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Abstract 

Although primates have fascinated researchers and the public alike for generations, one species 

that has remained enigmatic is the mandrill (Mandrillus sphinx), a large Cercopithecine monkey endemic 

to Central Africa. Mandrills are currently in decline due to bushmeat hunting, urbanization, and habitat 

loss. Neutral and adaptive genetic diversity are important tools for understanding evolutionary history 

and future viability, since diversity influences a species’ ability to adapt to a changing environment. 

However, thus far, minimal genetic information has been available for wild mandrills. Because of the 

dense vegetation in their tropical forest habitat, studying wild mandrills has proven to be a challenge, 

and the majority of research on this species has been performed on semi-captive populations. Here, I 

present findings from three studies using the first genetic data to be generated from a wild mandrill 

population, primarily using non-invasive sampling of feces. First, we use demographic history modeling 

to test for evidence of population bottlenecks in mandrills and three other forest-associated species 

(blue duiker [Philantomba monticola], Peters’s duiker [Cephalophus callipygus], and western lowland 

gorillas [Gorilla gorilla gorilla]). Despite a severe loss of forest cover in central Africa approximately 

2,500 years ago, our results suggest that none of the four species experienced major population 

declines. Second, we perform next-generation sequencing of the class II major histocompatibility 

complex (MHC), a gene family involved in adaptive immunity. We test for a difference in replicability 

between sequences generated from DNA extracted from feces and that extracted from higher quality 

tissue. We also present a new method of assigning MHC alleles to individuals using degraded samples, 

and we use that method to characterize the MHC genes in the focal population. Lastly, we test for sex-

specific selection on the MHC in male and female mandrills. Male mandrills are thought to be more 

vulnerable to pathogens than females, which may result in stronger selective pressure on the MHC 

genes in males. Results from these three studies will contribute to our understanding of mandrill 
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evolutionary history and conservation by providing insight on the role of demographic processes and 

selective pressures in shaping their past and present populations.  

 

Keywords: Mandrillus sphinx, genetic diversity, major histocompatibility complex, demographic history, 

Central Africa 
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Introduction 

Central Africa’s tropical rainforests are a center of biodiversity (Küper et al. 2014), home to a 

variety of endemic taxa (MacKinnon et al. 2017). One such species is the mandrill (Mandrillus sphinx), a 

charismatic Cercopithecine monkey found only in Gabon, Cameroon, the Congo, and Equatorial Guinea 

(Abernethy and Maisels 2019). Although they were originally considered to be a species of baboon, in 

the mid-1990s, mandrills were determined to be more closely related to mangabeys (genus Cercocebus) 

and therefore were reclassified into a new genus, Mandrillus, along with their sole living congener, the 

drill (Mandrillus leucophaeus) (Disotell, Honeycutt, and Ruvolo 1992). Mandrills fill an important role in 

the forest ecosystem as seed dispersers and as prey for leopards and pythons (Abernethy and Maisels 

2019; Lahm 1986). However, like many central African species, mandrills are in decline due to habitat 

loss and bushmeat hunting (Abernethy et al. 2013; Abernethy and Maisels 2019). As a result, they have 

been categorized as Vulnerable by the International Union for the Conservation of Nature (IUCN), and 

international commercial trade in mandrill products is prohibited under Appendix I of the Convention on 

International Trade in Endangered Species (CITES). 

Considerable research has been conducted in semi-captive mandrill populations on their 

reproductive ecology, social systems, and evolutionary history, but studies in wild populations have 

been limited. Much of the foundational research was undertaken in captive mandrill hordes at the 

Centre International de Recherches Medicales de Franceville (CIRMF) in Gabon. Because the captive 

population is confined, provisioned, and provided with veterinary care, it is unclear whether findings 

from these studies are equally relevant to wild populations. Additional research has been conducted at 

Lékédi Park in Gabon, where a total of 65 mandrills from the CIRMF population were translocated to a 

1,750 ha fenced area across two releases in 2002 and 2006 (Peignot et al. 2008). This newly-established 

population is considered to be free-ranging, as the fencing appears to be at least semi-permeable to 

primates. Wild males were observed to join the group and reproduce, and today, the Lékédi population 
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comprises a single habituated horde of ~250 individuals (Charpentier et al. 2019; Mandrillus Project 

n.d.). Although this horde may reflect the ecology and behavior of wild populations more closely, the 

horde is considerably smaller than has been observed for wild mandrills (Abernethy, White, and 

Wickings 2002; Guibinga Mickala et al. 2022), and their near-daily interactions with humans may disrupt 

their natural behavior (Brockmeyer et al. 2015). To date, only a few studies have focused on natural 

populations of wild mandrills, and many questions relating to mandrill ecology, evolution, and their 

current conservation status remain unanswered.  

One particularly understudied area of mandrill research relates to the genetic diversity of wild 

populations. In general, genetic variation is described as either neutral or adaptive, and each type 

contributes to different but complementary information in evolutionary research (Holderegger, Kamm, 

and Gugerli 2006). Neutral genetic markers, such as microsatellites and mitochondrial haplotypes, are 

not subject to natural selection, but they are affected by demographic processes such as genetic drift 

and dispersal. Therefore, they are useful in understanding population connectivity, past and present 

population size, and relatedness structure within populations. Adaptive or functional diversity, on the 

other hand, is subject to natural selection and can serve as a tool to study adaptive capacity and local 

adaptation. Adaptive variation can directly impact fitness, and, in some cases, it can be considered a 

measure of the conservation “value” of a particular population in terms of its predicted ability to 

withstand external threats (Selmoni et al. 2020). Genetic diversity for adaptive traits is not necessarily 

related to neutral diversity (Teixeira and Huber 2021), so both must be studied separately in order to 

develop a thorough understanding of evolutionary processes and adaptive capacity in a species.  

One potential application for neutral genetic data is in the study of a species’ demographic 

response to historical changes in its habitat. Little is known about the ability of mandrills to tolerate 

changes in forest cover. Environmental conditions in central Africa have been in constant flux 

throughout the Pleistocene and Holocene, with the forest contacting and expanding in concert with 
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glacial cycles of temperature and humidity (Maley 1996; Maley and Brenac 1998). Pleistocene-era shifts 

in climate are thought to have led to historical population fragmentation and/or speciation in some taxa 

(Anthony et al. 2007; Born et al. 2011; Nicolas et al. 2011). Telfer et al. (2003) hypothesized that 

mandrills may have retreated into northern and southern forest refugia within Gabon during periods of 

forest contraction, as evidenced by their genetically distinct populations either side of the Ogooué River. 

Between three and five thousand years ago, drills, the only other extant member of genus Mandrillus, 

experienced a 15-fold decline in population size, likely due to mid-Holocene environmental change and 

loss of forest cover (Ting et al. 2012).  

Understanding the effects of these past environmental shifts on flora and fauna may aid in 

predicting the ability of populations to withstand future change in forest cover. In the coming decades, 

central African rainforests are predicted to be heavily impacted by climate change and anthropogenic 

development (Abernethy, Maisels, and White 2016; James and Washington 2013). These changes may 

mean that resource and habitat availability are likely to decline for multiple primate species, especially 

great apes (Bush et al. 2020; Junker et al. 2012; Walsh et al. 2003). Some of those declining resources, 

such as fruit, are also used by mandrills, so they are also likely to be vulnerable to loss of habitat (Bush 

et al. 2020; Lahm 1986). For mandrills, and many other forest-dependent species, understanding the 

effects of historical habitat loss on population demography may shed light on the conservation 

implications of future climate change.  

In addition to understanding mandrills’ ability to tolerate forest loss, past demographic history 

also has implications for their future adaptability. Genetic diversity is an important component of 

adaptive capacity, but population bottlenecks typically cause a loss of genetic variation (Holderegger, 

Kamm, and Gugerli 2006). In a changing environment, the survival of a species is tied to its ability to 

adapt to new conditions (Reed and Frankham 2003). As central African ecosystems are altered by 

climate change and anthropogenic influences, it will be crucial to further our understanding of mandrill 
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genetic diversity so that this information can be effectively incorporated into mitigation and 

conservation plans. Genetic data can be used to delineate conservation units based on population 

genetic structure, identify vulnerable populations with small effective sizes, predict the risk of 

inbreeding or outbreeding depression, and plan for translocations or captive breeding programs 

(Frankham 1995; Funk et al. 2012; von der Heyden 2017).  

Although the study of demographic history relies primarily upon neutral genetic diversity, 

adaptive markers also play an important role in conservation since they directly impact individual fitness 

and species’ adaptive capacity (Holderegger, Kamm, and Gugerli 2006). One marker of adaptive diversity 

that has been studied in captive mandrill populations is the major histocompatibility complex (MHC). 

The MHC is a family of genes encoding proteins that play an integral role in immunity by binding to 

pathogenic peptides and presenting them to T cells for destruction (Kelley, Walter, and Trowsdale 

2005). While the class I MHC proteins provide protection against intracellular pathogens such as viruses, 

class II molecules bind to peptides from extracellular pathogens. The functional genes encoding the class 

II MHC are subject to pathogen-mediated balancing selection, and as a result, they are some of the most 

polymorphic loci in the vertebrate genome (Piertney and Oliver 2006).  

The extremely high adaptive diversity found in the MHC makes these loci useful in studying 

evolutionary history and selective pressure from pathogens. For instance, in multiple taxa such as 

cichlids (Bracamonte et al. 2022), frogs (Trujillo et al. 2021), and giant pandas (Zhu et al. 2013), MHC 

sequencing has been used to detect population differentiation due to variation in parasite communities. 

Parasite-mediated balancing selection on the MHC has also been studied across many primates, since it 

is thought that selective pressure from pathogens can maintain similar MHC lineages across species in a 

phenomenon known as trans-species polymorphism (TSP) (Azevedo et al. 2015; Wroblewski et al. 2015). 

In species exhibiting TSP, MHC alleles can be more similar to sequences found in another species than 

they are to other alleles within the same species. Some species pairs, such as rhesus and cynomolgous 
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macaques (Macaca mulatta and M. fascicularis, respectively), even exhibit identical MHC alleles 

(Doxiadis et al. 2006). Lastly, MHC genes can be very important in understanding population health, 

since they are closely tied to immunity. Presence or absence of particular MHC alleles, and MHC 

heterozygosity, can have major implications for individual fitness and disease resistance, as has been 

shown in populations of leopard frogs with chytridiomycosis (Savage et al. 2018; Trujillo et al. 2021), in 

chimpanzees infected with simian immunodeficiency virus (Wroblewski et al. 2015), and in lizards with 

ectoparasites (Hacking et al. 2018).  

In addition to parasite-mediated balancing selection, MHC diversity is also maintained through 

sexual selection (Milinski 2006). With its important role in immunity and fitness, females of many 

primate species, including mandrills, use male MHC genotype as a criterion for mate choice (Huchard et 

al. 2010, 2013; Schwensow, Eberle, and Sommer 2008; Setchell et al. 2010). Mate choice favoring 

diverse or dissimilar males helps to promote MHC diversity in offspring, which could make them more 

successful by reducing disease vulnerability (Penn, Damjanovich, and Potts 2002; Worley et al. 2010) or 

improving reproductive success (Sauermann et al. 2001). 

Although MHC variation has been assessed in captive mandrills at CIRMF (Abbott, Wickings, and 

Knapp 2006; Setchell et al. 2009), it has never been studied in a wild population. The CIRMF mandrills 

are known to be inbred (Charpentier et al. 2006), so the levels of MHC diversity found in that population 

likely represent an underestimate of the variation that would be found in a natural population. 

Characterizing the MHC in a wild mandrill population would provide valuable information on adaptive 

genetic diversity in this vulnerable species.  

However, significant challenges are associated with the study of MHC loci in wild populations. 

First, the MHC is a notoriously difficult region of the genome to sequence. Most MHC genes have 

undergone duplication and recombination (Kulski et al. 2002), resulting in copy number variation 
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between species, populations, and individuals (Lighten et al. 2014; Llaurens, McMullan, and Van 

Oosterhout 2012; Vincze, Loiseau, and Giraudeau 2021). The resulting multi-allelic templates are prone 

to higher rates of sequencing error, especially the formation of chimeras, which are sequence artifacts 

containing motifs from two true alleles (Lenz and Becker 2008). Furthermore, older sequencing 

technologies such as Sanger sequencing require alleles to be separated prior to sequencing individually, 

for example, by cloning them into separate plasmids. However, the cloning process is labor intensive for 

large sample sizes. Using next-generation sequencing (NGS) technologies simplifies the process by 

allowing all alleles to be sequenced at once, but NGS requires much more complex bioinformatic 

analyses to process its high-throughput sequencing data and to distinguish true alleles from artifacts 

(Lighten, van Oosterhout, and Bentzen 2014).  

Second, collecting high-quality genetic samples, such as blood or tissue, from wildlife is often 

difficult, and may pose ethical concerns if the target species of one of conservation concern. The use of 

non-invasive samples such as feces presents a possible alternative, but DNA from such samples tends to 

be highly degraded (Taberlet, Waits, and Luikart 1999), further complicating the sequencing process. 

One advantage of sampling feces is that researchers are sometimes able to collect more samples from 

the wild than would be available using more invasive methods such as blood or tissue collection (Kohn 

and Wayne 1997). However, cloning and sequencing may not be feasible with large sample sizes. In such 

cases it may be preferable to use NGS, but applying these technologies to sequence the complex MHC 

gene family using degraded fecal DNA has only rarely been attempted (Hans et al. 2015). If non-invasive 

samples can serve as a viable source of DNA for NGS sequencing of multi-allelic MHC loci, this would be 

a promising avenue to study adaptive genetic diversity in vulnerable species like mandrills, and to better 

understand the broader roles that the MHC can play in individual fitness and population health.  

For instance, MHC variation in a population can lead to differing levels of survivorship, when 

some individuals are more or less vulnerable to pathogens (Osborne et al. 2015; Penn, Damjanovich, and 
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Potts 2002). This results not only from differing MHC genotypes, but also individual traits that may affect 

pathogen prevalence. Male-biased parasitism, for example, is common in a variety of species (Lynsdale 

et al. 2017; Müller-Graf et al. 1997; Poulin 1996; Wilson et al. 2004). In some cases, increased parasite 

pressure on males has led to sex-specific selection on MHC genotypes (Dorak et al. 2002; Roved et al. 

2018; Schaschl et al. 2012). Males with disadvantageous MHC alleles may be removed from the 

population through early parasite-associated mortality, since juveniles tend to be at increased risk of 

parasitism (Brzeski et al. 2015; Clutton-Brock and Pemberton 2004; Lynsdale et al. 2017). Alternatively, 

postcopulatory selection can remove these males prior to birth via sperm competition or cryptic female 

choice favoring sperm with optimal MHC alleles (Dixson 2018; Mytilinaiou et al. 2019), or by 

spontaneous abortion (Knapp, Ha, and Sackett 1996). Any of these mechanisms can result in males 

being more MHC-diverse than females or possessing alleles at different frequencies (Dorak et al. 2002; 

Schaschl et al. 2012).  

Mandrills are an interesting candidate species in which to study sex-specific selection on the 

MHC. Certain pathogens, such as the malaria-causing parasite Plasmodium gonderi, have been shown to 

vary by sex in mandrills, with infection prevalence generally higher in males (Charpentier et al. 2019). 

Male-biased parasitism is common in sexually dimorphic species like mandrills (Moore and Wilson 

2002). Reproductive males can attain more than three times the body mass of females (Setchell et al. 

2001), with canine teeth that measure 4.5cm on average (Leigh et al. 2008) and dramatic red facial 

coloration, among other adornments (Hill 1970). The sexes also differ in their life history and behavior 

patterns, which can contribute to differences in parasite pressure (Bundy 1988; Müller-Graf et al. 1997; 

Nunn and Altizer 2004). Males have a shorter lifespan, yet mature more slowly than females (Setchell, 

Charpentier, and Wickings 2005), and females are thought to be philopatric while males tend to become 

solitary upon reaching maturity (Abernethy, White, and Wickings 2002). These patterns of strong sexual 

dimorphism, behavioral differences, and evidence for higher rates of Plasmodium infection in males, all 
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indicate that male-biased parasitism, and thus sex-specific selection on MHC, is likely to operate in 

mandrills. 

Despite a range of studies on the MHC, sexual selection, and parasite pressure in captive and 

free-ranging mandrills (Charpentier et al. 2019; Dibakou et al. 2020; Fouchet et al. 2012; Setchell et al. 

2007, 2010, 2016; Setchell, Charpentier, and Wickings 2005), sex-based differences in the mandrill MHC 

have never been evaluated. It is a challenge to quantify the role of parasitism in the dynamics and 

evolution of wild populations, but studying sex-specific differences in MHC markers may provide insight 

into pathogen-induced selective pressures endured by male and female mandrills.  

The topics outlined above, including demographic history, MHC diversity, and sex-specific 

selection on the MHC, all have important implications for the conservation status and evolutionary 

history of mandrills. However, these issues have thus far been addressed only in semi-captive 

populations, or have not been addressed at all. In this dissertation, markers of neutral and adaptive 

genetic diversity are used to explore the gaps in our knowledge of wild mandrill population dynamics 

and evolution.  

First, I use coalescent theory of microsatellite evolution to test for population bottlenecks in 

mandrills and three other sympatric forest mammals (western lowland gorillas [Gorilla gorilla], Peters’s 

duikers [Cephalophus callipygus], and blue duikers [Philantomba monticola]) since the last glacial 

maximum 18,000 years ago. The forest landscape has undergone major contractions and expansions 

over the millennia, with the most recent period of significant forest loss occurred around 2,500 years 

ago during a period of aridity and increased seasonality (Maley 1996; Maley et al. 2018). Understanding 

how these changes affected wildlife may aid in predicting the effects of future environmental change. 

Because mandrills and both species of duiker are known to utilize forest fragments, while gorillas are 
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more restricted to continuous forests (Tutin, White, and Mackanga-Missandzou 1997), we expect 

gorillas to have been more affected by Holocene-era loss of forest cover than other species.  

Second, I compare the replicability of MHC sequencing of DNA extracted from feces with that 

extracted from higher quality tissue samples. Non-invasive samples are a valuable source of genetic 

material for wildlife, and this test will show whether degraded DNA can be used with NGS to produce 

reliable MHC allele assignments. I then present a new method for MHC allele assignment from error-

prone non-invasive samples and employ this method to characterize the genetic diversity found in the 

class II MHC in wild mandrills. This chapter provides new information on immunogenetic diversity and 

evolution in wild mandrills, and the method presented here will aid in future wildlife studies that rely on 

non-invasive samples.  

Lastly, I test for differences in selection on MHC genes between male and female mandrills. Due 

to male-biased parasitism, males with disadvantageous alleles or low heterozygosity may experience 

higher mortality than females, and post-copulatory selection may cause nonrandom inheritance of MHC 

alleles (Dorak et al. 2002). If such selective pressure on the MHC is stronger in males than females, then I 

would expect males to have generally higher diversity in their MHC alleles, or for the frequencies of 

specific alleles to vary by sex. This study will contribute to our understanding of disease risk and 

immunogenetic capacity in male and female mandrills. 
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Chapter 1  

Demographic history of central African forest mammals since the last glacial maximum 

Abstract 

 The forests of central Africa have expanded and contracted repeatedly over the millennia due to 

changing environmental conditions. Considerable research has examined the influences of these 

changes on species diversification, but most studies have focused on Pleistocene-era effects. Less 

information is available about the consequences of more recent shifts, including the abrupt decline of 

forest cover that occurred in the region between 2,500 and 2,000 years ago, in an event known as the 

“rainforest crisis.” Central African tropical forests are home to a diversity of wildlife, and the sudden loss 

of forest habitat could have led to severe demographic declines. Here, we model the demographic 

history of four forest-associated species that may have been affected by the rainforest crisis. We test for 

evidence of population decline in western lowland gorillas (Gorilla gorilla), blue duikers (Philantomba 

monticola), Peters’s duikers (Cephalophus callipygus), and mandrills (Mandrillus sphinx) using 

microsatellite data collected at several sites in Gabon. Our results suggest that all four species 

maintained stable populations throughout the Holocene, including during the rainforest crisis. This 

finding indicate that these species have historically been able to tolerate some amount of forest 

fragmentation, possibly by moving between forest patches to pursue resources. Central African forests 

are expected to continue to fluctuate in the future due to climate change and anthropogenic effects. 

Our findings indicate that these species may be able to withstand some changes to their habitat, 

although we cannot necessarily predict future population stability in light of hunting and contemporary 

climate change.  
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Introduction 

 Throughout the mid- to late Pleistocene and Holocene, the climate and landscape of central 

Africa has undergone major shifts in forest cover (Maley 1991). During glacial cycles, glacial maxima 

were accompanied by periods of aridity and low temperatures in the region, whereas during interglacial 

periods, forest cover expanded with warming temperatures. The most recent arid period occurred 

between 24,000 and 12,000 years ago, corresponding with the last glacial maximum (LGM) 18,000 years 

ago (Maley 1996). During the LGM, the forest was at is minimum and formed patches that are thought 

to have served as refugia for the region’s flora and fauna (Anthony et al. 2007; Born et al. 2011; Colyn, 

Gautier-Hion, and Verheyen 1991; Haffer 1969; Muloko-Ntoutoume et al. 2000; Telfer et al. 2003). It is 

well-established that these refugia helped to shape current species distributions, for instance, leading to 

population structure in an endemic tree (Born et al. 2011; Muloko-Ntoutoume et al. 2000), in rodents 

(Nicolas et al. 2011), and in primates (Telfer et al. 2003; Anthony et al. 2007). Speciation within the 

insect genus Leiodontocercus has also been attributed to the isolation of populations within refugia 

(Massa 2020). Lastly, Pleistocene-era forest expansion during warming periods is thought to have led to 

range expansion in forest duikers (Ntie et al. 2017).  

Despite the well-developed body of knowledge about the effects of Pleisotcene-era climatic 

change on species diversification and distributions, less is known about the impacts of environmental 

and anthropogenic change in central Africa since the LGM 18,000 years ago. Forest cover has continued 

to fluctuate, with one particularly large shift occurring between 2,500 and 2,000 years ago in an event 

known as the “rainforest crisis” (RFC) (Maley 2002). Palynological evidence suggests that during this 

time, the central African forest fragmented rapidly, with concurrent savannah expansion (Maley 2002; 

Maley et al. 2018; Ngomanda, Neumann, et al. 2009). Since that time, the forest has been recovering, 

although it never reached the same extent as earlier in the Holocene (Maley 1996). The RFC was 

associated with a period of increased aridity and seasonality across tropical Africa, which may have 
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contributed to forest loss (Maley 2002; Ngomanda, Chepstow-Lusty, et al. 2009). At the same time, 

Bantu populations were expanding through central Africa, bringing with them agriculture and iron-

smelting (Neumann et al. 2012; Oslisly 2001). Slash-and-burn farming and extracting of wood resources 

for iron-working furnaces may also have played a role in declining forest cover (Willis, Gillson, and Brncic 

2004). The question of whether climate change or increased land use was the primary driver of the RFC 

remains unresolved (Bayon et al. 2012; Clist et al. 2018; Garcin, Deschamps, Ménot, de Saulieu, Schefub, 

et al. 2018; Garcin, Deschamps, Ménot, de Saulieu, Schefuß, et al. 2018; Maley 2002). 

Despite lingering debates over the cause of the RFC, the decline in forest cover could have 

impacted wildlife populations. Mid-Holocene declines have been reported in multiple species in east 

Africa, such as African buffalo (Heller et al. 2008) and elephants (Okello et al. 2008). These population 

bottlenecks roughly correspond in time with the widespread climatic changes associated with central 

Africa’s RFC. Despite these findings, less is known about the impacts of the RFC or other mid-Holocene 

environmental changes on central African wildlife. Understanding the effects of events such as these is 

crucial, since they can play an important role in shaping contemporary population genetic variation and 

can have important implications for species evolution and conservation. While Pleistocene-era 

fluctuations in forest cover occurred cyclically over many millennia, mid-Holocene loss of forest cover 

during the RFC happened relatively rapidly, over the course of just a few hundred years (Maley 2002). 

The pace of forest fragmentation during the RFC may be analogous to modern habitat loss and 

fragmentation as a result of anthropogenic pressure, which is known to have detrimental effects on 

many species (Cushman 2006; Keinath et al. 2017; Laurance et al. 1998; Püttker et al. 2020). 

Understanding past demographic changes can therefore be very informative in predicting how species 

will respond to future challenges.  

In this study, we compare the demographic histories of four central African forest mammals in 

the middle Ogooué valley in Gabon during the time of the RFC, when environmental conditions were 
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arid and forest cover was in rapid decline (Maley 2002). We focus specifically on two primate species, 

western lowland gorillas (Gorilla gorilla gorilla) and mandrills (Mandrillus sphinx), and two duiker 

species, Peters’s duikers (Cephalophus callipygus) and blue duikers (Philantomba monticola). All four 

focal species can be found in Lopé National Park (LNP) in central Gabon, which is characterized by a 

forest-savannah mosaic in its northern region that transitions further south into contiguous lowland 

tropical rainforest (L. J. T. White 2001). The transition zone between the mosaic and contiguous forest is 

characterized by Marantaceae forest, which is thought to have grown between 1,400 and 800 years BP, 

when humans were absent from LNP and seasonal burning did not occur (L. J. T. White 2001). The 

biomass of wildlife in the mosaic’s gallery forests and island “bosquets” has been shown to be more 

than twice that of the continuous forest, and the four focal species utilize these forest patches to 

varying degrees (Tutin, White, and Mackanga-Missandzou 1997). Gorillas occupy both primary and 

secondary forest, but in LNP, their biomass appears highest in the Marantaceae forest (Tutin et al. 1995; 

Tutin and Fernandez 1984). Mandrills and duikers, on the other hand, appear to use the gallery forests 

and bosquets of the forest-savannah mosaic more intensively than gorillas (Tutin, White, and Mackanga-

Missandzou 1997). Mandrill hordes can make use of all forest types, although they avoid the savanna 

except to cross between forest patches (E. C. White et al. 2010). Peters’s duikers are difficult to 

differentiate visually from other Cephalophus species (Hedwig et al. 2018), so less is known about their 

ecology. They are thought to have large home ranges compared to blue duikers (Feer 1988), but both 

species are known to utilize forest fragments and the continuous forest, with less time spent in the 

Marantaceae zone (Tutin, White, and Mackanga-Missandzou 1997).  

Of the four species, gorillas appear to be the most specialized in their habitat needs and are 

more dependent on continuous forests (Tutin et al. 1995; Tutin and Fernandez 1984; Tutin, White, and 

Mackanga-Missandzou 1997). Their visits to the forest fragments appear to be seasonal and driven 

primarily by a need for fruit resources (Williamson, Tutin, and Fernandez 1988). For this reason, they 
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may have been more vulnerable to historical loss of forest cover than the other three species. A 

previous study tested for bottlenecks in mountain gorillas (G. beringei) and western gorillas, including 

the western lowland and Cross River subspecies, and detected bottlenecks in all except the western 

lowland subspecies (Bergl et al. 2008). However, the analysis of western lowland gorillas included only a 

single population residing at a Mondika research station, near the border of the Central African Republic 

and the Republic of the Congo. The population in the middle Ogooué valley, where LNP is located, has 

never been assessed for historical demographic declines, although they have been shown to have 

undergone population fragmentation and expansion during Pleistocene-era glacial cycles of forest 

contraction and regrowth (Anthony et al. 2007).  

Like gorillas, neither mandrills nor duikers have been tested for population bottlenecks 

occurring since the LGM, although both blue and Peters’s duikers are hypothesized to have undergone 

post-glacial population expansions during the Pleistocene (Ntie et al. 2017). The closest relative of 

mandrills, the drills, did undergo a population bottleneck 3-5 thousand years ago (Ting et al. 2012), but 

because drills avoid crossing marginal habitats (Astaras 2009), we hypothesize that mandrills may have 

been better able to tolerate habitat fragmentation than their congener. Likewise, the lack of 

contemporary population structure in duikers (Ntie et al. 2017) and their apparent ability to cross 

savannas with relative ease suggests that they may have been resilient to Holocene-era fragmentation. 

In the present study, we set out to test the hypothesis that one or more of these four species 

experienced mid-Holocene population bottlenecks associated with the RFC. The demographic history of 

each species was modeled using full likelihood Bayesian analyses of microsatellite data implemented in 

the program MSVAR (Beaumont 1999; Storz and Beaumont 2002). By exploring past demographic shifts 

in forest-associated species, we will gain a better understanding of how environmental change has 

shaped the contemporary vertebrate communities of central Africa. This study also sheds light on the 
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ability of each of these species to tolerate rapid loss of forest cover, which may be analogous to future 

environmental changes.  

Methods 

Sampling and Microsatellite Genotyping 

Western lowland gorillas 

 Microsatellite data for western lowland gorillas was collected from a previous study conducted 

by Anthony et al. (2007). Details can be found in the original study, but in brief, shed gorilla hairs were 

collected from nests at six sites spread across Nigeria, Gabon, the Central African Republic, the Congo, 

the Democratic Republic of Congo, and Uganda. Because this study centered on the Ogooué River valley 

and environmental effects on wildlife likely varied spatially, only genotypes from the site in Gabon at 

Lopé National Park were used here. Each sample was genotyped for seven polymorphic microsatellite 

loci.  

Duikers 

 Data for both blue and Peters’s duikers were originally generated by Ntie et al. (2017). Although 

the previous authors sampled from 46 sites in nine central African countries, here we use only the 

samples collected from sites in Gabon where more than five individuals were sampled. For blue duiker, 

ten such sites were available: the Gamba complex of protected areas, Lopé National Park, Monts de 

Cristal National Park, Birougou National Park, Ivindo National Park, and five additional sites on both 

sides of the Ogooué and Ivindo rivers. Three of these sites were in the province of Ogooué Ivindo, and 

the provinces of Ogooué Lolo, Moyen Ogooué, and Haute Ogooué each included one site. A total of nine 

sites were used for the Peters’s duiker: Waka National Park, Lopé National Park, Birougou National Park, 

and Minkebe National Park, plus other sites in Haute Ogooué, Ogooué Lolo, and Ogooué Ivindo. For 
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both species, DNA was extracted primarily from opportunistically-collected fecal samples, and each 

sample was genotyped for twelve microsatellite loci (Ntie et al. 2010).  

Mandrills 

 Microsatellite data for mandrills was also generated using a non-invasive approach. During 

2016, 2017, and 2018, fecal samples were collected from a single mandrill horde, generally residing in 

the forest-savannah mosaic of northeastern Lopé National Park. This horde is known as the “SEGC” 

horde due to its long history of study by the Station d’Etudes des Gorilles et Chimpanzes (SEGC) field 

research station (Rogers, Abernethy, and Fontaine 1996; E. C. White et al. 2010). In 2019, two additional 

hordes were sampled, the “Mikongo” and “ECOFAC” hordes. These hordes are found further south of 

LNP, and the extent of migration and gene flow between the hordes is currently unknown. Sampling was 

always conducted during July or August, when adult males and females are both present in the horde 

(Abernethy, White, and Wickings 2002). Radio telemetry was used to locate the SEGC horde daily, and 

researchers then followed the mandrills and collected fresh fecal samples (<6 hours old), storing them in 

50mL Falcon tubes with ~25mL silica gel since this has been shown to be an effective method for 

preserving nuclear DNA (Soto-Calderón et al. 2009).  

 After storage at ambient temperature in the field for one to four weeks, samples were 

transferred to a -20°C freezer. DNA was extracted using QIAmp DNA Stool Mini Kits (Qiagen, California). 

Each sample of extracted DNA was then subjected to polymerase chain reaction to amplify a panel of 16 

microsatellite markers (Benoit et al. 2014), as well as two sex diagnostic loci on the X and Y 

chromosomes (Di Fiore 2005). Microsatellite loci were arranged into multiplex PCRs of four or five loci 

each (Table 1), and each PCR included a negative control to monitor cross-contamination. Each multiplex 

PCR contained 200 nmol of each forward and reverse primer, 0.5 µL of 20mg/mL bovine serum albumin, 

5 µL of 2X Multiplex PCR Kit (Qiagen, CA), 1.7 mL of molecular grade water, and 2µL of DNA extract. All 
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four multiplexes were amplified using a touchdown PCR procedure to improve specificity of primer 

binding early in the cycling process. As per the instructions for the Multiplex PCR Kit, all PCRs began with 

an initial Taq polymerase activation step at 95°C for 15 minutes. For multiplexes 1 and 3, ten cycles were 

then performed, consisting of 95°C for 30 seconds, 60°C for 90 seconds with a 1°C decrease per cycle, 

and 60 seconds of extension at 72°C. After these ten cycles, an additional 30 were performed with the 

annealing temperature held constant at 50°C. Cycling conditions were identical for multiplexes 2 and 4, 

except that the annealing temperature began at 63°C and was reduced by 1°C per cycle until reaching 

53°C. Following the total set of 40 cycles, the temperature was held at 60°C for 30 minutes as a final 

extension step.  

Table 1   Mandrill microsatellite markers and primer sequences 

 

 Because data collected from noninvasive samples are known to be error-prone (Gagneux, 

Boesch, and Woodruff 1997; Taberlet et al. 1996), we performed a pilot study to quantify genotyping 

error rates and determine the number of PCR replicates required for a reliable genotype. A total of 19 

mandrill fecal samples were genotyped by six replicates of PCR, with fragment analysis performed on an 

Locus Multiplex Forward Primer Reverse Primer 

MaCh868 1 TCATCTGTCATTATCTGTCTGACTGT GGCGGAATGAATAGATAGAGAC 
MaCh726 1 TTCCATCTGTCCATCCTTTCTT GATCCCAGTGACCTAGCCTG 
MaCh303 1 CCCTGCATCTATCCGTCATT TGTATCCCTGGAGTGCCTTT 
MaCh834 1 TGTCTGCGACCCATGAGTAT AGCCCAACTGAGACTGCCTA 
MaCh866 2 GATGCTGAGTTTTCTGGAAGC CAGTTGTCTTTGGATTGCCC 
MaCh070 2 CTATCGTGGAACCTTGCGAT CTATTTTTCACCCTGCCCAA 
MaCh184 2 ATGGCAAGGATGTGACCTTT AGGGTTACCCGTAGAACTGAG 
MaCh372 2 TCACAAAGGCACAAAGAACG AAACTCTTTGCCAAGACCGA 
MaCh419 3 ATGAAGCTGCCATTTCAACC CTATGTCCCATCCATCCACC 
MaCh129 3 AGTGCAATGTGGGTAGGCTC CCAGGCGGTTTTGAGAATTA 
MaCh409 3 AGCTCTTGCCCTCTCCTTTC CAAGCTGGATGCTGTGAAGA 
MaCh141 3 CTGAGGGCCTAACAGGAACA GCCTGGCCTACAAAGGTACA 

Amelogenin 3 ACCACCAGCTTCCCAGTTTA GCTGGGWTAGAACCAAGCTG 
MaCh581 4 CACTCACTTCCTTTTTCGTG AGATCTAGTGTGGCAGAAAG 
MaCh007 4 TGGAATTTAGTCAGGGGTTCC TGCCAGCTTCCATAATCACA 
MaCh312 4 GCATGCACCTCTGTCTCAAA TGTGCATGTAAAGGTTAGTACATCA 
MaCh262 4 AGGACCCCTCTTGCAAGTTT CCTGGCTAGCAGTCAGCTCT 

SRY 4 AGTGAAGCGACCCATGAACG TGTGCCTCCTGGAAGAATGG 
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ABI3130xl sequencer. Consensus genotypes from these six replicates were generated using the program 

Gimlet (Valière 2002). The rate of allelic dropout (RAD), or random non-amplification of an allele, was 

quantified by comparing each of the six replicate genotypes with their consensus and calculating the 

percentage of replicates in which dropout occurred. To minimize the risk of allelic dropout occurring in a 

consensus genotype, we estimated the minimum number of PCR replicates required to reduce the 

probability of dropout occurring in all replicates to <5%. This was achieved by multiplying the estimated 

allelic dropout rate across replicates (RAD
#replicates) for each locus, until the cumulative RAD fell to <0.05. 

From the results of this pilot study, we determined that three PCR replicates were sufficient to reduce 

genotyping error to <5% if the consensus genotype is generated using the following criteria: for a 

sample to be genotyped as homozygous, a single allele must appear alone in all three replicates, and for 

a sample to be genotyped as heterozygous, two distinct alleles must appear at least twice across the 

three replicates. Genotypes that did not adhere to either of these criteria were discarded. After an initial 

PCR amplification of all samples, those successfully amplifying at nine or more loci underwent two 

additional PCR replicates to generate consensus genotypes. Samples that amplified at fewer than nine 

loci in the first replicate were excluded from further analysis. The raw allele sizes were binned into allele 

classes using the program Tandem (Matschiner and Salzburger 2009), which allows for easy visual 

identification of any imperfect loci, i.e. loci with alleles deviating from the expected microsatellite repeat 

pattern (Ellegren 2004). Imperfect loci would be problematic for our downstream analyses and must be 

excluded, as they violate the strict single-step mutation assumption of the coalescent model (Beaumont 

1999; Ellegren 2000).  

From the consensus genotypes, we also calculated the per-locus probability of identity, defined 

as the probability that two individuals share a genotype by chance, using a conservative estimator, 

PIDsibs, that assumes that a dataset may contain full siblings (Waits, Luikart, and Taberlet 2001). By 

multiplying each locus’s PIDsibs together in descending order, we determined that a minimum of six loci 
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are required to differentiate individuals (probability < 0.01 of two full siblings sharing a genotype at six 

loci), so any genotype with fewer than six loci in its multilocus consensus was discarded. Finally, a 

custom Python script was used to perform pairwise comparisons of all multilocus genotypes in order to 

detect any sets of samples originating from the same animal. The script searched for duplicates within 

and between hordes and sampling years. If a pair of genotypes was identical at six or more loci, with no 

more than two mismatching alleles, they were considered to represent the same animal, and the 

genotype with fewer amplified loci was discarded. Likewise, if missing data made it impossible to 

confirm whether a pair of genotypes represented two unique individuals, the less informative genotype 

of the pair was discarded. After discarding all genotypes in the mandrill dataset with insufficient data, 

and those that were duplicates of already-sampled individuals, a total of 348 genotypes were available, 

including 212 genotypes from the SEGC horde, 80 from the ECOFAC horde, and 56 from the Mikongo 

horde. 

Population genetic analyses 

In all four species, we tested for the presence of null alleles using the program Micro-Checker 

(van Oosterhout et al. 2004) and for deviations from Hardy-Weinberg equilibrium and linkage 

equilibrium using Arlequin v3.5 (Excoffier and Lischer 2010). Holm-Bonferroni corrections were applied 

to all statistical tests performed across multiple loci (Gaetano 2018; Holm 1979). Loci with evidence for 

null alleles, or those with excessive missing data, were excluded from the final dataset. In the program 

FSTAT (Goudet 2003), we calculated Fis for each population in all species and tested for significance by 

randomly permuting alleles at each locus among individuals. P values were determined based on the 

proportion of randomized datasets that had Fis values higher or lower than the observed data. The 

significance level was Bonferroni-corrected to evaluate across loci and populations. Allelic richness (AR) 

was also estimated using the program HP-RARE v1.0 (Kalinowski 2005). The number of alleles detected 

at a locus is strongly influenced by sample size, so HP-RARE uses rarefaction to estimate the number of 
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alleles present in a sample of a specified number of chromosomes. In the present study, sample size 

varied widely across species and study site. To allow comparisons between species and sites, we 

estimated the allelic richness assuming the minimum number of chromosomes sampled at any locus for 

any species or site. For Peters duikers sampled from Parc National Minkébé, only three individuals 

amplified successfully at microsatellite locus BM121, yielding six chromosomes as the minimum number 

sampled. 

Demographic modeling in MSVAR 

 Demographic history was assessed using a full likelihood approach as implemented in MSVAR 

v1.3 (Beaumont 1999; Storz and Beaumont 2002), under a model of exponential population decline. 

MSVAR uses a coalescent-based approach to model four parameters using a strict single-step mutation 

model: current effective population size (N0), historical effective population size (N1), microsatellite 

mutation rate (µ), and time since change in population size (xa, where x = number of generations since 

the change and a = generation time in years). This set of parameters is modeled independently for each 

locus using a Markov Chain Monte Carlo (MCMC), with parameters in each MCMC step drawn from log-

normal prior distributions. Means across loci of these prior distributions are normally distributed and 

defined by hyperpriors α (mean) and σ (standard deviation), and standard deviations are likewise 

normally distributed and defined by β and τ (mean and standard deviation respectively).  

 The hyperpriors used for mutation rate (µ) and time since decline (xa) were the same for all four 

species. Mutation rate hyperpriors (α=-3.3, σ=1, β=0, τ=1) allowed support for a wide range of values 

averaging 5x10-4, since this value is considered a typical value for microsatellite mutation rates in 

mammals (Ellegren 2004). Hyperpriors for xa (α=3.5, σ=0.8, β=0, τ=0.5) allowed the model to explore 

decline scenarios temporally centered around the RFC, yet provided enough flexibility to detect 

bottlenecks that were much older (>20,000 years) or much more recent (within the last 500 years). 

Hyperpriors for N0 and N1 varied by species but generally allowed the past population sizes to be as 
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much as one thousand times larger than the current size. The parameters were also broad enough to 

allow support scenarios of population expansion (N0 ≥ N1). Furthermore, to ensure that the hyperpriors 

did not bias the model, an uninformative model was also assessed for each species in which hyperpriors 

for current and ancestral population sizes were equal, both set to the mean between N0 and N1’s α 

values from the informative models. The distributions used for N0 and N1 are shown in Table 2 and 

explained in species-specific sections below. 

Table 2   Prior distributions used in MSVAR 

For each species, five MCMC chains were run for 8x109 steps per chain, with draws from the 

posterior distribution every hundred thousand steps. The first half of each chain was discarded as burn-

in. Model convergence was measured from the remainder of the chains using the Gelman-Rubin statistic 

(Brooks and Gelman 1998) as implemented in the R package boa (Smith 2007; R Core Team 2020). 

Parameter means, medians and 95% highest posterior density (HPD) were calculated from the posterior 

distribution, and model support was assessed using Bayes Factors (BF) (Kass and Raftery 1995), with a 

BF>10 taken as evidence for strong support of the model. For each of the four demographic parameters, 

MSVAR also produces an estimate of variance across loci. If all loci behave similarly with respect to the 

 N0 
α, σ, β, τ 

Approx. N0 range N1 

α, σ, β, τ 
Approx. N1 range 

Gorilla 2, 1, 0, 0.5 1-10,000 3, 1, 0, 0.5 10-100,000 

uninformative 2.5, 1, 0, 0.5 3-31,622 2.5, 1, 0, 0.5 3-31,622 

Peters duiker 3.3, 1, 0, 0.5 20-199,526 4.3, 1, 0, 0.5 200-1,995,262 

uninformative 3.8, 1, 0, 0.5 63-630,957 3.8, 1, 0, 0.5 63-630,957 

Blue duiker 2.7, 1, 0, 0.5 5-50,119 3.7, 1, 0, 0.5 50-501,187 

uninformative 3.2, 1, 0, 0.5 2-158,489 3.2, 1, 0, 0.5 2-158,489 

Mandrill 2.6, 0.7, 0, 0.5 16-10,000 3.6, 1, 0, 0.5 40-398,107 

uninformative 3.1, 1, 0, 0.5 13-125,893 3.1, 1, 0, 0.5 13-125,893 

α,σ = hyperpriors describing mean and standard deviations of mean current effective size (N0) or historical 
effective size (N1) across loci; β, τ = mean and standard deviation of standard deviations of effective sizes across 
loci. Approx. ranges describe the range of population sizes (in diploid number of individuals) most commonly 
tested by the model (within 2 standard deviations of the mean) 

 



28 
 

demographic model, these variances should converge near zero. Therefore, variances from combined 

chains were plotted in histograms to ensure that there were no aberrant loci present that may bias the 

demographic parameter estimates.  

Western lowland gorillas 

 Values for the prior distribution of gorilla N0 (Table 2) were determined using the linkage 

disequilibrium method (Waples 2006), as implemented in NeEstimator v2.01 (Do et al. 2014). A 

generation time of 22 years was assumed, based on estimates reported by the IUCN Red List of 

Threatened Species (Maisels, Bergl, and Williamson 2018). 

All 34 gorilla genotypes available from Lopé National Park were used in the demographic model. 

Past studies have shown the importance of sampling from multiple populations for coalescent models of 

population decline, since population structure combined with low levels of gene flow can cause false 

bottleneck signals when a single deme is examined (Chikhi et al. 2010). However, the LNP gorilla 

population is relatively isolated, and insufficient microsatellite data was available from populations near 

enough to LNP to feasibly exchange migrants. Furthermore, the other populations for which 

microsatellite data were available were distant enough that they may have not have experienced the 

same historical pressure due to environmental change.  

Duikers 

 Like for gorillas, duiker N0 hyperpriors (Table 2) were also determined by estimating effective 

population size using NeEstimator’s linkage disequilibrium method (Do et al. 2014; Waples 2006). 

Generation time was assumed to be 4.5 and 5.2 years respectively for blue and Peters’s duiker (IUCN 

SSC Antelope Specialist Group 2016a, 2016b). To avoid the risk of false bottleneck detection, four 

genotypes were used for each species from each site. The four genotypes were selected based on their 
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completeness, and they were combined into datasets of 36 genotypes for Peters’s duikers and 40 

genotypes for blue duikers. 

Mandrills  

For mandrills, hyperpriors for N0 (Table 2) were determined based on observational data in the 

field and from Guibinga Mickala et al., (2022), who estimated that the SEGC horde alone is made up of 

close to one thousand animals, with an effective population size between 135 and 292. Here we assume 

that the other two hordes are of similar size, but the N0 hyperprior distributions were kept sufficiently 

broad to allow for considerable error in these estimates, such as unobserved breeding adults or 

migration between mandrill hordes.  

The generation time of mandrills in the wild is not well resolved, but studies in captive 

populations show a marked difference in the age of first reproduction between males and females, with 

females typically having their first offspring at around four years old and males siring for the first time at 

around 10-11 years of age (Setchell, Charpentier, and Wickings 2005). Therefore, an approximate value 

of five years was selected as the mandrill generation time for the model, acknowledging that if a 

bottleneck was detected, the time since decline may be underestimated if the true generation time is 

longer than five years. Finally, the twenty genotypes with the least missing data from each of the three 

hordes were pooled into a single dataset of 60 individuals for the model. 

Results 

Microsatellite genotyping 

After removing microsatellite loci showing evidence for null alleles, imperfect alleles, or poor 

amplification success in the subset of genotypes used for MSVAR, four loci were available for gorillas. 

Seven and six loci remained for Peters’s and blue duiker respectively, and thirteen were used for 

mandrills. None of these remaining loci showed any evidence of significant linkage disequilibrium or 
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deviation from Hardy-Weinberg equilibrium. Summarized population statistics for each species are 

shown in Table 3.  

The average number of observed alleles across loci ranged from 5.5 in gorillas to 13.8 in blue 

duikers, and cumulative probabilities of identity were less than 0.005 for all species. The mean AR across 

sites was similar for all species when assuming a sample size of six chromosomes (3 diploid individuals), 

although this value is slightly higher in blue duiker. Comparing all sites for all species, AR ranged from 

2.84 in Peters’s duiker in the Ogooué Lolo province to 5.08 in blue duiker in Ivindo National Park. 

Average heterozygosity varied from 0.61 (Peters’s duiker) to 0.77 (mandrills). Average Fis values across 

loci and study sites were near zero for all species, although for duikers, some sites with very small 

sample sizes had higher Fis values that were nevertheless still insignificant. 

Demographic history modeling in MSVAR 

 There was no strong evidence in any of the four species for a population bottleneck having 

occurred, whether using informative or uninformative priors, with Bayes Factors < 10 in all cases. All 

chains in all models for gorillas and duikers were shown to have converged according to the Gelman-

Rubin statistic (Brooks and Gelman 1998). In the mandrill model, one of the five chains in the model 

using informative priors failed due to computational problems. However, convergence was reached for 

the remaining four chains and for the model with uninformative priors. Plots of the distribution of 

interlocus variation trended towards zero, indicating that all loci behaved similarly during coalescent 

simulations. Because the evidence does not support a model of N0 < N1, the models using uninformative 

hyperpriors (N0=N1) likely provide a more accurate representation of the demographic parameters of 

these species. Parameter estimates from these uninformative models are shown in Table 4, although 

these values have limited usefulness considering the breadth of the 95% HPDs.
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Table 3   Summary statistics from each species across sampled populations 

Species Loci Pop. Samples Mean AR AR Range Mean He He Range Mean Ho Ho Range Mean Fis Fis Range 

Gorilla 4 1 34 3.24 NA 0.71 NA 0.67 NA 0.056 NA 

Peters’s 

Duiker 
7 9 6-143 3.53 2.84-4.46 0.61 0.52-0.75 0.58 0.48-0.71 0.043 -0.205 

Blue 

Duiker 
6 10 6-40 4.29 3.5-5.08 0.76 0.69-0.81 0.69 0.56-0.78 0.099 0.029-0.231 

Mandrill 13 3 56-212 3.67 3.64-3.69 0.77 0.77-0.78 0.82 0.81-0.83 -0.07 -0.036 

Pop.=number of populations 
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Table 4   Posterior distributions of parameters from MSVAR analyses 

Species BFuninf BFinf log(N0/N1) Parameter 
Lower 

95% HPD 
Mean Median 

Upper 
95% HPD 

Gorilla 0.54 1.19 0.3 N0 30 797 757 23,067 

    N1 8 397 422 17,750 

    xa 69 3,463 3,471 154,064 

Peters’s 
duiker 

3.89 8.75 -0.58 N0 125 3,223 2,932 97,195 

    N1 618 12,479 12,653 248,788 

    xa 55 1,822 1,667 81,503 

Blue duiker 3.13 5.71 -0.45 N0 103 2,065 2,000 41,495 

    N1 195 5,876 6,250 164,286 

    xa 41 1,696 1,425 112,309 

Mandrill 1.65 3.14 -0.17 N0 92 1,962 1,891 42,914 

    N1 86 2,893 3,099 85,039 

    xa 39 2,257 1,900 184,596 

Bayes Factors from models using uninformative priors (BFuninf) and informative priors (BFinf), as well as 
log(N0/N1), which is a measure of decline severity based on mean values of N0 and N1. Negative values indicate a 
decline, positive values indicate an expansion, and a value of 0 suggests population stability. Mean, median, and 
95% HPD for each parameter as estimated by the uninformative models are also shown, with N0 and N1 
expressed in number of diploid individuals, and xa expressed in years.   

 

Prior and posterior distributions for N0 and N1 for the uninformative models are shown in Figure 

1. A small shift in the distribution between N0 and N1 is evident for all species, however, as described 

above, these shifts are not large enough to provide strong evidence for a population decline. In gorillas, 

mean N1 is slightly smaller than N0, but there is nearly complete overlap between the two distributions.  
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Discussion 

In this study, we present our evaluation of the demographic history of four central African forest 

mammals. After testing for evidence of population declines, we found that historical populations of all 

four species appear to have remained stable despite the increased aridity, seasonality, and forest cover 

loss that occurred during the RFC around 2-3,000 years ago (Maley 2002; Ngomanda, Chepstow-Lusty, 

Peters’s Duiker Blue Duiker 

Mandrill WL Gorilla 

Figure 1   Prior and posterior distributions for current (N0) and historical (N1) effective population size 
from the uninformative models 



34 
 

et al. 2009). These findings align with the previously proposed hypothesis that populations of blue and 

Peters’s duikers expanded to their current ranges during the period of forest growth following the LGM 

(Ntie et al. 2017), although we did not directly test for population expansion. The stability of the 

mandrill population also suggests that the species’ ability to traverse savannas may have increased their 

resilience to Holocene-era habitat fragmentation. This hypothesis is supported by the finding that the 

nearest relative of mandrills, the drills, underwent a climate-attributed decline during this period (Ting 

et al. 2012). Unlike their congener, drills do not appear to readily cross farmland or marginal habitats, 

potentially reducing their ability to tolerate forest fragmentation (Astaras 2009).  

Our results were somewhat more surprising for gorillas, since in our study site, they use forest 

fragments minimally (Tutin 1999; Tutin, White, and Mackanga-Missandzou 1997) and were therefore 

expected to be more vulnerable to RFC-associated loss of forest cover. Western lowland gorillas in Lopé 

National Park instead appear to have been resilient to historical Holocene-era changes to their habitat. 

This finding is also supported by a similar study that found no evidence for bottlenecks in a population 

of western lowland gorillas at the Mondika Research Center (Bergl et al. 2008). Western gorillas 

maintain a large home range on the scale of 22.9 km2 and can travel several kilometers per day in search 

of food and mates (Cipolletta 2004; Remis 1997, 1999). It might then be expected that their ranging in 

search of fruit resources would be limited by the loss of continuous forest. However, if their population 

density was relatively low during the RFC, then they may not have reached the ecosystem’s carrying 

capacity despite the reduction of forest extent. Furthermore, around 1,800 years ago, when humid 

conditions returned after the RFC, savannas were colonized by the tree species that today form the 

Marantaceae forest (L. J. T. White 2001), the preferred habitat of western lowland gorillas (Tutin, White, 

and Mackanga-Missandzou 1997). The expansion of this particular type of forest may have been 

particularly beneficial to gorillas as it could have provided additional fruit resources and nesting sites 

(Tutin et al. 1995).  
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Our findings generally have positive implications for viability of the focal species in the face of 

fragmentation, aridity, and increased seasonality. In central Africa, the coming decades are expected to 

bring increased temperatures and changes to precipitation patterns resulting from climate change 

(James and Washington 2013), as well as increasingly fragmented forests as a consequence of 

agriculture, logging, and urban growth (Taubert et al. 2018). Habitat patches with environmental 

conditions suitable for wildlife, particularly great apes, are expected to decline (Junker et al. 2012). 

Although the four focal species have withstood substantial environmental change in the past, the 

threats today may be compounded by other factors. For instance, a negative relationship may exist 

between fragmentation and hunting pressure, since forest fragments are generally more accessible to 

hunters than contiguous forest (Péres 2001). All four species studied here face pressure from hunting 

and are thought to be in decline according to the IUCN. In fact, the ape population of Gabon is known to 

have declined by more than half between 1983 and 2000, largely due to commercial hunting as well as 

outbreaks of the Ebola virus (Bermejo et al. 2006; Walsh et al. 2003). This decline was not detected in 

the present study, but this is not surprising as coalescent methods are most robust on longer time scales 

(Girod et al. 2011).  

Additionally, recent research has documented a marked decrease in fruit availability in Lopé 

National Park, thought to be a result of increasing temperatures (Bush et al. 2020). It is unknown 

whether the loss of this resource affected wildlife during the RFC, but the current trend has been 

associated with declining body condition in elephants and may pose a threat to other frugivorous 

species, including mandrills and gorillas.  

In short, our finding of historical stability does not necessarily predict future viability, in light of 

novel climatic and anthropogenic threats. Further research is needed to better understand potential 

impacts of future environmental change on central African forest wildlife.  
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Chapter 2  

Targeted amplicon sequencing of complex loci from noninvasive samples:  

Identifying pitfalls and solutions 

(under review at Molecular Ecology Resources) 

Abstract 

 Fecal samples are a valuable source of genetic material for wildlife and are often used in 

population genetic and genomic studies. However, DNA from such samples tends to be highly degraded, 

and its reliability for targeted amplicon sequencing of complex gene families has not been thoroughly 

assessed. Here, we quantify replicability of Illumina-generated allele assignments for a 157-base 

fragment of the hypervariable DRB gene of the major histocompatibility complex (MHC) amplified from 

wild mandrills (Mandrillus sphinx). We show that RA, the average proportion of variants that replicate 

between sequencing runs, is significantly lower in fecal samples (RA=0.32) than in tissue samples 

(RA=0.76). We also found that high-depth sequence variants in fecal samples are not necessarily 

replicable across runs, contrary to the common assumption that depth indicates “true” alleles. 

Furthermore, excluding low-depth amplicons did not improve replicability. To circumvent these issues, 

we present a method of allele assignment that uses variant replicability rather than read depth, and we 

apply this method to generate an in-depth characterization of the wild mandrill MHC-DRB. We observe 

trans-species polymorphism and shared alleles between mandrills and olive baboons, crab-eating 

macaques, and western lowland gorillas. We also note the presence of the putative DRB9 pseudogene 

lineage, which has rarely been documented in non-human primates. Although the lack of known MHC 

allele assignments in the study population precludes rigorous verification of our method, it shows 

promise for studies utilizing high throughput sequencing of degraded DNA, where contamination, allelic 

dropout, and PCR bias can hinder reliable allele identification.   
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Introduction 

Adaptive genetic variation has important effects on species viability (Manlik et al., 2019; Muñoz 

et al., 2015; Sgrò et al., 2011; Sommer, 2005), especially in a rapidly-changing world where organisms 

may have to adapt over short time frames (Hoffmann & Sgró, 2011). Organisms lacking sufficient 

standing variation may be less adaptable to environmental changes and more vulnerable to novel 

pathogens (Meyers & Bull, 2002). Therefore, functional genetic variation is an important indicator of 

adaptive capacity (Holderegger et al., 2006) that can be used to guide conservation planning (Morgan et 

al., 2020). 

Loci within the class II major histocompatibility complex (MHC) have drawn considerable 

attention from conservationists over past decades due to their role in vertebrate immunity (Manlik et 

al., 2019; Sommer, 2005). Class II MHC genes encode glycoproteins on the surface of antigen presenting 

cells. These glycoproteins bind pathogenic peptides and present them to T cells to initiate an immune 

response (Kaufman et al., 1984; Unanue, 1984). The amino acids present in the glycoprotein’s antigen 

binding groove determine its binding properties, so variability in these amino acids enables immune 

responses against multiple pathogens (Matsumura et al., 1992; Ou et al., 1998). The class II MHC genes 

are thought to be under strong balancing selection and include some of the most polymorphic loci in the 

vertebrate genome (Hughes & Nei, 1989; Klein et al., 1993). For instance, the MHC DRB gene complex 

within humans (or Human Leukocyte Antigen, HLA) is currently known to include 4,018 alleles spread 

across nine lineages denoted DRB1-9 (Robinson et al., 2020). Of the nine lineages, DRB1, 3, 4, and 5 are 

functional and highly polymorphic, each containing hundreds or thousands of alleles (Klein et al., 2007). 

In an example of trans-species polymorphism (TSP), these MHC lineages predate primate speciation and 

appear to be conserved across species (Geluk et al., 1993; Kelley et al., 2005; Slierendregt et al., 1992). 

With its extreme functional diversity, the MHC has proven to be an important study system for research 

in conservation and evolution. It has been used to study host-parasite co-evolution (Biedrzycka et al., 
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2018; Hedrick, 2002), delineate conservation units (Vásquez-Carrillo et al., 2014; Zhu et al., 2013), and 

infer migratory connectivity (Rodríguez et al., 2011). In many species, the MHC also plays a role in mate 

choice and reproductive success, since offspring fitness may be affected by MHC genotype (Dandine-

Roulland et al., 2019; Gasparini et al., 2015; Huchard et al., 2013; Rekdal et al., 2019). 

Despite the value of diversity in the class II MHC, its complexity presents a challenge for 

sequencing and genotyping (Lighten, van Oosterhout, & Bentzen, 2014; Lighten, van Oosterhout, 

Paterson, et al., 2014). Many studies seeking to characterize the MHC have found success in next-

generation sequencing (NGS) (Bracamonte et al., 2022; Grogan et al., 2016; Lighten, van Oosterhout, 

Paterson, et al., 2014; Million & Lively, 2022). Since massively parallel sequencing produces large 

amounts of data, numerous methods have been developed to synthesize thousands of reads into 

concise MHC allele assignments or genotypes (Grogan et al., 2016; Lighten, van Oosterhout, Paterson, et 

al., 2014; Radwan et al., 2012; Sebastian et al., 2016; Sommer et al., 2013). A primary goal of these 

methods is to differentiate true alleles from sequence artifacts. The exact approach differs among 

methods, but some common assumptions are that true alleles should have higher read depth than 

sequence artifacts (Babik, 2010; Cummings et al., 2010) and should appear in more than one individual 

given a large enough sample size (Sommer et al., 2013). Artifacts are often detected as low-depth 

sequences that can be highly similar to a true allele if single-base substitution or indel errors occur. 

These artifacts may also appear as a combination of two parental alleles, in the case of a chimeric 

sequence (Cummings et al., 2010). The previously developed allele calling methods have been shown to 

have good repeatability across sequencing runs. For example, Biedrzycka et al. (2017) showed that when 

sequence depth is greater than 5,000 reads per sample, repeatability between sequencing runs ranges 

from 90% to 98% depending on the genotyping method chosen. Similarly, Million and Lively (2022) 

found an 87% replicability for their samples with average read depth of 4,205, and Lighten et al. (2014) 

found 83.6%, with 2,484 reads per sample on average. 
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Although NGS is a powerful tool to quantify MHC variability, past studies using NGS have almost 

always relied upon high quality genetic material, such as blood or tissue samples (Biedrzycka et al., 

2020; Gagnon et al., 2020; Kessler et al., 2021; Million & Lively, 2022). Such samples are generally 

difficult to obtain from wildlife. As an alternative, researchers may turn to other sources of DNA that 

require minimal to no contact with the focal species, such as feces, feathers, shed hair, or eggshells 

(Carroll et al., 2018). Such non-invasive samples generally contain highly degraded DNA and are prone to 

allelic dropout and cross-contamination (Morin et al., 2001; Taberlet et al., 1999). Nevertheless, fecal 

DNA has been used to generate genetic information from a wide range of species, such as duikers (Ntie 

et al., 2017), gorillas (Clifford et al., 2004), tigers (Natesh et al., 2019), and bonobos (Gerloff et al., 1999).  

Fecal samples have been used with success in studies of the MHC (Arguello-Sánchez et al., 2018; 

de Winter et al., 2019; Zhang et al., 2018). These studies have rarely utilized NGS, however, with most 

relying on older sequencing methods such as Sanger sequencing (Arguello-Sánchez et al., 2018; Yu et al., 

2018; Zhang et al., 2018), single-stranded conformation polymorphism (Maruya et al., 1996), or 

denatured gradient gel electrophoresis (Huchard et al., 2006; Knapp et al., 1997; Myers et al., 1985; 

Setchell et al., 2009). These methods are labor-intensive and may not be feasible for large sample sizes. 

Hans et al. (2015) pioneered the use of targeted amplicon sequencing using NGS with fecal DNA in a 

study characterizing MHC in two species of gorilla (Gorilla gorilla and G. beringei). In this case, non-

invasive sampling combined with NGS allowed the most comprehensive description of gorilla MHC that 

was available at the time. Despite the demonstrated potential of these methods, few, if any, other 

species have had their MHC characterized in this manner. In addition, although Hans et al. (2015) 

employed rigorous quality controls in their study, the reliability and replicability of MHC alleles 

identified from non-invasive samples using NGS has not been thoroughly evaluated. 

Here, we aim to use NGS of non-invasive samples to characterize the class II MHC-DRB in 

another African primate, the mandrill (Mandrillus sphinx). Mandrills are endemic to Gabon, Cameroon, 
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Equatorial Guinea, and the Republic of Congo and are a species of conservation concern due to habitat 

loss and hunting (Abernethy & Maisels, 2019). They are categorized as Vulnerable by the International 

Union for the Conservation of Nature (IUCN) and listed under Appendix I of the Convention on 

International Trade in Endangered Species (CITES). The mandrill MHC has been well studied in a single 

captive population (Abbott et al., 2006; Charpentier et al., 2006; Setchell et al., 2009), and its variation 

appears to play a role in interactions among conspecifics. Females have been shown to preferentially 

mate with MHC-dissimilar males (Setchell et al., 2010), and specific MHC alleles are associated with the 

male’s dramatic red facial coloration (Setchell et al., 2009). However, despite the apparently important 

role of MHC diversity in mandrill reproduction and signaling, it has never been studied in a wild 

population. Furthermore, the captive population is highly inbred, having originated from fifteen founder 

individuals in 1983 (Charpentier et al., 2005; Wickings, 1995), so it cannot be assumed that studies of 

this colony adequately represent natural variation in wild mandrill populations. Although wild mandrills 

can be difficult to study in their dense forest habitat, non-invasive sampling is feasible in certain 

landscapes. The ancient forest-savannah mosaic in northern Lopé National Park, Gabon, provides an 

opportunity to sample mandrill feces, as it contains a wild mandrill horde of close to a thousand 

individuals (Abernethy et al., 2002; Guibinga Mickala et al., 2022; White et al., 2010). Males are only 

present seasonally, and the horde is thought to use a fission-fusion system to take advantage of patchy 

resources (Abernethy et al., 2002; White et al., 2010). Because of the mosaic habitat, this horde, known 

as the SEGC horde, is relatively easy to sample non-invasively.  

In this study, we test whether NGS-derived MHC allele assignments from fecal samples of the 

SEGC horde are equally replicable as those from tissue samples. We quantify assignment repeatability 

between NGS runs for fecal and tissue samples and between duplicate samples of feces. We also test 

whether the common assumptions that true alleles should be at a higher depth and appear in more than 

one individual hold true for non-invasive samples. After showing that previously-published assignment 
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methods are problematic in fecal samples, we apply a novel method of MHC allele assignment to assess 

functional genetic diversity in the SEGC horde to better understand the species’ adaptive potential. 

Finally, we compare MHC alleles present in the wild horde to those found in the captive colony, and to 

that of other primates to examine trends of TSP.  

Methods 

Sample Collection 

 Fresh samples of feces (typically <6 hours) were collected daily from the SEGC horde during July 

or August of 2016 and 2017, when both sexually mature males and females are present (Abernethy et 

al., 2002; Hongo et al., 2016). Researchers located the horde using radio telemetry, then followed on 

foot, collecting ~1 cm3 of dung per sample. Feces were stored immediately in Falcon tubes with 25mL of 

silica (Soto-Calderón et al. 2009). Various samples were also collected between 2016 and 2018 from a 

total of 22 radio-collared mandrills: fourteen samples of whole blood, nine samples of plucked hair with 

attached bulb tissue, and nine fecal samples.  DNA from fecal samples was extracted using the QIAamp 

DNA Stool Mini Kit (Qiagen, CA), while the DNeasy Blood & Tissue Kit (Qiagen, CA) was used for blood 

and hair samples. Negative controls for DNA extraction were also prepared regularly by performing all 

extraction steps with a blank containing no extracted DNA. 

PCR Amplification and Sequencing 

A 157-nucleotide fragment of the MHC DRB gene was amplified from extracted DNA using the 

following PCR primers: forward primer sequence 5’-TTCTTCAAYGGGACGGAGC-3’, reverse primer 

sequence 5’-GTGTCTGCAGTAGGTGTCC-3’. The standard Illumina linker sequences were also added to 

the 5’ end of each primer to facilitate library preparation and Illumina sequencing. To improve 

amplification success of the fecal DNA extractions, the primers were designed interior to the binding 

sites used in previous studies of mandrill and macaque MHC (Knapp et al. 1997; Abbott, Wickings, and 

Knapp 2006). The redesign of these primers resulted in a relatively short sequence, but the amplicon 
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encompasses much of the peptide binding region (PBR), which contains amino acid residues that are 

important targets of selection (Brown et al., 1993). All PCRs were performed in a total volume of 25µl, 

with 12.5 µL 2X GoTaq HotStart Polymerase Master Mix (Promega), 0.5 mM MgCl2, 400 nM of each 

primer, 8.25 µL of water, and 2 µL of template DNA. Cycling conditions were as follows: 5 minutes initial 

denaturation at 98°C, followed by 38 cycles of 95°C for 30 seconds, 65°C for 30 seconds, and 72°C for 60 

seconds, and finally a ten-minute final extension at 72°C. Successful amplification of each sample was 

confirmed by agarose gel electrophoresis.  

 

 

Figure 1   Replicability scores calculated between different sample types among three independent 
Illumina runs. Gray arrows show the pairs of Illumina runs used to calculate RA scores, and letters A, B, C, 
or D denote comparisons between runs. Mann-Whitney U tests were used to test for differences in the 
average RA values from comparisons (i) B and C, (ii) A and C, and (iii) C and D. Because comparisons B and 
D have very different sample sizes, their average RA scores were compared by randomly selecting 1000 
sets of nine values from D to generate a distribution of RA scores. Statistical significance was assessed 
based on whether the average value of B was greater than the 95th percentile of the permuted distribution 
of scores from non-invasive samples. 

 

To quantify replicability and establish robust allele assignments for each sample, three 

independent paired-end Illumina runs were performed, all using 150 sequencing cycles (Figure 1). The 

first, performed in 2018, was a standard Illumina MiSeq run of 192 pooled PCR products generated 

exclusively from non-invasive fecal samples. In 2019, a MiSeq Nano run was conducted to sequence the 

24 successfully-amplified samples of blood, hair, and feces from the radio-collared mandrills, along with 
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replicates of 23 of the non-invasive samples originally sequenced in the 2018 MiSeq run. A PCR-

amplified DNA sample from the first author was also included in this run to monitor contamination from 

human DNA. Finally, 192 replicate PCR products (comprising nine blood and hair samples and 183 

previously sequenced noninvasive samples) were pooled into another standard MiSeq run in 2021. For 

repeatability calculations and development of consensus allele assignments, these three runs were 

considered in pairs as shown in Figure 1. A schematic of the overall workflow is shown in Figure 2.  
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Figure 2   The above figure shows the processes undertaken for each sample to determine its 
repeatability score between runs (a) and its consensus allele assignment (b). Pairs of sequencing runs 
used for each sample are shown in Figure 1. For within-run repeatability of duplicate fecal samples, the 
same repeatability quantification process as in a was applied to the pair of samples within the run. RA 
scores were also calculated between the consensus assignments for duplicate sample pairs.  MDF = 
minimum dominant frequency threshold 
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Repeatability of MHC allele assignments 

 To quantify allele replicability between sequencing runs, data from each Illumina run was 

processed independently (Figure 2a). Illumina adapter sequences were trimmed using Trimmomatic 

(Bolger et al., 2014), and primer sequences were removed using the Python program cutPrimers (Kechin 

et al., 2017). Paired end reads were merged and cleaned using tools in the ampliSAT pipeline, 

ampliMERGE and ampliCLEAN (Sebastian et al., 2016). Merged reads with an average Phred quality 

score below 30 were discarded, as were reads falling outside the range of 152-160 nucleotides in length. 

Using the ampliSAS tool, artificial sequences were identified and clustered with their putative parent 

sequences, with each artifact’s read depth added to that of its parent (Sebastian et al., 2016). Clustering 

parameters allowed a 1% substitution error threshold, a 0.001% indel error threshold, and a 30% 

minimum dominant frequency threshold (MDF), which allows sequences that are similar to a higher-

depth variant to become the dominant sequence of a new cluster if they have sufficiently high read 

depth. We used the degree of change (DOC) method (Lighten, van Oosterhout, Paterson, et al., 2014) as 

implemented in ampliSAS to differentiate true alleles from artefacts in amplicons containing at least one 

hundred reads after filtering. In the DOC method, the depths of each variant cluster in an amplicon are 

added cumulatively in descending order, and the first and second derivative of the resulting cumulative 

depth curve is used to identify a breakpoint in read depth that separates true alleles from artifacts.  

 After applying the DOC method to all three Illumina datasets, replicability scores (RA), defined as 

the proportion of variants that replicated between sequencing runs, were calculated for each sample as 

shown in Figure 1. Statistical details are explained in Figure 1, but in brief, RA scores of blood and hair 

samples were compared to RA scores of non-invasive samples using Mann-Whitney U tests and 

permutation tests. The proportion of samples of each type with “perfect” RA scores (RA=1) were 

compared using Fisher’s Exact Test. 



52 
 

 In addition to RA scores, we also tested for associations between a variant’s replicability and its 

relative frequency within the amplicon (depth of a variant divided by total amplicon depth), as well as 

and its status as a singleton (whether the allele only appears in one individual or not). We focused on 

non-invasive samples for these assessments and therefore used only the 2018 and 2021 MiSeq datasets, 

which contain the bulk of the fecal samples. In each of these two datasets, we used a Mann-Whitney U 

test to compare the relative frequencies of replicated and unreplicated variants. We also ranked each 

amplicon’s variants in descending order of relative frequency and compared rankings of replicated and 

unreplicated variants using a Mann-Whitney U test. Lastly, we counted the number of replicated and 

unreplicated singleton alleles in each run and used a chi-square test to test for a difference in 

replicability between singletons and non-singletons.  

 In addition to comparing MHC allele assignments from each sample between runs, we also 

examined repeatability between duplicate fecal samples collected from the same mandrill. Duplicates 

were detected using a panel of 16 highly polymorphic microsatellite markers selected from Benoit et al. 

(2014). For full details on methods for microsatellite genotyping and duplicate detection, see Guibinga 

Mickala et al. (2022a) (data from Guibinga Mickala et al., 2022b). Briefly, multilocus genotypes matching 

for at least six loci, with two or fewer mismatches, were considered duplicates. RA scores were 

calculated between MHC allele assignments of duplicate samples within each sequencing run, and 

between consensus assignments for each member of the pair (see below for consensus assignment 

procedure). 

Individual Allele Assignment 

 Due to the potential error in each Illumina run, we devised a method to generate consensus 

allele assignments from paired runs (Figure 2b). Our strategy relies on several assumptions. First, we 

assumed that given sufficiently high sequencing depth, all alleles should be detected even if at very low 

read depth. Past studies show that some alleles amplify less efficiently than others, resulting in 
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consistently lower read depths (Sommer et al., 2013). True alleles may therefore appear at depths even 

lower than putative sequence artifacts (Sommer et al., 2013). This problem may be exacerbated in fecal 

samples because they tend to be highly degraded and subject to substantial allelic dropout (Morin et al., 

2001). However, given high read depths for each amplicon, we assume detection of all alleles, even if 

depth for a particular allele is very low (<1% of amplicon depth). Second, artificial variants resulting from 

random single-base substitution or indels are unlikely to replicate at an appreciable depth between 

runs. Some bases are more error-prone than others (Gilles et al., 2011), which would result in a higher 

probability of replicable errors at these positions. However, because artifacts are clustered with their 

parent sequences in the ampliSAT pipeline (Sebastian et al., 2016), such repeatable errors are still 

unlikely to be mistaken for true alleles in two independent runs. Third, chimeras and indels in 

homopolymeric regions may be more likely to replicate between runs, but they are also easily 

identifiable by alignment to parent sequence(s). Fourth, alleles resulting from cross-contamination 

between samples during PCR are unlikely to be replicated, as PCR products for each Illumina run were 

prepared independently.  

 Considering these four assumptions, our strategy to assign individual MHC alleles using pairs of 

sequencing runs was as follows (Figure 2b): each Illumina dataset was reanalyzed using the ampliSAS 

tool (Sebastian et al., 2016), this time using less stringent clustering and filtering parameters. Relaxed 

parameters retain many low-depth variants from each run, while still clustering most artificial variants 

resulting from substitution or indel errors with their parent alleles. Substitution, indel, and minimum 

dominant frequency thresholds were therefore set to 1%, 0.01%, and 10% respectively. Minimal filtering 

parameters were also applied, retaining all variants with a relative frequency greater than 0.05%. For 

each sample, the ampliSAS-generated fasta files of variants from two Illumina runs were then entered 

into a custom Python program that extracted all replicated variants. For each non-invasive sample, 

replicated variants were extracted from the 2018 and the 2021 Illumina runs. For the blood and hair 
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samples, the 2019 and 2021 runs were used. Resulting variants were then aligned in MEGA-X (Kumar et 

al., 2018), where replicated artifacts resulting from indels in homopolymer regions were easily identified 

by their introduction of alignment gaps relative to otherwise-identical parent sequences. Replicated 

chimeras were also detected visually and by generating neighbor-joining trees for each sample, since 

chimeras result from recombination of parent sequences and contain no unique mutations. After 

removing replicated sequence artifacts, all remaining variants were considered putative true alleles.  

Our method is similar to that of Sommer et al., (2013) in that we rely on paired sequencing runs. 

A key difference is that the previous approach assumes that the most deeply-sequenced variant in an 

amplicon is a true allele, and all other alleles are identified based on their replicability, relative 

frequency, and their similarity to other variants. Our method makes no assumptions about relative read 

depth indicating allele veracity.  

Using all alleles identified in the SEGC horde, as well as all previously-published mandrill MHC-

DRB sequences downloaded from the Immuno-Polymorphism Database (IPD) (Maccari et al., 2020), a 

neighbor-joining tree was generated in MEGA-X (Kumar et al., 2018). When possible, lineages of novel 

variants were identified based on monophyly with previously described DRB loci (Abbott et al., 2006; 

Setchell et al., 2009). Because our sequences do not include the full exon, novel alleles were named 

arbitrarily by number within their putative lineages instead of attempting to follow the formal MHC 

nomenclature described by de Groot et al. (2019). Here, putative lineage for novel alleles is given a 

prefix “p,” so, for instance, alleles that form a monophyletic group with the DRB3 lineage would be 

named pDRB3-1, pDRB3-2, pDRB3-3, and so forth. Alleles that do not form a monophyletic group with a 

previously known lineage are simply designated pDRB, and sequences that are identical to a previously 

described allele are given the same name, with the addition of the “p” prefix. 
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Assessing functional diversity  

Once consensus MHC allele assignments were generated, alleles were classified into supertypes 

following Doytchinova and Flower (2005). Each supertype represents a group of alleles with similar 

physio-chemical properties in the amino acids comprising the antigen binding sites (ABS). To identify the 

ABS, per-codon signatures of positive selection were evaluated by comparing rates of synonymous (dS) 

and nonsynonymous (dN) mutations. Because ABS diversity is functionally important, amino acid sites 

involved in peptide binding are likely to be under positive selection. The comparison of dN and dS was 

performed using the tool MEME (Murrell et al., 2012) within the DataMonkey server (Weaver et al., 

2018). MEME compares the dN and dS rates at each amino acid site, accounting for the possibility that 

positive selection may vary across phylogenetic branches. The position of codons comprising the ABS is 

likely to be relatively conserved across populations, so to increase statistical power, this analysis was 

applied to a dataset including both novel and previously-published alleles.  

Amino acid sites under positive selection (i.e., putative antigen binding sites) were then 

extracted from the sequences. Five physiochemical measurements (z-scores) were used to quantify each 

allele’s binding properties based on the putative ABS codons: z1 (hydrophobicity), z2 (steric bulk), z3 

(polarity) and z4 and z5 (electronic effects) (Sandberg et al., 1998). Z-scores were entered into a matrix 

and transformed by principal components analysis. Alleles were then classified into supertypes using a 

Discriminant Analysis of Principal Components (DAPC) (Jombart et al., 2010) using the R package 

adegenet (Jombart & Ahmed, 2011). This classification method maximizes the between-group z-score 

variance while minimizing within-group variance, generating groups of alleles with functionally distinct 

antigen-binding sites.  
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Results 

Replicability assessment 

 After filtering poor quality and improper length reads, both 2018 and 2021 Illumina MiSeq runs 

had comparable read depths, although nearly 60% of the reads from the 2021 run were lost during the 

filtering process (Table 1). As an expected consequence of the sequencing technology used, the 2019 

MiSeq Nano run had much lower read depth. According to a Fisher Exact test comparing allele count 

distributions in each sequencing run, the 2021 run detected fewer alleles per sample than the 2018 run 

(p=0.005), although there was no significant difference in the number of alleles detected between the 

2018 MiSeq and the 2019 MiSeq Nano runs (p=0.86) or the 2019 and 2021 runs (p=0.07). Data from 

each Illumina run is available from Weber et al. (2022).  

Table 1   Summary information from each of the three sequencing runs 

 

 Replicate sequence data was successfully obtained from 181 of the 183 non-invasive samples 

sequenced in the 2018 and 2021 MiSeq runs. Twenty-two non-invasive samples and nine blood/hair 

samples sequenced successfully in both the 2019 and 2021 runs. RA scores from all compared datasets 

are shown in Table 2, along with the percentage of “perfect” scores (RA = 1) and the percentage of 

samples for which no variants replicated (RA = 0). The average RA score from the nine blood/hair samples 

(RA=0.76, dataset B in Figure 1 and Table 2) is higher than the entire distribution of average scores 

calculated from 1000 randomly-drawn sets of nine non-invasive samples (dataset D), indicating a 

significant difference in replicability. The blood/hair samples also had a significantly higher percentage 

of perfect RA scores (dataset B, 55.6%) than the replicated non-invasive samples (dataset C, 13.6%) 

 Raw reads Filtered reads Mean depth per amplicon Mean allele count 

2018 Miseq 7,429,011 4,215,792 22,072 3.91 

2019 Miseq Nano 289,775 120,608 2,566 3.48 

2021 Miseq 13,952,325 5,633,320 29,649 3.83 
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(Fisher Exact Test, p=0.016). The 22 non-invasive samples sequenced in both the 2019 and 2021 runs 

also had significantly lower RA scores (dataset C, RA=0.31) than the blood/hair samples (dataset B, 

RA=0.76) (p=0.003). There was no significant difference in RA scores between any of the sets of non-

invasive samples (datasets A and C, and C and D, in Figure 1 and Table 2). Past studies have shown that 

for the degree of change method, allele repeatability improves when read depth is above 5000 

(Biedrzycka et al., 2017), so we recalculated RA scores from the non-invasive samples, excluding those 

with fewer than 5000 reads in either replicate. Using only high-depth amplicons (n=154 from dataset D) 

did not change replicability levels (mean RA = 0.32).  

Table 2   Replicability statistics for all Illumina runs 

Runs Compared 
RA Score 
Dataset 

Sample Type Mean RA SD RA  %RA=1 %RA=0 

2018 Miseq & 
2019 Miseq Nano 

A Non-invasive (n=22) 0.44 0.30 13.6 9.1 

2019 Miseq Nano 
& 2021 Miseq 

B Blood/Hair (n=9) 0.76 0.29 55.6 0 

C Non-invasive (n=22) 0.31 0.33 13.6 27.3 

2018 Miseq & 
2021 Miseq 

D Non-invasive (n=181) 0.32 0.30 9.9 21.5 

D 1000 random draws of n=9  0.05-0.69 0.07-0.48 0-44.4 0-77.8 

RA= proportion of variants that replicated between runs. Letters A, B, C, and D correspond to sequencing run 
comparisons shown in Figure 1. Significant RA score comparisons: B&C (p=0.003), D&B (RA score from B > the 
95th percentile of score distribution from D).  

 

For the non-invasive samples sequenced in the 2018 and 2021 runs, relative frequencies of 

replicated variants were higher than unreplicated variants, both in terms of calculated frequency (2018: 

p<0.001, 2021: p<0.001) and rank within the amplicon (2018: p<0.001, 2021: p<0.001) (Table 3). 

However, the distributions of replicated and unreplicated variant frequencies and ranks overlap almost 

completely (Figure 3), indicating that either can occur at high or low frequencies. Similarly, the top-

ranking variant within an amplicon is not necessarily repeatable across runs, although some genotyping 
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methods assume that variants in this position are true alleles (Lighten, van Oosterhout, Paterson, et al., 

2014; Sommer et al., 2013).  

Table 3   Mean relative frequencies, and median frequency rank of replicated and unreplicated variants 
in non-invasive samples in each Illumina Miseq run 

 

  

 
Replicated variants Unreplicated variants 

 
Relative frequency Rank Relative frequency Rank 

2018 Miseq 28.44 2 12.63 3 

2021 Miseq 19.46 2 10.57 4 

Figure 3   Graphs showing relative frequencies (a-b) and per amplicon ranks (c-d) of variants that replicated 
(blue) and those that did not (red), in both the 2018 and 2021 Illumina Miseq runs. 
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Variants that were singletons within each run were also significantly less likely to replicate 

between runs (2018: p<0.001, 2021: p<0.001). Across the two sequencing runs, a total of 233 singleton 

variants were identified (125 singletons in the 2018 run and 108 in the 2021 run). Only six of these (2.6% 

of the 227 unique variants) appeared in both runs. This suggests that within a single Illumina run, the 

majority of singleton variants are errors.  

For the eight pairs of duplicate fecal samples, the within-run average RA scores were significantly 

lower in the 2021 run (mean RA = 0.12 [±0.14]) than in the 2018 run (mean RA = 0.72 [±0.34]) (Mann-

Whitney U test, W=58, p = 0.006). Consensus allele assignments were generated for all sixteen samples, 

resulting in two distinct assignments for each of the eight mandrills. The mean of the RA scores 

calculated between these pairs of consensus assignments was 0.58 (±0.34).  

MHC characterization from consensus genotypes 

Of the 181 non-invasive samples that successfully replicated in the 2018 and 2021 runs, 

consensus allele assignments could be generated for 170 samples (data available from Weber et al., 

2022). For the remaining 11, no variants replicated between runs, despite the relaxed clustering and 

filtering parameters used for this step. All nine replicated blood and hair samples had replicated variants 

and could therefore be assigned alleles.  

 A total of 62 alleles were detected in the focal horde, 17 of which match those previously 

reported in mandrills (Abbott et al., 2006; Setchell et al., 2009). We found a maximum of 11 alleles per 

sample, with an average of 3.62 (± 1.88), suggesting the presence of up to six MHC-DRB loci. The most 

common allele in our dataset appeared in 111 out of 190 samples (58.4%). Eighteen alleles were only 

identified in a single animal, but in accordance with our assignment procedure, they were accepted as 

true alleles because they replicated across runs. One singleton matched the previously published 
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mandrill allele Masp-DRB1*04:02 (Abbott et al., 2006), lending support to the validity of these 

singletons. 

 When the alleles found in this study were combined in a neighbor-joining tree with an additional 

23 previously published alleles (Abbott et al., 2006; Setchell et al., 2009), two monophyletic groups are 

apparent (Figure 4). The first (“clade 1”) contains 40 alleles, including representatives of DRB lineages 1, 

3, 5, and 6, each producing a unique amino acid sequence. All previously described mandrill alleles 

belong to this clade. The second monophyletic group (“clade 2”) includes 22 alleles, with 20 unique 

amino acid sequences, that are highly divergent from the other described alleles. The most frequently-

occurring allele in the dataset belongs to clade 2, and when subjected to a BLAST search of the Immuno-

Polymorphism Database (Maccari et al., 2020), it was found to share 97% identity with the DRB9 allele 

identified in crab-eating macaques (Macaca fascicularis) (GenBank accession number MW679616.1). 

Clade 2 is characterized by mutations that may reduce functionality of transcribed amino acids, further 

supporting the classification of clade 2 as the nonfunctional gene fragment DRB9 (Gongora et al. 1997). 

Two alleles, Masp-pDRB9-12 and Masp-pDRB9-21, contain a premature stop codon caused by a G to T 

substitution at amino acid sites 35 and 53 respectively, as well an additional 2-base deletion. Seven 

clade 2 sequences have deletions of 1-3 bases with no stop codons. All clade 2 alleles contain a single 

base deletion between bases 82 and 83 and an insertion at position 170. The same compensatory indels 

have also been identified in human DRB9 alleles (Haas et al., 1987). By contrast, clade 1 contains no 

deletions, and the only stop codon present is in a sequence belonging to the DRB6 lineage, another 

known pseudogene (Bontrop et al., 1999). 
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Figure 4   Neighbor-joining tree of all known mandrill MHC-DRB alleles. Alleles are colored by supertype 
(ST), and nonfunctional loci (DRB6 and putative DRB9) are represented in black. 
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Functional diversity 

 Clade 1 and clade 2 alleles may be subjected to different selective pressures and so were 

analyzed separately in MEME. The pseudogenic DRB6 sequences were also excluded. There was no 

evidence for selection on the clade 2 alleles, which is characteristic of loss of functionality. In the novel 

and previously published clade I alleles, nine codons had significantly higher rates of nonsynonymous 

than synonymous mutations (p<0.1), indicating the presence of positive selection. The nine sites (amino 

acids 5, 9, 15, 33, 34, 41, 47, 48, and 51) correspond to DRB exon sites 28, 32, 38, 56, 57, 64, 70, 71, and 

74 (Brown et al., 1993). Seven of these match the antigen-binding sites that have been identified in 

humans using x-ray crystallography (Figure 5) (Brown et al., 1993). Therefore, these sites can be 

presumed to represent the ABS of this portion of the mandrill DRB molecule, and all nine were used for 

supertype analysis.  

 

Figure 5   A plot of amino acid polymorphisms present at each codon. Black circles indicate sites from 
the current study with significant evidence for positive selection, and open circles indicate sites 
identified in Brown et al. (1993) as part of the HLA peptide binding region. 
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 According to the DAPC performed on these nine amino acids, functional diversity in these alleles 

can be represented by six supertypes, each containing between 5 and 14 alleles. Mandrills possess an 

average of 1.9 (±1.03) unique supertypes each, with a maximum of five.  One supertype, termed “ST1” 

and including alleles DRBW*003:01, DRBW*003:02, DRBW*051:01, pDRBW*054:01, and pDRB-12, is 

strongly separated from the others by the first discriminant function, suggesting that ST1 could be 

somewhat functionally divergent.  

Alleles shared with other species 

 Of the 62 sequences in this dataset (available from Weber et al. (2022)), four are identical to 

alleles in other primate species. A total of 30 mandrill samples possessed the allele Masp-pDRB-17, 

which matches Paan-DRB*W001:02 (IPD accession NHP04483), previously identified in olive baboons 

(Papio anubis). Two individuals carry a DRB6 allele, here designated as pDRB6-2, from the same species 

(Paan-DRB6*01:05, IPD accession NHP04517). An allele (Masp-pDRB5-3) matching crab-eating 

macaque’s Mafa-DRB5*03:02 (Macaca fascicularis, IPD accession NHP00322) (Blancher et al., 2006; 

Leuchte et al., 2004), appears in two mandrill samples. Finally, one sample includes Masp-pDRB5-2, 

which matches Patr-DRB5*03:11 (IPD accession NHP00891), previously found in chimpanzees (Pan 

troglodytes) (Fan et al., 1989; Kenter et al., 1992).  

 One possible explanation is that these identical sequences are a result of using a shorter 

amplicon than is typically used, and the length was insufficient to capture polymorphisms distinguishing 

alleles from different species. To test this, all MHC-DRB alleles were downloaded for 15 non-human 

primate species, including nine species of Old World Monkey, three New World Monkey species, and 

three ape species (Table S1). The alleles were aligned with those from the present study and trimmed to 

equal length. By counting the number of unique sequences per species before and after trimming, we 

determined that an average of 13.46% (±12.18) of each species’ allelic diversity was lost by using the 

shorter amplicon. When the shortened sequences (n=856 alleles from all species combined) were 
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compared across species, some alleles were identical, leaving 684 unique alleles. However, alleles 

identical across the shortened length were almost always between species in the same genus. The only 

exception was between gorillas (Gorilla gorilla) and chimpanzees, for which alleles Gogo-DRB6*01:03N 

and Patr-DRB6*01:05N were identical after trimming. While some allelic diversity within mandrills was 

likely lost due to our use of a short amplicon, the shared sequences between mandrills and baboons, 

macaques, and chimpanzees are unusual and may be indicative of biological phenomena.  

Discussion 

Replicability of MHC sequencing from non-invasive samples 

 We found that between-run repeatability of MHC allele assignment is poor in fecal samples 

compared to samples of blood and plucked hair. Past studies of non-invasive genotyping methods have 

shown that replication is critical to producing reliable data from degraded samples (Morin et al., 2001; 

Taberlet et al., 1996), and it is unsurprising that the same would apply to next-generation sequencing of 

the MHC. Although Illumina sequencing yields a great deal of information, more research is needed to 

determine a suitable number of replicates for reliable allele assignments from non-invasive samples, and 

an appropriate method to differentiate alleles from artifacts.  

 One caveat to this study is that the quality of the 2021 MiSeq run was lower than the 2018 or 

2019 runs. Additionally, the 2019 sequencing run was performed using MiSeq Nano, which produces 

lower read depth than a standard MiSeq run. Repeatability decreases at lower read depths, especially 

for the degree of change method (Biedrzycka et al., 2017). The poor quality of the 2021 sequencing run, 

and the low read depth of the 2019 run, could have negatively biased replicability scores. However, this 

issue would have affected all sample types, so the score comparison between types is still valid. RA 

scores of non-invasive samples also remained low regardless of which pairs of runs were compared. This 

suggests that low read depth in the 2019 MiSeq Nano run and the poor quality of the 2021 sequencing 

run had only minor effects on RA scores.  
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In addition to quantifying replicability between runs, we also found that replicated variants 

generally had higher relative frequency and appear in multiple individuals. However, low frequency 

sequences (<3%, for example) are still sometimes repeatable, and high frequency or high-ranking 

sequences do not necessarily replicate. If repeatability reflects a variant’s status as an allele or an 

artifact, then neither frequency nor rank appear to be particularly useful in classifying sequences from 

non-invasive samples. However, all MHC genotyping methods thus far have, to some extent, relied on 

these factors to identify alleles (Babik et al., 2009; Grogan et al., 2016; Lighten, van Oosterhout, 

Paterson, et al., 2014; Sommer et al., 2013; Stutz & Bolnick, 2014). This includes the method of Sommer 

et al. (2013), which utilizes replication to assign alleles, similar to the present study. However, this 

previous method assumes that the most deeply sequenced variant in an amplicon is a true allele. While 

this assumption may be valid for high-quality tissue samples, it appears unsubstantiated for non-invasive 

samples. DNA degradation is common in fecal samples, likely exacerbating the stochasticity and 

amplification biases inherent in PCR, in turn affecting relative variant frequency. Our consensus allele-

calling method circumvents this issue, since it considers all replicated variants regardless of depth as 

potential alleles prior to error screening. 

We also found that non-invasive samples of the same animal do not necessarily yield the same 

alleles within a single Illumina run. Although only eight pairs of duplicate fecal samples were available in 

this study, agreement between samples was highly variable (0 ≤ RA ≤ 1). The reduced between-sample 

repeatability observed in the 2021 run may be due to the lower quality of that run. It is also possible 

that sample quality degraded over time, since several years passed between the first and final 

sequencing runs. However, DNA is known to be very stable (Madisen et al., 1987), and repeatability 

scores remained fairly consistent between different pairs of sequencing runs.  

Agreement between allele assignments for pairs of duplicate fecal samples remained poor when 

considering consensus assignments generated from sequence replicates. This may reflect cross-
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contamination prior to PCR, since the low concentration of host DNA makes fecal samples especially 

prone to contamination (Taberlet et al., 1999). Since our assignment procedure only considered 

replicated variants, any cross-contamination in one member of a pair must have occurred prior to PCR. 

Contamination may occur due to human error or due to the animal’s behavior, such as ingestion of hairs 

from another individual during mutual grooming (Poirotte et al., 2017). These types of errors are 

difficult to predict in wild populations, and the discrepancies between sample pairs merit further 

investigation.  

The conflicting alleles between sample pairs could also be explained by false allele discovery due 

to the high read depth achieved in sequencing. Biedrzycka et al. (2017) showed that consensus 

assignment methods relying on sequence replication (Sommer et al., 2013) are prone to a high false 

discovery rate when read depths are high, presumably because higher depth increases the probability of 

recovering replicated sequencing errors. We did observe such artifacts in our data, but all replicated 

variants were screened to remove errors from the final consensus. Furthermore, if our assignment 

method frequently accepted replicated sequence artifacts as true alleles, we would expect the 

consensus assignments to include more alleles per sample than the assignments generated by either 

replicate alone. Instead, the mean number of alleles per sample contained in the consensus (3.62) was 

slightly less than the means found in the MiSeq runs alone when processed using the DOC method (3.91 

and 3.83 for the 2018 and 2021 runs, respectively). Biedrzyckia et al. (2017) also recommended adding a 

minimum relative frequency to the Sommer et al. method as a final threshold, whereby variants below 

the minimum frequency would be discarded as errors. However, because we expect that true alleles 

may amplify at very low depths in fecal samples, using such a threshold may not be appropriate for our 

study system.  
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MHC diversity in wild mandrills 

 Although individual allele assignments in this study must be interpreted with caution, we have 

confidence in the alleles identified within the SEGC horde, and our results point to some interesting 

conclusions.  

 In our wild focal population, we identified nearly twice as many alleles as have been detected in 

a captive horde (Setchell et al., 2009). This is not surprising considering that the previously-studied 

captive colony originated from only fifteen individuals (Charpentier et al., 2005) and is known to be 

inbred, likely causing an underestimate of MHC allelic diversity. Our study also identified a maximum of 

eleven alleles per animal, four more than in the captive horde (Setchell et al., 2009). This finding is 

partially explained by our detection of “clade 2 alleles,” which account for a maximum of three alleles 

per animal. These alleles likely represent a homolog of the human DRB9 pseudogene. The DRB9 is 

thought to be the most ancient of the MHC lineages and has previously been amplified in gorillas, 

orangutans, chimpanzees, and crab-eating macaques (Gongora, Figueroa, and Klein 1996), although 

publicly available sequence data for this locus in non-human primates remains limited. Here, the lineage 

may have been revealed by our use of novel primer sequences. All studies of mandrill MHC to date have 

used the same primer sequences that were thought to amplify all MHC DRB sequences across primates 

(Abbott et al., 2006; Setchell et al., 2009). However, in the DRB9 sequence from the crab-eating 

macaque, the binding site for the reverse primer used by Setchell et al. (2009) contains mutations that 

would likely preclude primer binding at the 3’ end. By contrast, the primer pair used in the present study 

are complementary to alleles in clade 1 (DRB1-6) and clade 2 (DRB9) in macaques and mandrills. This 

suggests that using more than one pair of primers to sequence the MHC DRB may be necessary to 

uncover the full allelic diversity present in a species (see also Llaurens et al., 2012).  

 In addition to the apparent preservation of the DRB9 locus in mandrills, we have also noted four 

alleles that appear to be shared between mandrills and olive baboons (Masp-pDRB-17 and Masp-pDRB6-
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2), crab-eating macaques (Masp-pDRB5-3), and chimpanzees (Masp-pDRB5-2). Extensive trans-species 

polymorphism is known to occur in the primate MHC (Geluk et al., 1993; Suárez et al., 2006; Yasukochi & 

Satta, 2014), and shared alleles have been reported among macaque species in the MHC DRB, DPB, 

DQA, and DQB loci (Doxiadis et al., 2006; Otting et al., 2002). Mutations may have occurred outside the 

length of the short fragment sequenced here, but according to our post-hoc tests, the sequences are still 

more highly conserved than is typically found across genera. 

 As mentioned above, these sequence similarities could be explained by trans-species 

polymorphism, in which alleles may be preserved by natural selection over time, since before the 

divergence of a taxonomic group. For instance, MHC alleles preserved between macaque species have 

been attributed to strong selection (Doxiadis et al., 2006). If this is the case, then the shared sequences 

identified here have been maintained since the divergence of the tribe Papionini over six million years 

ago (Liedigk et al., 2014), or 24-27 million years ago for the allele shared with chimpanzees (Springer et 

al., 2012).  Selective pressure would have had to be very intense to maintain sequences over this time, 

suggesting that these alleles are particularly important for response to pathogens.  

Contrary to this hypothesis, one of the shared sequences, Masp-pDRB6-2, is expected to be a 

pseudogene, having lost its function a very long time ago (Figueroa et al., 1991). It is unclear why this 

allele would have been preserved through positive selection, but pseudogenes may instead be 

maintained through balancing selection on the peri-MHC region. The MHC accumulates recessive 

deleterious mutations as a “sheltered load” (van Oosterhout, 2009). Due to the MHC’s high diversity, 

these mutations rarely become expressed in homozygous condition and can accumulate without 

efficient purifying selection. After selection on the functional MHC loci has been relaxed, for example 

when the locus has evolved into a pseudogene, purifying selection may continue to act on the peri-MHC 

region. This could retain the same haplotypes over long evolutionary time and explain trans-species 

polymorphism of non-functional pseudogenes (van Oosterhout, 2009). 
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 Finally, another possible explanation for the sequences shared with olive baboons (pDRB-17 and 

pDRB6-2) is historical introgression. Introgression of olive and common baboons (Papio hamadryas) has 

been previously documented in geladas (Theropithecus gelada) (Dunbar & Dunbar, 1974) and kipunji 

(Rungwecebus kipunji) (Roberts et al. 2010; Zinner, Arnold, and Roos 2009). As central African forest 

cover has shifted over the millennia (Maley, 1996; Maley et al., 2018), mandrill and baboon habitats may 

have overlapped. The two species are both group-living and primarily terrestrial (Abernethy et al., 2002; 

Higham et al., 2009), and they may be infected by similar pathogens. Since MHC alleles are thought to 

be under pathogen-mediated selection (Spurgin & Richardson, 2010), if a beneficial allele in baboons 

was introduced to the mandrill population, positive selection may result in an increased frequency of 

that allele. Although this is a highly speculative hypothesis, it could explain the high incidence of the 

pDRB-17 allele in mandrills.  

Future directions 

 The present study highlights both the advantages and challenges of conducting non-invasive 

genetic research on elusive primates. Our use of fecal samples enabled MHC characterization from many 

wild individuals, but technical obstacles still exist that inhibit effective use of targeted NGS with poor 

quality samples. Further optimization of sampling, laboratory, and sequencing procedures may be 

required. For instance, the importance of sequence replication in generating accurate consensus allele 

assignments merits further investigation. It remains to be seen whether two replicates are sufficient for 

consensus assignment in fecal samples. To validate our method, it would be necessary to perform the 

procedure on an individual with known MHC alleles, and such an individual was unavailable in this study.  

In addition to performing sequence replicates, alternative sequencing approaches may be 

explored. Genomic approaches such as genotyping-in-thousands by sequencing (GT-seq) (Campbell et 

al., 2015) and targeted capture enrichment (Fontsere et al., 2021) show promise for non-invasive 

samples (Hayward et al., 2022; Natesh et al., 2019; Schmidt et al., 2020), but these may be less useful 
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for de novo sequencing specific MHC loci. Other studies have employed MHC-linked microsatellite loci to 

quantify MHC diversity from fecal samples (Müller et al. 2014; de Groot et al. 2017), but this approach is 

feasible only for species in which the entire MHC region is already well-characterized. Portable 

sequencers such as the Oxford Nanopore’s MinION offer the potential to sequence samples in the field 

immediately after collection, which may improve data quality since fecal DNA degrades with time until 

DNA extraction (Soto-Calderón et al. 2009). With this technology, the target sequence can be enriched 

through adaptive sampling (Payne et al., 2021; Wanner et al., 2021), eliminating the need for PCR and 

thus PCR-generated sequence errors such as chimeras. However, the MinION sequencer is known to 

have a high sequence error rate (Loit et al., 2019), and further experimentation would be required to 

optimize methods for fecal samples. Regardless, technological advances for field sequencing show 

promise for genetic research in wildlife. 

Despite the problems with replicability documented here, a strong signal of trans-species 

polymorphism could still be detected. The alleles identified in the SEGC horde, including the DRB9 locus, 

support the widely-reported hypothesis that trans-species polymorphism is extensive in the primate 

MHC (Geluk et al., 1993; Slierendregt et al., 1992; Suárez et al., 2006). The degree to which the 

purportedly nonfunctional locus DRB9 is preserved among primates warrants further investigation, as it 

is likely widespread despite its having been reported in only a few species. Allele sharing between 

mandrills and other primates should also be confirmed through sequencing of the entire DRB region. 

These shared alleles merit further exploration, as this could have important implications on the 

evolution of disease resistance among free-ranging primates and captive breeding programs.  

Our study focuses on mandrills south of the Ogooué River in Gabon, but collecting MHC data in 

the northern part of their range may reveal insights into mandrill evolution and historical introgression 

by olive baboons. Northern and southern mandrills are known to be genetically distinct (Telfer et al., 

2003), but gene flow between the two lineages has never been assessed. Due to their proximity to the 
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baboon range, northern mandrills may have been more likely to be involved in introgression events. If 

introgression has occurred, baboon genetic material may also be detectable in northern mandrill 

populations.  

Overall, our data suggest that diverse immune genes have arisen in mandrills due to balancing 

selection. Although the exact role of MHC diversity in species viability is not well understood (Radwan et 

al., 2010), these findings bode well for the species’ ability to adapt to shifting pathogen pressures over 

time. Our results also reveal interesting evolutionary relationships between mandrills and other 

primates, and studies of other populations will be integral to uncovering the roles of trans-species 

polymorphism and potential introgression in the evolution of primate MHC.  
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Chapter 3  

No evidence for sex-specific selection on immunity genes in a sexually dimorphic primate 

Abstract 

 Parasite-mediated selection is thought to drive high polymorphism in the genes of the major 

histocompatibility complex (MHC), a gene family that plays an important role in vertebrate adaptive 

immunity. In many mammals, parasite prevalence differs between males and females, potentially 

causing sex-specific variation in the strength of selection on the MHC. In this study, we investigate 

whether MHC DRB allelic richness or allele frequencies vary between the sexes in mandrills (Mandrillus 

sphinx), a highly sexually dimorphic primate with documented evidence for male-biased parasitism. We 

also test for differences between the sexes in functional diversity, quantified by the number of 

supertypes and level of amino acid diversity included in each individual’s allele assignments. If males 

with high MHC homozygosity are at a greater risk of mortality due to parasitism than females, then we 

would expect sampled males to have higher heterozygosity and functional diversity than females. 

Similarly, if the sexes are affected by different pathogens, we might expect specific alleles to occur at 

different frequencies in males and females. Contrary to our expectations, we found no evidence of sex-

specific selection on MHC DRB loci. Sampled males did not possess more alleles or greater functional 

diversity than females on average, and common alleles occurred at equal frequencies in both sexes. This 

finding suggests that MHC DRB alleles provide equal protection for males and females from parasite-

mediated selection. Other mechanisms, such as behavioral avoidance of infection, may also protect 

males from fitness consequences from increased parasite load or greater parasite diversity.  
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Introduction 

 The major histocompatibility complex (MHC) is a crucial component of immunity in vertebrates. 

Located on the surface of antigen presenting cells, MHC glycoproteins bind to pathogenic peptides and 

present them to T-cells to initiate an immune response (Rock et al., 2016). MHC molecules are classified 

as either class I or class II. Class I MHC proteins are found on the surface of all cells and present 

endogenously produced peptides, such as those derived from viral infections or cancerous cells. On the 

other hand, class II molecules bind extracellular proteins and are limited to the surfaces of immune cells 

such as macrophages, monocytes, dendritic cells, and B cells. Both MHC class I and II loci have varying 

levels of polymorphism and copy number variation (Lighten et al., 2014), but generally speaking, the 

class II MHC is considered one of the most complex and diverse regions of the vertebrate genome 

(Hedrick, 1994).  

One set of class II loci in particular, the MHC DRB, is known for its extremely high levels of 

polymorphism, with over 4,000 alleles documented in humans alone (Maccari et al., 2020). With their 

important role in immunity, the diversity of MHC class II molecules is maintained by one or more forms 

of pathogen-mediated selection: heterozygote advantage (Doherty & Zinkernagel, 1975), frequency-

dependent selection (Slade & McCallum, 1992), and temporally fluctuating selection (A. V. S. Hill, 1991). 

There is considerable evidence showing that the MHC plays an important role in individual fitness and 

pathogen resistance in many taxa including: humans (A. Hill et al., 1991; Kuniholm et al., 2013), non-

human primates (O’Connor et al., 2010; Schad et al., 2005), fish (Evans & Neff, 2009; Phillips et al., 2018; 

Smallbone et al., 2021), rodents (Doherty & Zinkernagel, 1975; Kloch et al., 2010; Lenz et al., 2009; Penn 

et al., 2002), birds (Biedrzycka et al., 2018; Radwan et al., 2012; Westerdahl et al., 2005; Worley et al., 

2010), and other vertebrates (Biedrzycka et al., 2020; Brambilla et al., 2018; Hacking et al., 2018; 

Osborne et al., 2015; Schwensow et al., 2017).  
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In addition to MHC variation, other factors such as age, sex, and nutrition also lead to variability 

in immune function (Clutton-Brock & Pemberton, 2004; Siva-Jothy & Thompson, 2002). In particular, 

males of multiple species have been shown to be more vulnerable to parasites than females (Lynsdale et 

al., 2017; Müller-Graf et al., 1997; Poulin, 1996; Wilson et al., 2004). This trend is generally attributed to 

ecological or physiological differences between males and females. For species in which males are 

physically larger, the male’s likelihood of parasitic infection may be elevated based on the rationale that 

larger animals provide more habitat for parasites, as suggested by the principles of island biogeography 

(Kuris et al., 1980). Larger animals may also be more detectable and potentially more exposed due to 

their greater consumption of resources (Bell & Burt, 1991; Kennedy et al., 1986; C. Nunn & Altizer, 

2010). The sexes may also occupy different habitats, consume different prey, or engage in different 

social behaviors with conspecifics, potentially exposing each sex to different sets of pathogens (Bundy, 

1988; Müller-Graf et al., 1997; C. L. Nunn & Altizer, 2004). From a physiological perspective, male sex 

hormones such as testosterone have been shown to have immunosuppressive effects (Alexander & 

Stimson, 1988; Zuk & McKean, 1996), sometimes leading to tradeoffs between immunity and showy 

secondary sexual characteristics in males (Folstad & Karter, 1992). 

As might be expected if sex biases in parasite prevalence are caused by physiological and 

ecological differences, past research has shown that male-biased parasitism is commonly associated 

with species that have strong sexual dimorphism (Moore & Wilson, 2002). The present study focuses on 

one such species, the mandrill (Mandrillus sphinx), for which males and females exhibit dramatic 

physical and behavioral differences as a result of sexual selection (Setchell, 2016). Dominant males are 

up to three times the size of females, and social rank is determined by intense physical combat in males 

and by inheritance of rank in females (Setchell et al., 2006, 2008). High-ranking males also possess 

dramatic secondary sexual characteristics that are associated with high testosterone, such as brightly 

colored faces and genitals and extremely long canine teeth (Wickings & Dixson, 1992). Mandrills form 
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large groups, or “hordes,” of up to one thousand individuals (Guibinga Mickala et al., 2022), with adult 

males often remaining solitary and re-joining the horde during the summer months when females are 

receptive to breeding (Abernethy et al., 2002). From a limited body of evidence, the pattern of male-

biased parasitism in sexually dimorphic species appears to hold true in mandrills, at least for certain 

parasites. For example, Charpentier et al., (2019) showed that males are more susceptible to infection 

by the malaria-causing parasite Plasmodium gonderii, and some evidence suggests that SIVmnd-2, a 

mandrill-specific strain of simian immunodeficiency virus (SIV), may be more prevalent and spread more 

quickly among males (Dibakou et al., 2020; Fouchet et al., 2012).  

If male mandrills are more vulnerable to parasites than females, then the MHC genotype may be 

more important for male fitness than for females, leading to differences in pathogen-mediated selection 

between the sexes. In a natural population, this selection could manifest in two ways. First, due to their 

higher parasite load, males with MHC genotypes offering insufficient immune capacity may be less likely 

to survive to adulthood than females with the same alleles. For example, a 2012 study in Alpine chamois 

(Rupicapra rupicapra) concluded that males with lower MHC heterozygosity had reduced longevity 

compared to more diverse males, but the same pattern did not apply to females (Schaschl et al., 2012). 

Thus, adult male animals had higher MHC diversity than females. Second, sex-specific selection may 

occur through prenatal or postcopulatory selection against embryos or sperm cells with 

disadvantageous MHC alleles or genotypes. It has been theorized that preferred gametes can be 

selected by cryptic female choice, sperm competition, and selective abortion (Jennions & Petrie, 2000; J. 

Kamiya et al., 2020; Knapp et al., 1996; Wedekind et al., 1996). Evidence for postcopulatory selection for 

MHC heterozygosity has been observed in studies of mice (Hamilton & Hellström, 1978) and gray mouse 

lemurs (Schwensow et al., 2008), and the effect was found to be specific to male offspring in newborn 

humans (Dorak et al., 2002) and rats (Palm, 1969).  
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These two mechanisms of sex-specific selection are difficult to distinguish in wild populations, 

but either could lead to the sexes having different patterns of MHC diversity. Depending on the context 

of host-parasite interactions, selection could favor different levels of heterozygosity in males and 

females, or specific beneficial alleles, if the sexes are exposed to different sets of pathogens due to their 

extensive behavioral differences (Abernethy et al., 2002; Setchell et al., 2006, 2008).  

Due to their sexual dimorphism and male-biased parasitism, mandrills are an ideal system in 

which to study sex-specific selection on the MHC. The MHC is known to play an important role in social 

signaling, mate choice, and fitness in this species. A male’s MHC genotype is related to the diversity of 

his odor profile (Setchell et al., 2011), and particular MHC alleles are associated with bright red facial 

coloration (Setchell et al., 2009). Females also preferentially mate with MHC dissimilar males to produce 

more heterozygous offspring (Setchell et al., 2010). A 2013 study found no evidence of post-copulatory 

selection for MHC heterozygosity, but the study was limited by an insufficient number of samples in the 

face of small effect sizes (Setchell et al., 2013). 

In the present study, we sequence the MHC DRB loci from non-invasive samples collected from 

a wild population of mandrills in Lopé National Park, Gabon. After assigning sex to the samples using a 

genetic sex diagnostic, we compare MHC diversity and allele frequencies in males and females to test 

the hypothesis that pathogen-mediated selection operates differently in the two sexes. If males with 

low MHC variation are under stronger selection than females, experiencing higher mortality or stronger 

post-copulatory selection, then sampled males should have higher MHC diversity than females. 

Similarly, if males and females experience mortality due to different sets of pathogens, then we might 

expect specific MHC alleles to occur at different frequencies between sampled males and females. Like 

many studies in natural populations, this research is limited by the lack of data definitively connecting 

parasitism to fitness or mortality. However, this study presents the first examination of sex-specific 

selection and potential connections between MHC and survivorship in a wild mandrill population.  
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Methods 

Sampling and DNA extraction 

 The present study focuses on a population of mandrills located in Lopé National Park, Gabon, 

specifically in the region north of the Station d’Etudes des Gorille et Chimpanzés (SEGC). While the 

southern section of Lopé National Park is densely forested with lowland rainforest, the area north of the 

SEGC research station and south of the Ogooué River is characterized by an ancient forest-savannah 

mosaic (Oslisly & White, 2000). The forest fragments of this region support a variety of wildlife (Tutin et 

al., 1997), including a large horde of mandrills generally referred to as the SEGC horde. The SEGC horde 

has been estimated to include close to one thousand individuals during the summer months, when both 

reproductive males and females are present (Abernethy et al., 2002; Guibinga Mickala et al., 2022). The 

mosaic habitat’s relatively open landscape helps to ameliorate the challenges of studying mandrills in 

dense forest, where they normally reside. Daily location of the SEGC horde during fieldwork was aided 

by radio telemetry, as several individuals have been fitted with radio collars for population monitoring. 

Samples of feces were collected daily from the focal horde during July or August of 2016 

through 2018, although only samples from 2016 and 2017 were used in this study. Approximately 1 cm3 

of fecal material was collected per sample and stored in a 50 mL Falcon tube containing 25 mL of silica 

gel, as this method has been shown to be effective for preserving DNA from fecal samples (Soto-

Calderón et al., 2009). DNA was then extracted from the samples using the QIAamp DNA Stool Mini Kit 

(Qiagen, CA). In addition to the non-invasive samples of feces, samples of blood, plucked hair, and feces 

were also collected from individuals anesthetized for radio collaring for an unrelated project. DNA was 

extracted from these blood and hair samples using the DNeasy Blood & Tissue Kit (Qiagen, CA).  
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MHC sequencing and allele assignment 

 The extracted DNA samples were amplified for a 157-base fragment of the MHC DRB gene using 

a forward primer with sequence 5’-TTCTTCAAYGGGACGGAGC-3’ and a reverse primer sequence of 5’-

GTGTCTGCAGTAGGTGTCC-3’. To aid in library preparation for Illumina sequencing, the forward and 

reverse Illumina linker sequences were added to the 5’ end of the target-specific primers. Polymerase 

chain reactions of 25µL total volume were performed using 12.5 µL 2X GoTaq HotStart Polymerase 

Master Mix (Promega), 0.5 mM MgCl2, 400 nM of each primer, 8.25 µL of water, and 2 µL of template 

DNA. Cycling conditions were as follows: 5 minutes initial denaturation at 98°C, followed by 38 cycles of 

95°C for 30 seconds, 65°C for 30 seconds, and 72°C for 60 seconds, and finally a ten-minute final 

extension at 72°C. Each PCR product was checked on an agarose gel to verify successful amplification 

prior to sequencing.  

 Our methods for MHC sequencing and allele assignment have been previously described 

elsewhere (see Chapter 2). To summarize, each sample was sequenced in two separate Illumina paired-

end sequencing runs of 150 cycles, and the data from each run was processed separately. Trimmomatic 

and cutPrimers were used respectively to remove adapter and primer sequences (Bolger et al., 2014; 

Kechin et al., 2017). The ampliSAT pipeline was then used to process the resulting data (Sebastian et al., 

2016). Specifically, ampliMERGE was used to merge paired-end reads, and ampliCLEAN was used to 

discard reads with Phred quality score below 30 or with sequence length outside the range of 152-160 

nucleotides.  

After pre-processing, the ampliSAS tool was used to cluster artificial sequences with their parent 

variants and filter clusters that may represent false alleles. We used relaxed clustering and filtering 

parameters that retained low-depth reads because past studies show that read depth may not be a 

reliable indicator of true alleles in fecal samples (Chapter 2). The substitution error rate was set to 1%, 

and the indel error rate was set to 0.01%. In ampliSAS’s clustering algorithm, a “minimum dominant 
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frequency threshold” of read depth relative to that of a cluster’s dominant sequence can be 

implemented. This allows a variant within a cluster to become the dominant sequence of a new cluster if 

the threshold is exceeded. Here, a minimum dominant frequency threshold of 10% was used. In the 

filtering step, only clusters with read depth comprising less than 0.05% of the total amplicon were 

discarded to avoid discarding low-depth true alleles. 

Once each sequencing run had been processed in this manner, a custom Python script was used 

to extract the variants that replicated between runs for each sample. Variants that did not replicate 

were discarded. The replicated variants from each amplicon were then aligned in MEGA-X (Kumar et al., 

2018), and sequence artifacts were visually detected and removed. All remaining sequences were then 

considered to be true alleles.  

Microsatellite genotyping and sex diagnostic 

 To ensure that each sample represented a unique mandrill, samples were also genotyped for a 

set of sixteen highly polymorphic microsatellite markers (Benoit et al., 2014). Details on genotyping 

methods can be found in Guibinga Mickala et al. (2022), but in brief, the sixteen markers were 

assembled into four multiplex PCRs of four microsatellite loci each. The markers were amplified using 

fluorolabeled primers and sized on an ABI3130xl sequencer. Three replicates of each PCR were 

performed, and each sample was considered heterozygous if two alleles appeared in at least two 

replicates, and homozygous if a single allele appeared alone in all three replicates. Any genotypes not 

satisfying either condition were considered unknown and treated as missing data. Genotypes from all 

samples were compared pairwise, and a pair was considered to have originated from the same mandrill 

if the genotypes matched at a minimum of six loci, with no more than two mismatches allowed.  

 To determine the sex of sampled individuals, markers on the X and Y chromosomes were also 

amplified with fluorolabeled primers and included in the multiplex PCRs. The X marker was a 193-base 
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fragment of the amelogenin gene, and the Y chromosome marker was a 163-base section of the sex-

determining region (SRY) (Di Fiore, 2005). A pilot study using samples from the radio collared individuals, 

for which the sex is known, showed that both markers amplify reliably in fecal samples, and dropout of 

the Y marker in males is uncommon. On the other hand, the Y marker occasionally amplified at low 

levels in known females, likely due to minor cross-contamination. Therefore, samples were designated 

male if at least two of the three PCR replicates contained the Y marker, and females were permitted to 

have low-level Y amplification in no more than one replicate. Any other genotypes were considered to 

be of unknown sex, as were genotypes in which the X marker failed, since non-amplification of the X 

marker was likely to indicate a poor quality sample.   

Statistical analysis 

 To test whether sampled males possess greater allelic richness than females, the total number 

of alleles were counted for each individual, and the distribution of counts in each sex were compared 

using a Fisher’s Exact test. Past studies have suggested the presence of at least two non-functional loci, 

known as DRB6 and DRB9 (Chapter 2; Abbott et al., 2006). Alleles belonging to such loci are not 

expected to contribute to individual immunity, so these statistical tests were run with and without these 

alleles to ensure that they did not affect the results.  

 Because not all mutations lead to an amino acid change, and not all amino acid changes will 

affect the binding properties of the MHC protein, allelic richness may not necessarily indicate functional 

diversity. Two additional tests were therefore assessed to evaluate whether functional diversity differs 

between males and females. The putatively functional alleles present in this study have previously been 

allocated into six supertypes designated ST1 through ST6 (Chapter 2), which represent groups of alleles 

with similar physiochemical properties in their predicted peptide binding sites (Doytchinova & Flower, 

2005).  Similar to the test performed for allelic richness, the number of supertypes possessed by each 
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individual were counted, and the distribution of those counts in each sex were also compared using 

Fisher’s exact test.  

 The second test of sex-specific differences in functional diversity compared individual MHC 

protein variability between sexes. In each sample, all putatively functional alleles were converted to 

amino acid sequences, and a measure of within-individual amino acid diversity, AAdiv, was calculated. To 

calculate amino acid diversity, each individual’s set of amino acid sequences were compared pairwise, 

and the number of amino acid differences between each pair was summed and then divided by the total 

number of pairwise combinations. After checking for data normality using a Shapiro-Wilks test, a two-

sample t-test was used to compare the average AAdiv between males and females. Homoscedasticity was 

confirmed using an F-test. To eliminate noise from amino acids not directly involved in peptide binding, 

the same test was also performed using only the nine amino acid sites that have been previously 

identified as putative antigen binding sites (Chapter 2). Alleles ascribed to nonfunctional lineages DRB6 

and DRB9 were excluded from this test, as they are highly divergent and cause a positive bias in AAdiv. 

Samples in which one or zero functional alleles were detected were also excluded since it was not 

possible to calculate pairwise amino acid differences in allele assignments for these samples.  

 Finally, we used a series of two-by-two contingency tables to test whether frequencies of any 

allele or supertype varied by sex. These tests were applied to all six supertypes, and to all alleles 

occurring in ten or more mandrills. Fisher’s exact tests were again used to test for significant differences 

in frequency, and p-values were corrected for multiple hypothesis testing using the Holm-Bonferroni 

correction (Gaetano, 2018; Holm, 1979).   

Results 

 MHC allele assignments were successfully produced for 170 fecal samples and nine samples of 

blood or hair. Sex was assigned to 96 of the 170 fecal samples and sex was known for all nine samples of 
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blood and hair from radio collared individuals. After removal of duplicate fecal samples from the same 

individual (one pair in females and two pairs in males), we obtained a total of 50 unique multi-locus 

microsatellite genotypes for females (four blood samples and 46 fecal samples) and 52 for males (four of 

plucked hair, one of blood, and 47 of feces). A total of 51 MHC alleles were present in this group of 102 

mandrills. Representative alleles were identified from the DRB1 (9 alleles), DRB3 (1 allele), DRB5 (4 

alleles), DRB6 (2 alleles), and DRB9 (16 alleles) lineages. The remaining 19 alleles could not be assigned 

by monophyly to any particular lineage, although they all cluster phylogenetically with the functional 

lineages (DRB1, DRB3, and DRB5) (see Chapter 2, Fig. 4).  

The 50 females possessed 184 total alleles of the sequenced MHC fragment, 110 of which 

belonged to putatively functional loci and therefore could be assigned a supertype. The set of allele 

assignments for males included a total of 214 alleles, with 134 ascribed to functional loci. Females 

possessed between one and eleven alleles, with a mean of 3.68 (SD=1.94) per individual, while males 

had a mean of 4.12 alleles (SD=1.67) with a maximum of ten (Figure 1a). When alleles belonging to DRB6 

and DRB9 lineages are excluded, the average number of alleles falls to 2.58 (SD=1.45) in males and 2.20 

(SD=1.56) in females (Figure 1b). Although the average allele count is higher in males than females, the 

difference is not significant regardless of whether nonfunctional alleles are included or not (p=0.80 

when all alleles are included and p=0.40 with functional alleles only).  

Males and females both possessed a maximum of four unique supertypes per individual (Figure 

2). In four females and three males, no functional alleles were detected, so no supertypes could be 

assigned. In the remaining 49 males and 46 females, males had an average of 2.20 (SD=0.88) unique 

supertypes, while females had 1.96 (SD=0.83). The difference in the number of supertypes per individual 

was not significantly different between the sexes (p=0.61). 
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Figure 1   Distribution of allele counts per individual in males (black) and females (gray). In a) 
all alleles are included, and b) shows allele counts with pseudogenes excluded. 
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Figure 2   The number of supertypes per individual in males (black) and females (gray). 

 

For AAdiv calculations, a total of fifteen females and eleven males were excluded because they 

included one or zero functional alleles, leaving a total of 35 females and 41 males available for 

comparison. Using the full amino acid sequence, the average female AAdiv was 11.13 (SD=2.29), 

compared to 11.05 (SD=2.28) in males (Figure 3). According to a two-sample t-test, this difference was 

not significant (two-tailed p = 0.883). When only the amino acids expected to be involved in antigen 

binding were considered, a slight right skew was evident in the data, so the AAdiv values were log-

transformed to conform to a normal distribution. The average AAdiv in the peptide binding region of 

females was 5.63 (SD=1.42) (after transformation, mean AAdiv=0.74, SD=0.11), with an average of 5.41 

(SD=1.24) in males (after transformation, mean AAdiv=0.72, SD=0.10). This difference was also not 

significant (two-tailed p=0.55).  
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Figure 3   AAdiv values calculated for males (darker gray) and females (lighter gray), for the full sequence 
(left two boxes) and for the peptide binding sites only (right two boxes). 

 

Of the 51 alleles detected in this group of mandrills, fifteen appeared only in females and five 

appeared only in males. However, each of these alleles was rare and occurred in only one or two 

individuals total, so the sample size was not sufficient to test whether the sex-specificity was due to 

chance. There were thirteen alleles that appeared in at least ten individuals, with the most common 

(Masp-pDRB9-1) appearing in 68 mandrills (Table 1). Frequency did not vary significantly between males 

and females for any of these alleles. There was also no significant difference in frequency between sexes 

for any of the six identified supertypes. The least common supertype, ST1, occurred in only four 

individuals, while ST6, the most common, occurred in 62 individuals (Table 2).  
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Table 1   Frequencies of the most common MHC alleles in males and females 

Allele Male Female p p
H-B

 

Masp-pDRB9-1 15.89 (34)  18.48 (34)  0.5071 >0.99 
Masp-pDRB1*03:06 9.81 (21)  13.04 (24)  0.3429 >0.99 

Masp-pDRB5*03 9.35 (20)  7.07 (13)  0.4685 >0.99 
Masp-pDRB9-2 6.54 (14)  5.98 (11)  0.8394 >0.99 
Masp-pDRB-17 6.07 (13)  2.72 (5)  0.1465 >0.99 
Masp-pDRB9-3 5.61 (12)  2.17 (4)  0.1228 >0.99 

Masp-pDRB1*0405 5.61 (12)  1.63 (3)  0.06132 0.80 
Masp-pDRB5*03:02 4.21 (9)  2.17 (4)  0.3973 >0.99 
Masp-pDRB*W401 2.8 (6)  2.17 (4)  0.7579 >0.99 
Masp-pDRB1*0302 3.27 (7)  1.63 (3)  0.3517 >0.99 

Masp-pDRB-14 1.87 (4)  3.26 (6)  0.5236 >0.99 
Masp-pDRB1-3 2.34 (5)  2.72 (5)  1 >0.99 
Masp-pDRB-2 2.34 (5)  2.72 (5)  1 >0.99 

 

Table 2   Supertype Frequency in Males and Females 

Supertype #Alleles Occurrence 
Frequency 

p p
H-B 

Male Female 

ST1 2 4 0.75 2.73 0.330 0.990 

ST2 4 23 13.43 6.36 0.090 0.537 

ST3 4 50 25.37 20.91 0.450 0.990 

ST4 4 8 1.49 5.45 0.145 0.726 

ST5 11 51 29.85 26.36 0.571 0.990 

ST6 8 62 29.1 38.18 0.172 0.726 

Values in parentheses are the number of individuals possessing the allele. P values are shown before 

and after Holm-Bonferroni correction (p and pH-B, respectively) 

 

#Alleles represents the number of alleles included in the supertype. Occurrence is the number of 

individuals possessing at least one copy of the supertype. P values are shown before and after Holm-

Bonferroni correction (p and pH-B, respectively).  
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Discussion 

In this study, we test for differences in MHC DRB diversity and allele frequencies in male and 

female mandrills to evaluate the hypothesis that selection may favor different levels of heterozygosity 

or different alleles between the sexes. This hypothesis is based on the premise that males are likely to 

be more heavily parasitized than females (Charpentier et al., 2019; Lynsdale et al., 2017). Therefore, we 

expected that males with lower MHC heterozygosity or specific disadvantageous alleles may be less 

likely to be sampled due to higher mortality or prenatal/postcopulatory selection. However, our findings 

do not support this hypothesis, as sampled males and females appeared to have similar levels of 

diversity in MHC alleles, supertypes, and amino acids, as well as equal frequencies of common alleles 

and supertypes. We did observe a slight trend in that males have higher allelic and supertype MHC 

diversity than females, but this difference did not approach statistical significance.  

Based on these results, there is no evidence that MHC genotypes at the DRB locus impact male 

success specifically, for instance through parasite-associated early mortality or prenatal/postcopulatory 

selection based on MHC DRB genotype. This apparent lack of sex-specific selection could indicate that 

males and females experience similar levels of parasitism. Multiple studies across various taxa have 

shown a general trend of increased parasitism in males (Clutton-Brock & Pemberton, 2004; Lynsdale et 

al., 2017; Zuk & McKean, 1996), and the same appears to be true in mandrills (Charpentier et al., 2019; 

Dibakou et al., 2020; Fouchet et al., 2012). However, varied results in past studies suggest that this 

pattern is not universal across parasitic taxa. One study showed equal levels of gastrointestinal parasites 

such as amoebas, ciliates, and nematodes in semi-captive males and females, but since the focal horde 

in that study is confined, provisioned, and provided with veterinary care, the relevance of those findings 

to wild populations is unclear (Setchell et al., 2007). Free-ranging male mandrills in Lékédi Park in Gabon 

were shown to have a higher prevalence of Plasmodium gonderi than females, and prevalence of P. 

mandrilli was also increased although statistical significance was marginal (Charpentier et al., 2019). 
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Prevalence of certain strains of SIV are higher in males in both the CIRMF and Lékédi mandrill 

populations (Dibakou et al., 2020; Fouchet et al., 2012).  

Overall, these past studies point to a tendency for males to be infected more often with certain 

types of parasites than females. However, even if males have higher prevalence of certain parasites, this 

may not necessarily lead to higher mortality and consequent selection on MHC genes. If a male’s higher 

parasite load is primarily comprised of non-lethal or non-pathogenic parasites, the sex-specific selective 

pressure would be weak, and we would thus be unlikely to detect resulting sex-based differences in the 

MHC. According to the Global Mammal Parasite Database (Stephens et al., 2017), mandrills are infected 

by a variety of viruses, bacteria, protozoans, and helminths, and many more likely remain undetected in 

this understudied species. In most cases, the effects of these parasites on fitness or health are unknown, 

especially for wild populations. It is interesting to note, however, that male mandrills have a markedly 

shorter lifespan than females (~13 years compared to >22) (Setchell et al., 2005). With the exception of 

the mortality that occurs due to male-male conflict, especially in captivity (Setchell et al., 2006), the 

proximate cause of their earlier death remains unclear. High parasite loads could be a contributing 

factor, as parasitic infections have been shown to be associated with reduced survivorship in multiple 

species, such as spotted hyenas (Crocuta Crocuta) (Ferreira et al., 2019), cliff swallows (Hirundo 

pyrrhonota) (Brown et al., 1995), and great tits (Parus major) (Pigeault et al., 2018). 

As an alternative to the hypothesis that parasites exert strong selective pressure on the male 

mandrill MHC, it is possible that parasite-mediated mortality is minimized through behavioral 

mechanisms. Free-ranging mandrills utilize several behaviors that may reduce parasite transmission and 

therefore relax pathogen-mediated selective pressure. Adult males tend to spend less time than females 

in the horde and remain solitary for part of the year (Abernethy et al., 2002), potentially reducing their 

likelihood of contracting directly transmitted parasites. Both males and females avoid grooming and 

coming into contact with feces of conspecifics with active parasitic infections (Poirotte, Charpentier, et 
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al., 2017), and they return more slowly to nest sites that may be contaminated by gastrointestinal 

parasites (Poirotte, Benhamou, et al., 2017). Poirotte et al. (2017) suggested that these behaviors may 

provide some level of so-called “behavioral immunity.” If mortality is lessened by avoiding infections, 

selective pressure may be reduced for immunity-related genes. It is difficult to directly assess the 

impacts of such behaviors on parasite transmission in the population, but the role of host behavior in 

host-parasite coevolutionary dynamics certainly merits further consideration.  

One caveat of this study centers on our assumption that individuals with insufficient immune 

protection are often removed from the population before sampling, either through early mortality or 

prenatal/post-copulatory selection, which could remove individuals with disadvantageous MHC 

genotypes prior to birth. Because we are unlikely to sample very young mandrills due to their small 

feces, the majority of our samples should come from animals that had adequate immune protection to 

survive the vulnerable juvenile stage. Multiple studies have shown that young animals tend to have high 

parasite loads and are heavily affected by pathogen-mediated mortality (Brzeski et al., 2015; Clutton-

Brock & Pemberton, 2004; Lynsdale et al., 2017). This trend is generally attributed to immune systems 

that are not yet fully developed (Simon et al., 2015), or to energetic tradeoffs between rapid growth and 

immunity (Tschirren & Richner, 2006). If our samples are indeed primarily from adults, we should 

observe sex-specific differences in the MHC of survivors if pathogen-mediated juvenile mortality varies 

by sex. However, if mortality occurs later in life, individuals that are particularly vulnerable may still have 

been sampled, which would obscure the signal of sex-specific selection. Charpentier et al. (2019) found 

that the probability of P. gonderi infection is highest in male mandrills of around 13 years, and 

nematode prevalence appears to increase with age in females (Setchell et al., 2007). However, to our 

knowledge, no information is currently available on age-specific pathogen-mediated mortality in 

mandrills, even though parasitism plays a role in juvenile mortality in multiple other species (Lynsdale et 

al., 2017; Souchay et al., 2013; Tanaka et al., 2013). It would be preferable to examine differences in 



100 
 

MHC genotypes across age classes as has been performed in other studies (Schaschl et al., 2012), but 

because most samples in this study are not collected from known individuals, there is no data available 

regarding the age of sampled mandrills. 

Further caveats to this study are related to sample size and our choice of the MHC DRB marker. 

Effect sizes in MHC studies are generally small in wild populations (Gaigher et al., 2019; Hoover & Nevitt, 

2016; T. Kamiya et al., 2014), and if there was only a weak signal of sex-based differences in MHC 

diversity, our sample size may have been insufficient to detect a significant difference. Furthermore, this 

study focuses exclusively on a single gene of the class II MHC, which binds to antigens from exogenous 

pathogens (Rock et al., 2016). To understand the full scope of sex-specific pathogen-mediated selection, 

it may be necessary to examine markers from other immunogenetic loci, such as the class I MHC, which 

provides protection against exogenous pathogens like viruses.  

The caveats and questions outlined above highlight the overall lack of information available 

about parasites and their role in the ecology of wild mandrills and the evolution of their immune 

systems. Only a few parasitic taxa, namely Plasmodium and certain viruses such as SIV, have been 

studied in depth in mandrills, and the prevalence of most other groups remains unknown, especially in 

wild populations. The effect of infections on individual health, mortality, and fitness has also not been 

thoroughly explored. To better understand the evolution of MHC genes in mandrills and other primates, 

and to enable management of disease for conservation purposes, more information is needed to 

describe which parasites affect wild populations, their degree of pathogenicity, and which individuals 

are most vulnerable. Future studies should focus on characterization of important parasitic taxa through 

direct sampling of parasites, and quantifying their role in fitness and mortality. Other immune-related 

genes also should be examined, such as the class I MHC, since it provides protection against a different 

set of pathogens and may be subject to different levels of parasite-mediated selection.  
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Conclusion 

 Biodiversity data is lacking for many tropical species (Collen et al., 2008), but in the face of 

increasing threats from climate change and anthropogenic pressure, it is crucial to develop a baseline 

understanding of threatened species’ evolutionary history, genetic diversity, tolerance to habitat 

change, and vulnerability to pathogens. In the preceding studies, we provide some insight on these 

topics for a vulnerable species of primate known to be in decline due to pressure bushmeat hunting and 

habitat loss.  

The central African landscape is subject to ongoing climatic and anthropogenic stressors that 

may lead to major ecosystem shifts (Réjou-Méchain et al., 2021). Forest area in western and central 

Africa, spanning from Senegal to the Democratic Republic of the Congo, has declined in recent decades 

due to deforestation, decreasing from 346,581 K ha in 1990 to 313,000 K ha in 2015 (Keenan et al., 

2015), and temperature and precipitation variables are expected to change dramatically by the end of 

the 21st century (Williams et al., 2007). Long-term environmental datasets in LNP show a significant 

trend of climate warming and drying since 1984 (Bush, Jeffery, et al., 2020), and researchers have also 

noted changes in flowering and fruiting patterns in the park which have lead to an extreme decline in 

fruit availability and body condition in megafauna (Bush, Whytock, et al., 2020).  

 Central African forests and savannas also have a history of significant environmental 

fluctuations, particularly changes in forest cover (Maley, 1993, 1996; Maley & Brenac, 1998). Regardless 

of these changes, the data presented here suggest that multiple species of forest mammals weathered 

extreme forest loss in the past without undergoing major population declines. This conclusion provides a 

hopeful outlook on species viability in the face of projected forest cover loss, although past climate 

change is not necessarily a useful analog for contemporary climate change (Crowley, 1990). While 

gorillas, mandrills, blue duikers, and Peters’s duikers may be robust to forest fragmentation, additional 
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threats exist today that cannot be disregarded, such as increased bushmeat hunting, urbanization, and 

disease (Abernethy et al., 2016; Bermejo et al., 2006; Ripple et al., 2016), all of which continue to 

threaten animal populations across the region.  

 Because MSVAR analyses show that these four species have not undergone historical population 

bottlenecks, they may retain sufficient genetic diversity to enable adaptation as their habitats change. 

However, neutral diversity does not necessarily predict adaptive capacity (Teixeira & Huber, 2021), so in 

threatened and endangered species, it is important to study functional genetic markers like the MHC to 

understand the ability of a species to adapt to new environmental conditions and, more specifically, to 

mount an effective immune response to introduced pathogens (Holderegger et al., 2006). The MHC’s 

extremely high diversity makes it a particularly useful marker of adaptive genetic variation, and it can 

provide a great deal of information about patterns of parasite-mediated and sexual selection in 

populations (Sommer, 2005). However, the extreme polymorphism of the MHC presents a challenge for 

sequencing (Lighten et al., 2014), especially in studies of wildlife for which high quality samples may not 

be available.  

 To facilitate the study of the MHC based on a non-invasive sampling approach, we present a 

new method to assign MHC alleles to individual samples that have been deeply sequenced using next-

generation sequencing. Our method requires further verification and should be tested using fecal 

samples from individuals with known MHC allele assignments. Nevertheless, it provides a promising 

avenue to sequencing complex loci using degraded DNA that is typically obtained from non-invasive 

samples. When applied to the focal population of mandrills at LNP, higher levels of genetic diversity 

were observed that had not yet been documented in this species. In addition to detecting an MHC 

pseudogene previously identified only rarely in non-human primates (Gongora et al., 1996), we also 

identified strong patterns of trans-species polymorphism, with identical alleles shared between 

mandrills and olive baboons, gorillas, and crab-eating macaques. This finding reaffirms those from 
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previous studies which have suggested that MHC lineages are maintained across various primate species 

by pathogen-mediated selective pressure (Azevedo et al., 2015).  

 As demonstrated by evidence of trans-species polymorphism (Klein et al., 2007), pathogens and 

parasites have undoubtedly shaped the evolutionary trajectory of many species (Nunn et al., 2004). 

Pathogens and MHC genes are known to co-evolve (Woolhouse et al., 2002), so studying the MHC in 

wild populations can provide insight to patterns of pathogen-mediated selection (Garamszegi & Nunn, 

2011; Hedrick, 2002; Hill, 1991). MHC diversity can also be an indicator of species’ ability to adapt to 

novel pathogens (Sommer, 2005), which is especially relevant for primate conservation in the face of 

increasing human encroachment (Ryan & Walsh, 2011; Walsh et al., 2003).  

 Despite apparent male-biased parasitism in mandrills (Charpentier et al., 2019), we found no 

evidence of sex-specific selection on the MHC DRB gene. Sampled males and females were equally MHC-

diverse, both in terms of allelic richness and amino acid variability, and there was no significant sex-

specific difference in the frequencies of any of the common alleles. This finding suggests that MHC DRB 

variation protects males and females equally against pathogen-associated mortality, despite males 

having apparently higher parasite prevalence. Possible explanations for this observation are that the 

species of parasites that are more prevalent in males do not cause significant mortality, or that infection 

is avoided through behavioral mechanisms. However, much more research is needed to fully explore 

this topic, as the role that pathogens play in mandrill evolution, ecology, and conservation remains 

poorly understood.  

 Overall, the findings of this dissertation paint a picture of a species that has maintained high 

levels of neutral and functional genetic diversity over time. Mandrills at LNP appear to have tolerated 

historical forest fragmentation without undergoing major population declines, and their levels of 

immunogenetic diversity will likely aid them in adapting to new and changing pathogen pressures. More 
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information is still needed to understand how mandrills will cope with increasing threats, as bushmeat 

hunting, habitat loss, and climate change continue to affect central African ecosystems (Bush, Jeffery, et 

al., 2020; Bush, Whytock, et al., 2020; Réjou-Méchain et al., 2021; Ripple et al., 2016; Williams et al., 

2007). However, the results generated here provide valuable new insights into the evolution and 

ecology of this iconic species.  
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Appendix 

Chapter 2: Table S1 

Group Scientific name Species Available seqs Unique w. 157 bases % loss 

NWM Aotus nancymaae  Aona 110 78 29.09 

NWM Aotus nigriceps  Aoni 32 28 12.50 

NWM Callicebus moloch  Camo 14 13 7.14 

OWM Chlorocebus aethiops Chae 12 11 8.33 

OWM Chlorocebus sabaeus Chsa 12 12 0.00 

Ape Gorilla gorilla Gogo 33 30 9.09 

OWM Macaca fascicularis Mafa 330 223 32.42 

OWM 
Mandrillus 

leucophaeus 
Male 2 2 0.00 

OWM Macaca leonina Malo 21 19 9.52 

OWM Macaca mulatta Mamu 246 193 21.54 

OWM Macaca nemestrina Mane 151 90 40.40 

OWM Mandrillus sphinx Masp 42 40 4.76 

OWM Papio anubis Paan 49 46 6.12 

Ape Pan paniscus Papa 5 5 0.00 

Ape Pan troglodytes Patr 81 64 20.99 

      

    average 13.46 

    sd 12.18 

 pooled sequences unique within species 854  

 sequences unique across species 684 19.91 

OWM=Old World Monkey, NWM=New World Monkey 
Data not including LNP mandrills 
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