/ translation 
917314 1 SNV 1  



	

280 
	

TPE40M5_0856a hypothetical 
protein / unknown 

within region 
936623-
936821 

6 SNV 6  

TPE40M5_0858 putative 
lipoprotein / unknown 

937531-
937609 

79 bp 
insertion 

resulting in 
frameshift 
mutation 

49 

protein elongation 
on C-terminus 

from 385 to 409 
aa (360 aa similar 
to TPE Gauthier) 

 
within region 

936623-
937432 

8 SNV 6  

TPE40M5_0859 hypothetical 
protein / unknown 

938460-
938461 

9 bp deletion 3  

 938313 1 SNP 0  

TPE40M5_0865 putative outer 
membrane protein / unknown 

945781, 
946149 

2 SNP 2  

TPE40M5_0896 hypothetical 
protein / unknown 

976339, 
976341, 
976342, 
976344 

4 SNP  

SNV leading to 
STOP codon, 
considered as 
pseudogene 

TPE40M5_0898  

RecB, 

exodeoxyribonuclease V beta 
subunit / DNA replication, 

repair, recombination 

977954 

1 bp 
insertion 

resulting in 
frameshift 
mutation 

7 

protein truncation 
from 1239 to 

1238 aa (1232 aa 
similar to TPE 

Gauthier) 

TPE40M5_0919  998374, 
998555 

2 SNV 2  



	

281 
	

thioredoxin group 1 family 
protein / general metabolism 

TPE40M5_0931 hypothetical 
protein / unknown 

1015467 1 SNV 1  

TPE40M5_0939 

pyruvate synthase / general 
metabolism 

1025096 1 SNV 1  

TPE40M5_0949 Oxa1, family 
cytochrome oxidase biogenesis 

protein / transport 
1032124 1 SNV 1  

TPE40M5_0952 putative 
lipase/esterase / general 

metabolism 

1035289, 
1035290 

2 SNV 1  

TPE40M5_0966 

thioredoxin group 1 family 
protein / general metabolism 

1049816 1 SNV 1  

TPE40M5_0967  

hypothetical protein / unknown 

1052396, 
1052398 

2 SNV 1  

TPE40M5_0968 hypothetical 
protein / unknown 1053293 1 SNV 1  

TPE40M5_0969 putative outer 
membrane protein / unknown 

1055256 1 SNV 1  

TPE40M5_0976 hypothetical 
protein / unknown 

1062454-
1062468 

15 bp 
insertion 

5  



	

282 
	

TPE40M5_1012 RpoD, DNA-
directed RNA polymerase 

sigma subunit / transcription 
1105470 1 SNV 1  

TPE40M5_1035  

valine--tRNA ligase / 
translation 

1130609, 
1132018 

2 SNV 1  

* Gene tprK (TPE40M5_0897) was omitted from the analysis due to its intra-strain variability. 

Δ Coordinates correspond to the positions leading to amino acid changes. 
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Pan . t r o g l o d y t e s . v e r u s _Sou t h _KUB_ k 5 0 4

Ce r c o c e b u s . a t y s _Au d r e n i s o u _K I B _ k 6 1 0

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BUD_ k 5 4 1

Ce r c o c e b u s . a t y s _Au d r e n i s o u _FON_ k 3 5 7

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ FAN_ k 3 1 8

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 2 9 0

P a n . t r o g l o d y t e s . v e r u s _No r t h _NAR_ k 4 6 9

Ce r c o c ebu s . a t y s _Aud r e n i s o u _BOS_k339

Pan . t r o g l o d y t e s . v e r u s _Sou t h _UAP_ k 5 2 1

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BAO_ k 3 1 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAK_ k 3 1 0

P i l i o c o l o b u s . b a d i u s _ U n k n o w n _ BAD 5 _ k 3 9 2

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 5 7 1

Pa n . t r o g l o d y t e s . v e r u s _No r t h _BAR_ k 4 5 9

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 6 0 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 5 3 8

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ T I N _ k 3 3 8

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 6 0 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 5 9 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ TUA_ k 3 2 8

P a n . t r o g l o d y t e s . v e r u s _N o r t h _NOU_ k 4 7 1

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ FAN_ k 2 8 8

Ce r c o c e b u s . a t y s _Un k n own_GS2_ k 3 9 5

Pa n . t r o g l o d y t e s . v e r u s _No r t h _POR_ k 4 7 8

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ASA_k481

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ LOM_ k 2 3 1

Pa n . t r o g l o d y t e s . v e r u s _S o u t h _HAV_ k 4 9 1

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ ZAN_ k 2 8 5

P i l i o c o l o b u s . b a d i u s _ U n k n o w n _ BAD 3 _ k 3 8 6

Ce r c o c e b u s . a t y s _A u d r e n i s o u _YAK_ k 5 9 2

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ASA_k482

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SHO_k513

Pan . t r o g l o d y t e s . v e r u s _Eas t _BEA_k432

P a n . t r o g l o d y t e s . v e r u s _S o u t h _HAV_ k 4 8 9

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BUD_ k 3 9 8

C e r c o p i t h e c u s . n i c t i t a n s _U n k n ow n _N I C 2 _ k 5 3 5

Ce r c o c e b u s . a t y s _A u d r e n i s o u _NGO_ k 3 0 2

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 2 7 1

Ce r c o c e b u s . a t y s _A u d r e n i s o u _NYU_ k 4 0 0

Pan . t r o g l o d y t e s . v e r u s _Sou t h _PEM_k5 12

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ T IW_ k 3 0 3

Pan . t r o g l o d y t e s . v e r u s _Sou t h _MBE_ k 5 0 8

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _CAM_ k 2 8 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ TAN_ k 3 6 1

Pan . t r o g l o d y t e s . v e r u s _No r t h _SUR_k 48 0

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAK_ k 2 6 0

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SOL_k516

Pan . t r o g l o d y t e s . v e r u s _No r t h _PER_k4 75

Pa n . t r o g l o d y t e s . v e r u s _E a s t _ ATHO_ k 4 3 0

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SUM_k51 7

Ce r c o c e b u s . a t y s _A u d r e n i s o u _GUN_ k 3 5 8

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 5 8 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BZA_ k 2 6 1

Ce r c o c e b u s . a t y s _Au d r e n i s o u _GAL_ k 4 1 7

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LAS_ k269

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 3 6 5

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BUD_ k 2 5 0

Ce r c o c ebu s . a t y s _Aud r e n i s o u _PRE_k377

Ce r c o c ebu s . a t y s _Aud r e n i s o u _PRE_k330

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LOP_ k 5 9 8

Ce r c o c e b u s . a t y s _A u d r e n i s o u _GUN_ k 3 1 4

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BOT_ k 2 9 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _FON_ k 6 0 4

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ IN I _ k 4 9 4

P a n . t r o g l o d y t e s . v e r u s _S o u t h _WOO_ k 5 2 7

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ TAN_ k 5 3 9

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ LAN_ k 2 7 4

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 3 3 2

Ce r c o c e b u s . a t y s _Aud r e n i s o u _COR_k 4 2 2

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 5 9 9

Pan . t r o g l o d y t e s . v e r u s _Sou t h _KUB_ k 5 0 5

C o l o b u s . p o l y k om o s _ U n k n o w n _ PO L 4 _ k 5 3 1

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 5 5 1

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAH_ k 3 4 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ TAN_ k 3 7 1

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _GOM_ k 3 9 7

Pan . t r o g l o d y t e s . v e r u s _So u t h _KAY_ k 5 0 1

Ce r c o c e b u s . a t y s _Au d r e n i s o u _PAN_ k 5 4 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAH_ k 2 3 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ T I N _ k 3 0 1

Pan . t r o g l o d y t e s . v e r u s _Eas t _EL I _ k 434

C e r c o c e b u s . a t y s _ U n k n ow n _MGB_ k 4 2 5

C o l o b u s . p o l y k om o s _ U n k n o w n _ PO L 5 _ k 5 3 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CUR_ k 5 8 9

C e r c o c e b u s . a t y s _U n k n ow n _GN5 _ k 3 2 6

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LOP_ k 2 4 9

Ce r c o c e b u s . a t y s _A u d r e n i s o u _RAN_ k 3 2 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 2 5 7

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BAL_ k 5 6 4

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 2 _ k 3 8 1

P a n . t r o g l o d y t e s . v e r u s _No r t h _PAN_ k 4 7 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 5 4 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 5 4 0

Pan . t r o g l o d y t e s . v e r u s _Sou t h _SOL_k515

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAH_ k 3 4 4

Ce r c o c e b u s . a t y s _Au d r e n i s o u _ LU I _ k 3 3 7

C e r c o c e b u s . a t y s _U n k n ow n _GN1 _ k 3 2 0

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAH_ k 5 4 7

Ce r c o c e b u s . a t y s _Au d r e n i s o u _K I B _ k 5 5 2

Pa n . t r o g l o d y t e s . v e r u s _No r t h _MYS_ k 4 6 4

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 5 8 8

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BZA_ k 3 7 6

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 2 5 6

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 4 2 9

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ ZAN_ k 6 1 1

Pan . t r o g l o d y t e s . v e r u s _So u t h _K IN_ k 5 0 3

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ TAN_ k 5 7 5

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LAS_ k549

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAH_ k 3 1 1

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ODZ_ k 3 5 9

C e r c o p i t h e c u s . c am p b e l l i _ U n k n o w n _CAM1 _ k 3 6 0

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CAY_ k 2 4 2

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ JAC_k498

Ce r c o c e b u s . a t y s _A u d r e n i s o u _MAS_ k 5 6 7

Ce r c o c e b u s . a t y s _Au d r e n i s o u _K I B _ k 5 8 5

C e r c o c e b u s . a t y s _U n k n ow n _NG2 _ k 3 1 7

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ TA I _ k 3 3 6

Pan . t r o g l o d y t e s . v e r u s_Eas t _POS_k447

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ LAN_ k 3 5 4

Ce r c o c e b u s . a t y s _Un k n own_GS1_ k 3 9 3

Ce r c o c e b u s . a t y s _Au d r e n i s o u _FON_ k 3 9 9

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 6 _ k 4 1 3

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ FAN_ k 3 7 9

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _AMB_ k 4 1 9

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ JAC_k497

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _NDO_ k 5 7 4

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ODZ_ k 4 1 4

Ce r c o c e b u s . a t y s _Aud r e n i s o u _DJO_k 2 41

Ce r c o c e b u s . a t y s _A u d r e n i s o u _ T I N _ k 5 4 2

C e r c o c e b u s . a t y s _U n k n ow n _GN4 _ k 3 2 4

C e r c o c e b u s . a t y s _ U n k n ow n _MGB_ k 3 7 8

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ JUL_k499

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _ LOM_ k 5 6 3

C e r c o c e b u s . a t y s _U n k n ow n _GV1 _ k 6 1 3

C e r c o c e b u s . a t y s _ U n k n ow n _MGB_ k 4 1 2

Pan . t r o g l o d y t e s . v e r u s _Ea s t _WOL_ k 4 5 5

Ce r c o c e b u s . a t y s _A u d r e n i s o u _BUD_ k 5 4 8

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ I BR_k492

Pan . t r o g l o d y t e s . v e r u s _Ea s t _YED_k456

Pan . t r o g l o d y t e s . v e r u s _Ea s t _ I ND_ k 4 4 0

P a n . t r o g l o d y t e s . v e r u s _N o r t h _NAO_ k 4 6 6

Pan . t r o g l o d y t e s . v e r u s _Sou t h _BAL_ k 4 86

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _OKA_ k 3 3 4

Ce r c o c e b u s . a t y s _Aud r e n i s o u _ LOP_ k 2 3 8

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MAH_ k 2 4 8

Ce r c o c e b u s . a t y s _Au d r e n i s o u _BAL_ k 5 9 6

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 8 _ k 5 3 2

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _KAH_ k 2 6 5

Pan . t r o g l o d y t e s . v e r u s _Ea s t _CHA_ k 4 3 3

Pan . t r o g l o d y t e s . v e r u s _Ea s t _G IA_ k 4 39

Ce r c o p i t h e c u s . p e t a u r i s t a _U n k n own _PET _ k 3 6 3

C e r c o p i t h e c u s . d i a n a _ U n k n o w n _D I A 7 _ k 4 2 1

C e r c o c e b u s . a t y s _ A u d r e n i s o u _MGA_ k 5 6 1

Pan . t r o g l o d y t e s . v e r u s _Sou t h _ I SH_k495

Pa n . t r o g l o d y t e s . v e r u s _So u t h _ TAN_ k 5 2 0

C e r c o c e b u s . a t y s _U n k n ow n _GV3 _ k 6 1 5

Ce r c o c e b u s . a t y s _ A u d r e n i s o u _MOR_ k 2 8 1

Ce r c o c e b u s . a t y s _A u d r e n i s o u _YAK_ k 3 9 0

Pa n . t r o g l o d y t e s . v e r u s _No r t h _MYS_ k 4 6 5

Ce r c o c e b u s . a t y s _Au d r e n i s o u _CUR_ k 3 3 1
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