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ABSTRACT 

 

It is not clear whether genes of the innate immune system of vertebrates are 

subject to the same selective pressures as genes of the adaptive immune system, 

despite the fact that innate immunity genes lie directly at the interface between host 

and pathogens. The lack of consensus about the incidence, type, and strength of 

selection acting on vertebrate innate immunity genes motivated this study. The goal 

of this work was to elucidate the general principles of innate immune receptor 

evolution within and between species. A phylogenetic analysis of the Toll-like 

receptor 5 (TLR5) in primates showed an excess of nonsynonymous substitutions at 

certain codons, a pattern that is consistent with recurrent positive selection. The 

putative sites under selection often displayed radical substitutions, independent 

parallel changes, and were located in functionally important regions of the protein. In 

contrast with this interspecific pattern, population genetic analysis of this gene in 

humans and chimpanzees did not provide conclusive evidence of recent selection. 

The frequency and distribution of a TLR5 null mutation in human populations further 

suggested that TLR5 function might be partially redundant in the human immune 

system (Appendix A). Comparable analyses of the remaining nine human TLRs 

produced similar results and further pointed to a biologically meaningful difference in 

the pattern of molecular evolution between TLRs specialized in the recognition of 

viral nucleic acids and the other TLRs (Appendix B). The general picture that 

emerges from these studies challenges the conventional idea that pattern recognition 
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receptors are subject to an extreme degree of functional constraint dictated by the 

recognition of molecules that are essential for microbial fitness. Instead, TLRs 

display patterns of substitution between species that reflect an old history of positive 

selection in primates. A common theme, however, is that only a restricted proportion 

of sites is under positive selection, indicating an equally important role for purifying 

selection as a conservative force in the evolution of this gene family. A comparative 

analysis of evolutionary rates at fifteen loci involved in innate, intrinsic and adaptive 

immunity, and mating systems revealed that more promiscuous species are on 

average under stronger selection at defense genes (Appendix C). Although the effect 

is weak, this suggests that sexual promiscuity plays some role in the evolution of 

immune loci by affecting the risk of contracting infectious diseases. 
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CHAPTER 1: INTRODUCTION 

 

Explanation of the problem and its context 

A key goal of evolutionary biology is to understand variation in traits associated 

with fitness. Immune function is an essential component of fitness. This is supported by 

several independent lines of evidence, such as the deleterious consequences of 

immunodeficiencies in humans (Janeway 2001), the large fraction of the vertebrate 

genome devoted to immune-related functions (~4% of all genes in mouse and human), 

the recognized tradeoffs between immunity and reproduction (Sheldon and Verhulst 

1996), and the rapid evolution of many immunity genes (Gibbs et al. 2004; 2005; 

Lindblad-Toh et al. 2005; Gibbs et al. 2007). In fact, host-pathogen interactions provide 

arguably one of the best arenas in which to study some of the central pillars of Darwin’s 

theory of evolution by natural selection. 

At the same time, a large amount of polymorphism is frequently observed at 

immunological traits in natural populations (Hughes and Nei 1988; Hughes and Nei 

1989; Lazarus et al. 2002; Lazzaro, Sceurman, and Clark 2004; Hughes et al. 2005; 

Moeller and Tiffin 2005). In humans for example, the most polymorphic loci in the 

genome are found among immunity genes (Hughes 2002; Moeller and Tiffin 2005). If 

indeed the immune system is so closely related to fitness, it seems paradoxical to find this 

extreme level of polymorphism for immune traits. Unless variation itself is adaptive, we 

expect that natural selection will purge deleterious mutations and quickly fix beneficial 

mutations (Fisher 1930), and potentially remove linked neutral variation at the same time 
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(Maynard Smith and Haigh 1974; Charlesworth, Morgan, and Charlesworth 1993). 

However, this simplistic view ignores that infectious diseases are extremely dynamic and 

affected by multiple factors. Lazzaro and Little (2009) suggest that the interplay of 

several factors (including host and pathogen genotypes and their interactions, gene-

environment interactions, fluctuating abiotic environments and pleiotropy) can generate 

complex selective regimes that potentially result in the maintenance of genetic variation 

at immunity genes. 

Two decades ago, Charles Janeway (1989) envisioned a general theory of innate 

immune recognition that revolutionized our understanding of the vertebrate immune 

system. He predicted the existence and properties of pattern recognition receptors, the 

pathogen sensors of the innate immune system. Twenty years later, several families of 

pattern recognition receptors have been identified, among which the Toll-like receptors 

(TLRs) are the best characterized. In spite of an enormous basic and biomedical interest 

in elucidating the general principles of innate immune recognition and understanding the 

evolution of pattern recognition receptors, many basic questions remain unanswered. 

While there is general consensus about the importance of balancing selection in 

maintaining variation at adaptive immune genes (Hughes 2002), the overall pattern of 

evolution at innate immune genes is unclear (Holmes 2004). Evolutionary studies can 

provide perspective into the historical factors that shaped the present day patterns of 

variation, thereby providing clues about function. 

This dissertation describes the molecular evolution of one family of innate 

immunity genes (the Toll-like receptors), and then addresses the effect of sexual 
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promiscuity on the rate of protein evolution in a functionally broader set of immune 

defense genes in primates. Patterns of nucleotide variability at TLRs in two closely 

related species, humans and chimpanzees, are contrasted with patterns of substitution 

across the primate radiation to assess the relative importance of negative and positive 

selection at pattern recognition receptors. By studying variation within and between 

species it is possible to make inferences about the timescale over which natural selection 

has acted. The results challenge the predominant view that pattern recognition receptors 

are subject to strong evolutionary constraint. To start disentangling the contribution of 

different factors to the evolution of immune loci, I investigated the link between mating 

system and immunity at the molecular level. Using comparative data in primates I 

discovered a positive relationship between sexual promiscuity and the rate of evolution in 

immunity genes.  

 

A review of the literature 

The vertebrate immune system: Although all living organisms have evolved 

effective mechanisms of defense against parasites, the complexity and specificity of the 

vertebrate immune system has no parallels. Vertebrate immunity consists of two 

intricately related branches: innate and adaptive immunity. The innate immune system is 

ancient, with shared pathways between vertebrates and invertebrates (Hoffmann et al. 

1999) and some elements even shared between animals and plants. It is based on 

relatively conserved receptors and leads to an immediate response. Adaptive immunity, 

on the other hand, is restricted to jawed vertebrates. It is based on hypervariable receptors 
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whose variability is generated by somatic recombination, and results in a slower response 

and immunological memory (Janeway et al. 2005). These two arms of vertebrate 

immunity have fundamentally different strategies of pathogen recognition and 

elimination. The innate immune system is highly efficient at distinguishing self from 

non-self because it is based on receptors that mostly recognize microbial components, but 

it is relatively non-specific. Conversely, the adaptive immune system is less efficient at 

discriminating self from non-self components because it is essentially self-referential 

(although in normal conditions is not activated by self-ligands), but it has an extremely 

specific response. Through the coordinated action of the two systems, an acceptable 

efficacy of self/non-self discrimination and high degree of specificity are achieved 

(Janeway 2001; Palm and Medzhitov 2009). The recent recognition that innate and 

adaptive immunity act in such a tightly coordinated manner has blurred the traditional 

distinction between the two arms of the vertebrate immune system (Flajnik and Du 

Pasquier 2004). 

Toll-like receptors of the innate immune system: The main targets of innate 

immune recognition are pathogen-associated molecular patterns (PAMPs), conserved 

molecular structures produced only by microbial pathogens but not by the host, and 

shared by general 'classes' of microorganisms (Medzhitov and Janeway 1997). PAMPs 

are recognized by a limited set of host receptors referred to as pattern recognition 

receptors (PRRs). A number of PRRs have been described in mammals, among which the 

TLRs are the most extensively studied. Ten TLR members are known in humans: TLR4 

(Medzhitov, Preston-Hurlburt, and Janeway 1997); TLR1, TLR3 (Rock et al. 1998); 
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TLR2, TLR5 (Chaudhary et al. 1998; Rock et al. 1998), TLR6 (Takeuchi et al. 1999); 

TLR7, TLR8, TLR9 (Du et al. 2000); TLR10 (Chuang and Ulevitch 2001). 

TLRs are transmembrane type I glycoproteins with a leucine-rich repeat 

ectodomain (LRR) and a Toll-IL-1 receptor cytoplasmic domain (TIR) connected by a 

single transmembrane domain (Bell et al. 2003). Some TLRs are located on the cell 

surface whereas others are found in intracellular compartments (Chaturvedi and Pierce 

2009). Structurally, their ectodomains share a basic horseshoe shape typical of leucine-

rich repeat proteins (Jin et al. 2007; Liu et al. 2008; Park et al. 2009). The active forms of 

TLRs are homo or heterodimers, and this heterodimerization broadens the repertoire of 

molecular patterns they can recognize (Ozinsky et al. 2000). The general structure of 

TLRs, as well as their cellular localization and main ligands are shown in Figure 1. Upon 

pathogen binding, TLRs induce the expression of several costimulatory cytokines and 

antimicrobial peptides through the NF-κB pathway (Akira and Takeda 2004). TLRs 

constitute a good set of genes for studying the molecular evolution of innate immunity 

because the clinical, structural, and mechanistic information available makes it possible 

to link evolutionary patterns with functional details. 

Molecular evolution of immunity genes: Immunity-related genes usually show 

pervasive evidence of adaptive evolution. They evolve rapidly between species (Tanaka 

and Nei 1989; Jansa, Lundrigan, and Tucker 2003; Schlenke and Begun 2003; Gibbs et 

al. 2004; Sawyer, Emerman, and Malik 2004; Sawyer et al. 2005; Gibbs et al. 2007; 

Sackton et al. 2007; Elde et al. 2009) and show evidence of positive selection within 
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species (Ballingall et al. 2001; Lazzaro and Clark 2003; Schlenke and Begun 2003; 

Hughes et al. 2005), possibly due to host-pathogen coevolution. 

Two basic models have been proposed to explain host-pathogen coevolution. In 

the 'arms race' model, the host evolves resistance and pathogens rapidly counter-evolve 

mechanisms to avoid that resistance (Van Valen 1973). This results in a continual 

selective turnover of alleles. This model predicts that the host population will be 

generally monomorphic at disease resistance loci, resulting in an excess of divergence 

with respect to polymorphism. Another model is based on the cost of resistance, and this 

model postulates that in the absence of pathogens, resistant individuals have reduced 

fitness (Stahl et al. 1999). Under this 'trench warfare' model, in a temporally or spatially 

varying selective regime, alleles for susceptibility and resistance can coexist, fluctuating 

in frequency for long periods of time. This model predicts that some alleles will be old 

and will be maintained as balanced polymorphisms of intermediate frequency, resulting 

in an excess of polymorphism with respect to divergence. More complex dynamics 

involving transient polymorphisms might also exist, depending on environmental 

heterogeneity.  

In vertebrates, most molecular evolution studies have focused on effector genes of 

adaptive immunity such as immunoglobulins, T-cell receptors and MHC loci. These 

genes often show clear evidence of balancing selection (Hughes and Nei 1988; Hughes 

and Nei 1989; Hughes and Nei 1990). In contrast, vertebrate innate immunity genes have 

been less studied. In primates, several antiretroviral genes usually ascribed to the 

category of ‘intrinsic immunity’ (constitutively expressed cellular proteins that 
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specifically inhibit or block retroviruses) have been shown to evolve adaptively at 

extremely fast rates (Hughes and Nei 1988; Hughes and Nei 1989; Hughes and Nei 1990; 

Sawyer, Emerman, and Malik 2004; Sawyer et al. 2005; Sawyer, Emerman, and Malik 

2007). Some antimicrobial peptides show signals of adaptive diversification after gene 

duplication (Hughes 1999; Tennessen 2005). However, because studies on immunity 

before the 90’s concentrated mostly on adaptive immunity (Hoffmann et al. 1999), we 

lack a more systematic characterization of the patterns of evolution of innate immune 

genes. 

Drosophila innate immunity genes, particularly PRRs, usually evolve by positive 

directional selection (Hughes 1999; Schlenke and Begun 2003; Sackton et al. 2007). It 

remains unclear whether innate immunity genes in vertebrates exhibit the same strength 

and type of selection compared to their invertebrate counterparts. This question is 

relevant because most organisms do not posses adaptive immunity, and the acquisition of 

the adaptive immune system along the vertebrate lineage might have radically changed 

the selective pressures acting on the innate response.  

Mating and immunity:  Reproduction and immunity are two functions closely 

related to fitness but also intimately linked to each other. Numerous connections have 

been proposed between mating and immunity (Lawniczak et al. 2007). At the 

precopulatory level, mate choice could be based on secondary sexual traits that indirectly 

reflect heritable variation in immune condition (Hamilton and Zuk 1982). Post-mating 

processes could also interact with immunity. For example, the male ejaculate might 

interfere with female immunity leading to sexual conflict (Fedorka and Zuk 2005). 
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Another possibility is cryptic female choice mediated by immune response in the female 

reproductive tract (Reddy, Yedery, and Aranha 2004). Finally, species with more 

promiscuous mating systems might be under increased risk of acquiring sexually 

transmitted diseases (Nunn, Gittleman, and Antonovics 2000). 

Testing hypotheses about the relationship between mating and immunity is 

complicated in large vertebrates, in which most species are not amenable to experimental 

manipulation. In this situation, the comparative approach is a powerful alternative. 

Although correlational evidence emerging from this type of studies needs to be 

interpreted with caution, comparative studies can shed light on the complex relationship 

between immunity, reproduction, and other important life-history traits. 

 

Explanation of dissertation format 

Understanding the evolution of genes that underlie vertebrate innate immunity is 

of fundamental importance but we still do not have a clear picture of the general patterns 

of evolution of these genes. In Appendix A, I present a detailed study of the evolution of 

TLR5 among primates and within humans and chimpanzees. I show that the evolutionary 

history of TLR5 has been driven by recurrent positive selection on a small proportion of 

codons, against a background of strong purifying selection. The examination of patterns 

of variation within species shows, in contrast, no clear evidence of positive selection. 

Appendix B expands upon these results to examine patterns of molecular evolution 

within and between primates for the entire family of TLRs. In agreement with the 

evolutionary history of TLR5, most of the genes in the family show evidence of adaptive 
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evolution across primates, but no evidence of selection within humans or chimpanzees. 

By comparing the patterns of polymorphism and divergence between humans and 

chimpanzees and between viral and non-viral receptors, I provide a general picture of the 

evolution of this important family of innate immune receptors. Finally, Appendix C 

focuses on lineage specific patterns of evolution, to evaluate the effect of sexual 

promiscuity on the evolutionary rates of a diverse set of immunity genes (including, but 

not limited to TLRs). By looking at variation in the rates of protein evolution in the 

context of mating system and other variable expected to influence disease risk, I find 

evidence of a weak but significant effect of mating system on the evolution of immune 

defense genes. 
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CHAPTER 2: PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

of these papers. 

To characterize the main patterns of evolution of innate immunity genes in 

primates and to understand the major factors affecting their rate of protein evolution, I 

have: 1) conducted comprehensive population genetic and molecular evolution analyses 

of TLRs, and 2) extended ideas about mating system and the evolution of immunity to the 

molecular level, by testing the hypothesis that levels of female promiscuity influence 

rates of evolution of immunity genes. Appendix A provides a detailed study of the 

evolution of TLR5, a receptor that recognizes flagellated bacteria. Using maximum 

likelihood methods I uncovered clear signatures of positive selection driving the 

evolution of this gene in primates. Within humans or chimpanzees, however, a 

multiplicity of approaches and tests of selection did not find deviations from the neutral 

model of evolution. Moreover, genetic drift seems to be responsible for the relatively 

high frequency of a loss of function mutation in humans, suggesting some degree of 

functional redundancy at this gene. 

Appendix B is a natural extension of the previous study and examines the patterns 

of molecular evolution of all the genes in the TLR family, also at deep and recent 

timescales. Compelling evidence of positive selection among species was generalized to 

most of the other TLR familiy members, challenging the current paradigm of TLR 
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evolution. No obvious evidence for positive selection was found at the population level. 

An increase in the proportion of deleterious polymorphisms was found in humans with 

respect to chimpanzees, which can be explained by relaxed selection in the former. Viral 

TLRs were under stronger purifying selection than non-viral TLRs. By dissecting the 

patterns of positive and negative selection at different timescales I provide a more 

complete picture of the evolutionary history of this important family of innate immune 

receptors.  

Appendix C tests the hypothesis that mating system is a major determinant of the 

rate of protein evolution in a set of 15 immune defense genes with a known history of 

rapid evolution in primates. Primates constitute an excellent system with which to test 

this idea, because extensive information is available about social and mating systems and 

other ecological and life history variables that can affect disease risk. The degree of 

female promiscuity, as determined by the mating system, showed a weak but significant 

effect on the rate of protein evolution. As predicted by the disease-risk/promiscuity 

hypothesis, species with higher levels of female promiscuity had on average more 

evidence of positive selection than less promiscuous species. 
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APPENDIX A: FIGURE

FIGURE LEGEND

Figure 1.  Schematic representation of the typical TLR structure showing the

extracellular or intra-endosomal region containing leucine-rich repeats responsible for

pathogen recognition, the transmembrane portion and the cytoplasmic region containing a

TIR domain responsible for signaling. The cellular localization and main types of ligands

recognized by TLRs are shown. Adapted from Carpenter and O’Neill 2007.
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Figure 1.  
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APPENDIX B: A HISTORY OF RECURRENT POSITIVE SELECTION AT THE

TOLL-LIKE RECEPTOR 5 IN PRIMATES.

Published: Molecular Biology and Evolution (2009) 26: 937-949
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ABSTRACT 

Many genes involved in immunity evolve rapidly. It remains unclear, however, to 

what extent pattern-recognition receptors (PRRs) of the innate immune system in 

vertebrates are subject to recurrent positive selection imposed by pathogens, as suggested 

by studies in Drosophila, or whether they are evolutionarily constrained. Here we show 

that TLR5, a member of the Toll-like receptor family of innate immunity genes that 

responds to bacterial flagellin, has undergone a history of adaptive evolution in primates. 

We have identified specific residues that have changed multiple times, sometimes in 

parallel in primates, and are thus likely candidates for selection. Most of these changes 

map to the extracellular leucine-rich repeats involved in pathogen recognition and some 

are likely to have an effect on protein function due to the radical nature of the amino acid 

substitutions that are involved. These findings suggest that vertebrate PRRs might show 

similar patterns of evolution to Drosophila PRRs, in spite of the acquisition of the more 

complex and specific vertebrate adaptive immune system. At shorter time scales, 

however, we found no evidence of adaptive evolution in either humans or chimpanzees. 

In fact, we found that one mutation that abolishes TLR5 function is present at high 

frequencies in many human populations.  Patterns of variation indicate that this mutation 

is not young, and its high frequency suggests some functional redundancy for this PRR in 

humans.  



 

 

31 

INTRODUCTION 

Vertebrate immune systems include acquired and innate components. Pattern-

recognition receptors (PRRs) are an essential component of the innate immune system. 

PRRs recognize and bind pathogen-associated molecular patterns (PAMPs), conserved 

molecular motifs that are shared by infectious agents but which are absent in the host. 

The interaction between PRRs and PAMPs illustrates two fundamental aspects of the 

innate immune system: i) the ability to discriminate between self and non-self and ii) the 

targeting of components essential for microbial fitness, which are therefore functionally 

constrained (Medzhitov and Janeway 1997). Toll-like receptors (TLRs) constitute the 

best-characterized PRRs of the innate immune system of vertebrates, and so far, ten have 

been described in humans (Akira and Takeda 2004). After stimulation with their ligands, 

TLRs form homo- or hetero-dimers and trigger intracellular signaling cascades that 

induce the expression of a variety of genes. This in turn leads to the activation of innate 

immunity effector mechanisms as well as the development of adaptive immunity (Akira 

and Takeda 2004). 

Because TLRs interact with microbial invaders, theory predicts that over 

evolutionary time they may be engaged in co-evolutionary arms races with their 

microbial ligands. Recent results from the comparison of several Drosophila genomes 

support this hypothesis, showing that among innate immunity loci, PRRs constitute a 

functional class that evolves quickly between species (Sackton et al. 2007).  It remains 

unclear whether vertebrates and invertebrates are similar in this respect. On the other 

hand, given the extremely conserved nature of the molecular patterns targeted by TLRs, 
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they might be evolutionarily inflexible. In fact, they are often cited as an example of 

evolutionary conservation due to the fundamental constraint imposed by the inability of 

pathogens to tolerate mutations in molecular motifs that are essential to their fitness 

(Medzhitov and Janeway 1997). 

Here, we attempt to distinguish between these two competing hypotheses using 

the evolution of Toll-like receptor 5 (TLR5) in primates as an example. So far, the 

limited evidence about the patterns of molecular evolution of TLRs in primates is 

inconclusive. While Ortiz et al. (2008) claimed that all TLRs, except for TLR1, have 

evolved under purifying selection in primates, Nakajima et al. (2008) using a more 

extensive phylogenetic sampling, suggested that TLR4, has been under positive selection 

in Old World monkeys.  

TLR5 targets monomeric flagellin, the main component of the bacterial flagella 

and a potent virulence factor (Hayashi et al. 2001; Ramos, Rumbo, and Sirard 2004). 

Recently, Andersen-Nissen et al. (2005) showed that members of the α and ε 

Proteobacteria that are important human pathogens, such as Campylobacter jejuni and 

Helicobacter pylori, are able to evade TLR5 recognition by mutating key residues in the 

TLR5 recognition site. These mutations abolish flagellar motility, but the pathogens 

acquire compensatory mutations in other parts of the flagellin molecule that restore 

motility, which is essential for efficient infectivity. These results demonstrate that 

pathogens can evolve to evade PRR recognition while remaining fully functional and 

capable of infection. More importantly, these findings suggest opportunities for co-
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evolution between PRRs and their microbial ligands, in spite of some overall functional 

constraint. 

Additional motivation for studying PRRs in primates comes from ideas 

concerning the relationship between mating systems and disease risk. Based on the 

finding that the basal number of white blood cells (WBCs) in primates and carnivores is 

correlated with the degree of sexual promiscuity, but not with other life history traits 

expected to influence disease risk, Nunn and colleagues proposed the controversial idea 

that mating system drives the evolution of the immune system (Nunn, Gittleman, and 

Antonovics 2000; Nunn 2002; Nunn, Gittleman, and Antonovics 2003). The underlying 

hypothesis is that in promiscuous species the increased risk of acquiring sexually 

transmitted diseases has resulted in the evolution of stronger immune systems. This 

hypothesis has not been broadly tested at the molecular level. As a secondary goal, we 

take advantage of the variation in mating system among primate species to test 

predictions of this hypothesis. 

A final motivation for studying TLR5 comes from association studies in humans 

which showed that a premature stop codon (TLR5392STOP) was linked to susceptibility to 

Legionnaire’s disease, a type of pneumonia produced by the flagellated bacterium 

Legionella pneumophila (Hawn et al. 2003), and resistance to two autoimmune disorders: 

Crohn’s disease (Gewirtz et al. 2006) and Systemic Lupus Erythematosus (SLE) (Hawn 

et al. 2005). TLR5392STOP results in a loss of function, acts in a negative-dominant fashion 

(one defective copy is enough to produce a homodimer that is unable to signal), and has 

been reported to segregate in different populations at frequencies between 5 to 10 % 
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(Hawn et al. 2003; Hawn et al. 2005; Gewirtz et al. 2006). Hawn et al. (2005) suggested 

that the high population frequency of TLR5392STOP might be due to an evolutionary 

advantage associated with defective TLR5-mediated signaling, at least in some situations. 

The “less is more” hypothesis proposed by Olson (1999) and Olson and Varki (2003) 

suggests that gene loss might be advantageous and an important engine of evolutionary 

change. This idea has received considerable attention recently in light of several reports 

of adaptive pseudogenizations in the human lineage (Tournamille et al. 1995; Ali, Rellos, 

and Cox 1998; Wang, Grus, and Zhang 2006; Seixas et al. 2007). The idea that TLR5 

might be another case of adaptive gene loss in humans is intriguing because of its 

putative important immunologic function. 

Here, we have analyzed the entire TLR5 coding sequence of 22 species of old and 

new world primates and apes in a phylogenetic framework, and surveyed sequence 

variation in both coding and non-coding regions in population samples of humans and 

chimpanzees to answer the following questions: 1) Has TLR5 undergone adaptive 

evolution in primates? 2) Is there any support for the promiscuity/disease-risk hypothesis 

in the rates of protein evolution across primates? 3) Are there signatures of positive 

selection in the patterns of nucleotide variation at TLR5 in humans and chimpanzees? 

and 4) Has the premature stop codon in humans increased in frequency due to recent 

positive selection? We found convincing evidence of positive selection at TLR5 

throughout the primate phylogeny, involving amino acids that might mediate flagellin 

recognition, suggesting that innate immunity genes may experience some of the same 

evolutionary pressures previously described for adaptive immunity genes. Only four out 
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of six independent transitions to increased sexual promiscuity were associated with 

increased rates of protein evolution, arguing against the hypothesis that mating system 

plays a major role in TLR5 evolution.  In humans and chimpanzees, patterns of DNA 

sequence variation are largely consistent with neutral expectations, suggesting that the 

relatively high frequency and widespread distribution of the human TLR5392STOP 

mutation might be a consequence of functional redundancy.  
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MATERIALS AND METHODS 

Samples: The species used in the phylogenetic analyses are shown in Figure 1 

and the origins of the samples are given in Supplementary Table 1. Samples were 

collected in accordance with Institutional Animal Care and Use Committee (IACUC) 

guidelines. Additionally, coding sequences of Homo sapiens and Macaca mulatta were 

retrieved from GenBank (accession numbers NM_003268 and XM_001099501 

respectively). 

DNA Samples from 19 Pan troglodytes verus, 3 P. t. troglodytes and 18 humans 

(9 Africans, 9 Europeans) from the Y-Chromosome Consortium DNA collection were 

provided by Dr. Michael Hammer at the University of Arizona.  Human sequence data 

(24 African Americans and 23 European Americans) for two non-overlapping fragments 

that together include ~17 kb were gathered from the Innate Immunity Database 

(www.innateimmunity.net).  

Nine hundred and fifty individuals from the Human Genome Diversity Panel 

(Cann et al. 1999; Cann et al. 2002) were used to estimate the worldwide frequency and 

geographic distribution of the TLR5392STOP mutation. This HGDP excludes samples 

previously identified as related individuals or duplicates (Rosenberg 2006). 

DNA Amplification and sequencing: The entire coding region of TLR5 (~2.5 

kb) was PCR-amplified and sequenced from the 19 primate species listed above, using 

primers designed in conserved regions of published primate sequences.  Together with 

the Macaca sequence from GenBank and the human and chimpanzee sequences (see 

below), the phylogenetic analyses included 22 species. 
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Two non-overlapping genomic fragments were PCR-amplified and sequenced 

from 18 humans (~12 kb and ~5kb) to match similar gene regions available from the 

Innate Immunity Database (see below). A 5 kb fragment was also PCR-amplified and 

sequenced in 19 P. t. verus and 3 P. t. troglodytes. In humans and chimpanzees, the 

sequenced regions contain the complete coding region as well as adjacent non-coding 

sequence. 

PCR was performed in 25-50 µl reactions using Platinum Taq High Fidelity DNA 

Polymerase (Invitrogen, San Diego, CA). A complete list of amplification and 

sequencing primers for all fragments and the corresponding annealing temperatures and 

PCR protocols are provided in Supplementary Tables 2 and 3. PCR products were 

purified using the Qiagen PCR purification kit (Qiagen, Valencia, CA) and sequenced 

using an ABI 3700 automated sequencer (Applied Biosystems, Foster City, CA). 

Sequences have been deposited in GenBank under the following accession numbers: 

Primates other than humans and chimpanzees: FJ542200-FJ542219; Chimpanzees: 

FJ546349-FJ546370; Humans: FJ556974-FJ556991. 

Sequence editing and assembly were performed using SEQUENCHER (Gene 

Codes, Ann Arbor, MI). DNA sequences were aligned using CLUSTAL X (Thompson et 

al. 1997) with manual alignment of small indels using the amino acid sequence as a 

reference. Gametic phase was computationally determined using PHASE (Stephens, 

Smith, and Donnelly 2001).  

Phylogeny-based tests of selection: We tested for positive selection in the 

primate phylogeny by comparing the number of nonsysnonymous substitutions per non-
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synonymous site (dN) to the number of synonymous substitutions per synonymous site 

(dS) in a maximum likelihood (ML) framework. A ratio of dN/dS (ω) grater than one is 

usually taken as evidence of selection. We used the accepted primate phylogeny (Purvis 

1995; Bininda-Emonds et al. 2007) in all analyses. We also used the TLR5 data to 

estimate phylogenetic relationships using Neighbor Joining. The resulting tree was 

similar to the well-accepted primate phylogeny (Bininda-Emonds et al. 2007) with only 

four branches placed in slightly different positions. Analyses of selection using the TLRs 

tree yielded very similar results to those obtained using the accepted primate phylogeny, 

so we report only the latter below. 

First, we evaluated selection at individual codons, not allowing variation among 

lineages. We ran a series of nested models implemented in PAML ver 4 (Yang 1997; 

Yang 2007), in which the ‘neutral’ models restrict ω to values ≤1, while ‘selection’ 

models include a class of sites with dN/dS>1. A likelihood ratio test (LRT) was then used 

to compare nested models (Table 1). To check for convergence, all analyses were run 

twice, using initial ω values of 0.5 and 1.5. Amino acids under selection for model M8 

were identified using a Bayes Empirical Bayes approach (BEB) (Yang, Wong, and 

Nielsen 2005). Two models of codon frequencies were used: F3x4 and F61. 

A recent improvement in statistical methods to infer selection in a phylogenetic 

context is the incorporation of variation in the rate of synonymous substitution (Pond and 

Muse 2005). Kosakovsky Pond and Frost (2005) proposed a series of models to study 

selection on a codon basis. They classify previous methods as either ‘counting methods’, 

‘random effect models’ or ‘fixed effect models’. Counting methods reconstruct the 
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ancestral sequences to estimate the number of synonymous and non-synonymous changes 

at each codon. Random effect models assume a distribution of rates across sites and then 

infer the rate at which individual sites evolve. Fixed effects models estimate the ratio of 

non-synonymous to synonymous substitution on a site-by-site basis, without assuming a 

priori a distribution of rates across sites. SLAC (Single Likelihood Ancestor), REL 

(Random Effects Likelihood) and FEL (Fixed Effects Likelihood) methods, new versions 

of the ‘counting’, ‘random effect’ and ‘fixed effect’ models, respectively, that allow 

variation in the synonymous substitution rate (Kosakovsky Pond and Frost 2005), were 

implemented at the DATAMONKEY web server (Pond and Frost 2005). 

Finally, to detect variation in ω among lineages, a model with one ω (M0) was 

compared with a ‘free-ratio’ model that allows each branch to have a separate ω value 

while keeping variation among sites constant (Nielsen and Yang 1998; Yang 1998). 

Because a parameter-rich model does not necessarily fit the data better than simpler 

models, a model selection scheme was performed in DATAMONKEY to find the 

variable-branch model with the best fit to the data. 

Parallel amino acid changes were inferred using maximum parsimony in 

MacClade (Sinauer Associates, Sunderland, MA). 

Population genetic analyses and tests of selection: Nucleotide heterozygosity, π 

(Nei and Li 1979) and the proportion of segregating sites, θw (Waterson 1975) were 

estimated for the entire human and chimpanzee datasets, and also for different functional 

regions (coding, non-coding), and different human populations separately.  
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Tajima’s D (Tajima 1989) and Fu and Li’s D* (Fu and Li 1993) were calculated 

to assess whether the allele frequency spectrum deviates from neutral expectations. 

Coalescent simulations, conditioned on the observed number of segregating sites, were 

used to generate the null distributions of these test statistics. The ratio of non-

synonymous to synonymous polymorphisms in humans or chimpanzees was compared to 

the ratio of non-synonymous to synonymous fixed differences with respect to the 

orangutan sequence (Mcdonald and Kreitman 1991). These analyses were performed 

using DnaSP (Rozas et al. 2003) and SITES (Hey and Wakeley 1997). To test for 

selection at putative regulatory regions as in Andolfatto (2005), we compared the ratio of 

polymorphism within humans to human-chimpanzee divergence at silent sites in the 

coding region and at two 1 kb regions directly upstream of two alternative human 

transcripts.  

To study population structure in the chimpanzee data, 50,000 neutral genealogies 

of 38 chromosomes were simulated under panmixia using the program ‘ms’ (Hudson 

2002) using the observed level of variability and the recombination rate estimated from 

the data. To test for an excess of linkage disequilibrium (LD) due to 

admixture/population structure in chimpanzees, we computed the number of congruent 

sites (pb), defined as sites that determine only two haplotypes, and gd, defined as the 

maximum distance between any two congruent sites, using the script lbcalc (Garrigan et 

al. 2005). We then compared these values with the simulated distribution to calculate the 

probability of obtaining values more extreme than the observed ones. 
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To further evaluate the likelihood of gene flow between the chimpanzee 

subspecies, we fitted an isolation with migration model (Nielsen and Wakeley 2001; Hey 

and Nielsen 2004) using a Markov chain Monte Carlo method implemented in the 

program IMa (Hey and Nielsen 2007). Under this model, two populations split and 

diverge in isolation, with some level of gene flow. We used the largest non-recombining 

region of the combined verus-troglodytes sample, which includes 1660 bases of non-

coding sequence, to run the program with a burn-in period of 2,000,000 steps using 15 

chains with a geometric heating scheme. After the burn-in period, we ran the program for 

15,399,385 steps, recording the results every 10 steps. We checked for convergence by 

comparing multiple runs.  

Genotyping assay: The TLR5392STOP mutation was genotyped by restriction 

analysis with DdeI in the HGDP as in Hawn et al. (2003). 
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RESULTS 

Positive selection on the extracellular domain of primate TLR5 

We obtained the coding sequence of TLR5 for a relatively broad array of primates 

including New World primates, Old World primates and apes. To address whether 

specific codons in the protein have been subject repeatedly to positive directional 

selection in different species, we first investigated models in which the dN/dS ratio is 

allowed to vary among different classes of sites. LRTs showed that models that 

incorporate selection fit significantly better than neutral models (Table 1). For model 8, 

the most stringent of the models implemented in PAML, a small proportion of the codons 

(3.4% or 29 codons) was estimated to be under selection, with a ω value of 4.34, of 

which 13 were identified by the BEB approach with posterior probabilities above 0.8 

(Table 2).  

We then compared these results with those from methods that incorporate 

synonymous rate variation (Table 2). Using significance thresholds of p<0.2 for SLAC 

and FEL [consistent with a true Type I error rate of ~5%, as suggested by Kosakovsky 

Pond and Frost (2005) and a Bayes factor > 20 for REL (corresponding approximately to 

a p-value of 0.05)], SLAC and FEL identified 1 and 14 codons, respectively, and REL 

identified 11 codons as targets of selection. Eleven codons (104, 158, 292, 312, 354, 482, 

523, 530, 567, 586 and 847) were picked by at least two methods. 

Although not independent from previous results, we also considered parallel 

amino acid changes (independent changes at the same codon position, from the same 

initial state to the same final state) as potential candidates for selection. At TLR5, 24 
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codon sites show parallel evolution in two lineages and eight sites have evolved in 

parallel in three lineages (Table 2). Most of these do not fall at CpG sites (on either 

strand) and are thus not likely to be the product of mutational bias and/or increased 

mutation rate. Ten of the parallel changes (aa 158, 292, 312, 354, 482, 523, 530, 567, 586 

and 847) correspond to sites that were identified by more than one ML method as targets 

of selection. Interestingly, parallel changes have not accumulated on specific branches, 

but instead are relatively scattered across the primate phylogeny. A possible explanation 

for the high number of parallel changes is functional constraint due to the presence of 

many leucine-rich repeats in the extracellular domain. Such motifs typically contain a 

conserved 11 aa motif (LXXLXLXXNXL, where “L” is Leu, Ile, Val or Phe, “N” is Asn, 

and X is any amino acid) and a variable region (Matsushima et al. 2007). In this case, all 

the parallel changes that occurred in the conserved portion of the LRRs, involve “X” 

residues, suggesting that if functional constraint to maintain this motif exists, it does not 

seem to be responsible for the high number of parallel changes. We thus infer that 

selection might have played a role in driving these substitutions. 

We investigated the radical or conservative nature of amino acid substitutions 

using U, an empirically derived universal index based on the genetic code that measures 

amino acid exchangeability during evolution (Tang et al. 2004) (Table 2). In principle, 

more radical changes are more likely to affect function. U varies from 0.241 to 2.490 

with lower values representing more radical (less common) changes (Tang et al. 2004). U 

is weakly correlated with other conventional measures, such as Grantham’s distance, that 

determine amino acid exchangeability based on a combination of physicochemical 
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properties such as volume and polarity (Grantham 1974), but it is a considerably better 

predictor of the observed pattern of amino acid substitution in a variety of taxa (Tang et 

al. 2004). Several sites show relatively radical amino acid changes (Table 2). 

Of the 11 sites that were identified by more than one ML method, amino acids 

292, 312, 530, and 567 show the strongest evidence of selection because they were 

consistently identified by at least three ML methods, they show parallel changes, and 

they involve relatively radical amino acid changes. Particularly compelling is the 

evidence for selection on aa 530.  This is the only site identified by all four ML methods, 

and it displays a radical change occurring in three independent lineages.  Of the 

remaining seven sites, two deserve special attention. Site 354 involves a moderately 

radical change, and together with site 312, falls within the flagellin recognition domain 

(Andersen-Nissen et al. 2007). Site 847 also shows the same amino acid transition in 3 

independent instances and is located in the very conserved TIR signaling domain.  

 

Disease risk and mating system 

Having shown that TLR5 evolution in primates is consistent with recurrent 

positive selection, we were interested in looking for heterogeneity in rates of protein 

evolution among different lineages and in investigating whether these differences were 

correlated with reported levels of sexual promiscuity. The best-fit model that allows 

variation in dN/dS among lineages grouped branches under four different rates: ω=3.13, 

ω=0.51, ω=0.25 and ω=0.06. The full model, which assigns a different rate to each 

branch, had a higher likelihood but not a significantly better fit than a model with a single 



 

 

45 

rate for all branches. Nonetheless, we compared the dN/dS values obtained in this full 

model with the variation in mating systems among species (Figure 1). We categorized 

mating systems as less promiscuous (monogamous + polygynous) or more promiscuous 

(promiscuous + dispersed), based on information compiled by Dixon (1998) and 

Lindenfors and Tullberg (1998). To avoid the problem of uncertainty in reconstructing 

mating system along long branches, we focused only on the terminal branches. We 

observed an increase in the rate of evolution associated with an increase in promiscuity in 

four of the six independent transitions from less promiscuous to more promiscuous 

mating systems (Figure 1). This was true when we included all sites, or when we 

included only the extracellular domain where most positively selected sites were located. 

For the extracellular domain, the average ω for more promiscuous branches, (ω=0.84; st. 

dev.=0.79), was higher than the average ω for less promiscuous branches ( ω=0.46; st. 

dev.=0.22), but this difference was not significant (t-test, p=0.093). Thus, there is no 

compelling evidence for a causal link between mating system and molecular evolution at 

TLR5 in these data. 

 

Human and chimpanzee polymorphism at TLR5 

Levels of variation at TLR5 in humans are summarized in Table 3. In general, 

both coding and non coding regions showed polymorphism levels similar to those seen at 

other genes (Akey et al. 2004). Overall, humans presented an excess of rare variants with 

negative values of Tajima’s D and Fu and Li’s D* for both the coding and non-coding 

regions (Table 3). The African samples showed strongly negative values while the 
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European samples showed either less negative values (coding) or slightly positive (non-

coding) values. Differences in the level and pattern of variation between the African and 

European samples in non-coding regions are largely in agreement with well-accepted 

demographic scenarios for African Americans and European Americans (Stajich and 

Hahn 2005). For example, our Tajima’s D values are not outliers in the distribution of 

Tajima’s D for a large set of genes sequenced in African Americans and European 

Americans (Stajich and Hahn 2005), suggesting that demographic effects rather than 

positive selection best explain the deviations from the null model at non-coding sites.  

For the coding region, both the African and European samples showed a more 

pronounced excess of low frequency variants than in the non-coding region (Table 3). 

Tajima’s D for non-synonymous sites was -1.495 and -1.020 for silent sites.  This lower 

value for non-synonymous polymorphisms is consistent with the idea that some of these 

mutations may be weakly deleterious.  This is also supported by a slightly, but not 

significantly, higher ratio of polymorphism to divergence for non-synonymous mutations 

than for synonymous mutations (Table 4) using polymorphism data from both humans 

and chimpanzees.  

Of the 13 observed replacement changes observed in humans, three had 

frequencies above 5% [C1174T (TLR5392STOP), freq=0.069; A1775G, freq=0.12; and 

T1846C, freq=0.29]. The high frequency of these mutations raises the question of 

whether they represent functional variants maintained at high frequency by selection. 

Merx et al. (2006) showed that only three of all known non-synonymous single 

nucleotide polymorphisms (SNPs) at TLR5 had functional effects when tested on a site-
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by-site basis in transiently transfected CHO-K1 cells using reporter assays: one was 

TLR5392STOP and the other two were very rare SNPs not present in our sample. Each of 

these mutations resulted in a non-responsive receptor (loss of function) after stimulation 

with flagellin. The T1846C and A1775G mutations, on the other hand, result in an 

induction of expression comparable to the wildtype TLR5. Although these results have to 

be interpreted with caution, since they derive from in-vitro assays, they suggest that these 

mutations do not have a large functional effect. Thus, their high frequency might simply 

be due to drift. 

We used a modified McDonald and Kreitman (MK) test to compare the ratio of 

polymorphism to divergence for silent versus putative regulatory sites as in Andolfatto 

(2005) and found no deviation from the neutral expectation (Table 5).   

Levels of nucleotide variability in western chimpanzees (P. t. verus) are presented 

in Table 3 and are similar to genome-wide averages (Yu et al. 2003; Fischer et al. 2006). 

No significant deviations from neutrality were detected using tests of the allele frequency 

spectrum (Table 3) or the MK test (Table 4).  

However, examination of the table of polymorphism revealed the presence of two 

major haplogroups (Figure 2, Supplementary Table 5).  Divergence between these 

haplogroups was 0.15%, close to the average value between chimpanzee subspecies (Yu 

et al. 2003; Fischer et al. 2006). To gain more insight into the origin of this variation, we 

sequenced three individuals of P. t. troglodytes.  We found that the least frequent 

haplotype class (8/38) from P. t. verus is present in P. t. troglodytes in 5 out of 6 
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chromosomes, while another haplotype present only in a single copy in P. t. troglodytes 

is more closely related to the major haplogoup in P. t. verus (Figure 2).   

Three possible explanations for divergent haplotypes shared between subspecies 

are (i) unsorted ancestral polymorphism, (ii) admixture (i.e. gene flow between groups), 

or (iii) old balancing selection. Distinguishing among these is difficult.  We note that the 

estimated divergence time between P. t. verus and P. t. troglodytes of 422,000 years 

(Won and Hey 2005) is less than the average time required to achieve reciprocal 

monophyly [E(t) ≈ 4Ne generations = 530,300 years, using the ancestral population size 

estimated by Won and Hey (2005) of Ne=5,300 and a generation time of 25 years]. 

Although the variance associated with this estimation is very large (Tajima 1983), this 

comparison suggests that ancestral variation could still be segregating between these 

subspecies.  However, variation that is ancestral should have relatively little LD, whereas 

variation that is due to recent admixture should have higher levels of LD, an idea 

formalized into a test by Wall (2000) to detect ancient admixture in humans.  We applied 

this test to our data.  We computed the number of congruent sites (pb) and the maximum 

distance between any two congruent sites (gd), and compared these values with a 

simulated distribution generated by sampling neutral genealogies conditioned on the 

observed level of variation. The probability of obtaining both pb=6 and gd=0.285 under 

panmixia was 0.039 (using the level of recombination estimated from the data), 

indicating the existence of population structure or historical gene flow.  We also fitted an 

isolation model with gene flow, as in Won and Hey (2005), and found evidence of gene 

flow between subspecies, although most of this gene flow was from P. t. verus to P. t. 
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troglodytes.  In light of the relative excess of LD revealed by the Wall test, some form of 

admixture or population structure seems to be the most likely explanation for the patterns 

of variation seen at TLR5 in P. t. verus, although we note that more complex scenarios 

involving retention of ancestral polymorphism and selection could also contribute to the 

observed patterns. 

 

Distribution, frequency, and haplotype structure of TLR5392STOP in humans 

Two lines of evidence suggest that TLR5392STOP has functional consequences. 

First, in vitro assays showed that it encodes a defective receptor (Merx et al. 2006). 

Second, it is associated with disease phenotypes in human populations (Hawn et al. 2003; 

Hawn et al. 2005; Gewirtz et al. 2006). Because of these observations we were interested 

in measuring the frequency of TLR5392STOP in different populations and exploring the 

idea that this mutation might be under recent strong positive selection in humans. We 

genotyped the mutation in the Human Genome Diversity Panel (HGDP), and estimated a 

global frequency of 4.2%. The genotype frequencies were close to Hardy Weinberg 

expectations (Supplementary Material Table 5). TLR5392STOP is distributed nearly 

worldwide, with the mutation present in at least one copy in approximately half of the 

populations sampled (Figure 3). Since the mutation is often relatively rare, it is possible 

that the mutation is present at low frequencies in more populations than those reported 

here. Notably, some populations in the Middle East and Southern Asia have considerably 

higher frequencies, such as Balochi and Baruscho from Pakistan (14.5% and 12.0% 
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respectively), Miaozu and Naxi from China (10.0% and 11.0% respectively), Cambodia 

(16.7%), Papua-New Guinea (14.7%) and Melanesia (22.7%). 

If TLR5392STOP has increased in frequency due to selection in the recent past, the 

mutation is expected to be embedded in unusually long haplotypes. For example, 

selection at G6pd has generated LD over more than 1 Mb (Saunders et al. 2005). 

However, only two sites (positions 9946 and 11185) show significant LD (measured as 

D’) with TLR5392STOP (position 33309) after Bonferroni correction for multiple testing 

(Table 6). The distances between TLR5392STOP and these sites are 23,963 and 22,724 

nucleotides, respectively. Because TLR5392STOP  (or any linked marker) is not present in 

the Hapmap we were not able to evaluate the extent of LD at longer distances, but the 

fact that the haplotype containing TLR5392STOP extends less than 25 kb suggests that if 

selection is responsible for the actual frequencies, it is not recent and strong.  
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DISCUSSION 

Immunity genes are among the fastest evolving classes of genes in mammalian 

genomes (Gibbs et al. 2004; Mikkelsen et al. 2005; Nielsen et al. 2005), an observation 

that is usually interpreted as evidence of positive selection due to their potential 

engagement in host-pathogen co-evolution. Despite this generalization, it has been 

unclear whether genes of the adaptive and innate branches of immunity show similar 

patterns of evolution or whether they are characterized by very different levels of 

functional constraint. By studying both phylogeny-based estimates of evolutionary rates 

and patterns of nucleotide variation within and between closely related primate species, 

we sought to provide an integrated understanding of the molecular evolution of an innate 

immunity receptor at different evolutionary timescales. 

 

Positive selection at the extracellular domain of TLR5 in primates 

The results of several ML approaches provide strong evidence that TLR5 has 

experienced positive selection in primates. Conservatively, we identified 11 sites that 

show congruence between different ML methods as the strongest candidates of adaptive 

evolution. Of these, 10 sites are localized in leucine-rich repeats of the extracelullar 

domain (Table 2), and three are located within a 228 aa region where the putative 

flagellin recognition site lies (Andersen-Nissen et al. 2007). Although we still do not 

have a complete picture of the flagellin-TLR5 interaction surface, this observation 

strengthens the case of adaptive evolution at TLR5. Moreover, based on the modeled 

three-dimensional structure of the extracellular domain, Andersen-Nissen et al. (2007) 
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hypothesized that amino acids near a conserved concavity within the 228 aa region could 

mediate species-specific patterns of TLR5 recognition. It is worth noting that site 268 lies 

adjacent to a residue (267) that was identified by mutagenesis as responsible for 

differences in specificity between human and mouse TLR5 (Andersen-Nissen et al. 

2007). It is possible that residue 268 or some of the other sites identified as candidates for 

being under selection are also involved in TLR5 species-specificity, a matter that 

functional studies will be able to clarify. ‘U’, the evolutionary index (Tang et al. 2004), 

provides additional information about the likelihood that specific mutations affect 

function and thus may be under selection. Six of the 11 sites under selection (aa292, 

aa312, aa354, aa482, aa530 and aa567) show relatively radical changes, with U ranging 

between 0.375 and 0.732. 

The identification of several sites under selection within the pathogen interaction 

domain fits the expectation of co-evolutionary models. This is in line with the finding 

that several flagellated Proteobacteria are able to evade human TLR5 recognition 

(Andersen-Nissen et al. 2005). However, we note that only a small proportion of sites 

(11/858=1.3%) show strong evidence of positive selection.  Thus, most of the protein, 

including the TIR (signaling) domain, shows strong functional constraint, in agreement 

with the most generally accepted paradigm of Toll-like receptor function. This duality of 

strong positive selection on a few sites against a background of strong purifying selection 

over most of the TLR5 protein is in sharp contrast with antiretroviral genes such as 

APOBEC3G, TRIM5α.  These genes show a much larger proportion of sites (30% and 

18% respectively) under positive selection (Sawyer, Emerman, and Malik 2004; Sawyer 
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et al. 2005). These differences between TLR5 and APOBEC3G or TRIM5α may reflect 

general differences between PRRs and genes involved in ‘intrinsic’ immunity (i.e. genes 

that typically do not participate in the classic innate immunity pathways but nevertheless 

can restrict certain retroviruses). These differences might also reflect differences between 

genes whose products interact with bacteria versus those whose products interact with 

viruses.  It is possible for example, that due to their higher mutation rates and faster 

turnover, viruses impose stronger selection than do bacteria.  

Vertebrate immune systems differ from invertebrate immune systems in many 

ways, but most notably in the presence of an adaptive immune response. The acquisition 

of adaptive immunity could have fundamentally changed the evolutionary dynamics of 

vertebrate PRRs. The recent publication of genome-wide patterns of evolution of innate 

immunity genes in Drosophila by Sackton at al. (2007) allows us to start comparing 

patterns of evolution of PRRs and other classes of innate immunity genes between 

Drosophila and vertebrates.  Using a similar codon-based ML approach as the one used 

here, Sackton at al. (2007) found that among 245 Drosophila immunity genes, PRRs 

constitute the class with the highest proportion of positively selected sites (followed by 

signaling peptides and then antimicrobial peptides) in the D. melanogaster group.  In 

contrast, Schlenke and Begun (2003) reported that adaptive fixations are also common in 

signaling molecules in D. simulans. In vertebrates, similar genome-wide analyses of 

innate immunity genes are missing, but some evidence points to the possibility that innate 

immunity genes are also under strong selection. Recent examples include APOBEC3G 

and TRIM5α (Sawyer, Emerman, and Malik 2004; Sawyer et al. 2005), TRIM22 
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(Sawyer, Emerman, and Malik 2007), TLR4 (Nakajima et al. 2008), RNASEL (Summers 

and Crespi 2008) and PKR (Elde et al. 2008). Our results demonstrate that some PRRs 

can also evolve rapidly between species.  

 

Mating system and molecular evolution of immunity genes 

We tested the mating system/disease risk hypothesis with six phylogenetically 

independent contrasts between promiscuous and monogamous/polygynous mating 

systems in the primate phylogeny. We found that dN/dS changed in the predicted 

direction in four of six cases, and that the average dN/dS was not significantly higher in 

more promiscuous lineages.  Thus, rates of molecular evolution at TLR5 do not seem to 

support this controversial hypothesis, and suggest that lineage-specific effects are more 

important than the effect, if any, of mating system.  A more complete test will require 

analysis of similar data from many immunity genes.  An interesting observation is that 

the increase in ω in the more promiscuous group was accompanied by an increased 

variance. It is possible that promiscuous mating systems are associated with stronger 

natural selection on immunity genes only some of the time (or only on a subset of these 

genes) leading to a higher average ω and also to a greater variance in ω in more 

promiscuous lineages compared to less promiscuous lineages.   

 

Patterns of nucleotide variation in humans and chimpanzees 

Patterns of nucleotide variation within humans and chimpanzees were largely 

consistent with neutral expectations. The deviations from neutral predictions in the 
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spectrum of allele frequencies were similar to those seen at other genes, suggesting that 

demographic effects, rather than selection, are responsible for these patterns.  Thus, 

despite the strong evidence for adaptive evolution at TLR5 over deeper evolutionary 

timescales in primates (see above), we did not find evidence for adaptive evolution within 

humans or chimpanzees.  This suggests that adaptive evolution at TLR5 may be 

somewhat episodic, or at least not marked by continual turnover of new adaptive alleles 

as might be expected under an arms race model of host-pathogen co-evolution. A model 

of episodic selection would be more compatible with systems in which pathogens do not 

show stable associations with hosts but instead infect hosts sporadically. 

We estimated the rate of adaptive fixations from our phylogenetic comparisons to 

get a sense of the likelihood of detecting selection within species.  Using the 11 sites with 

the strongest evidence of selection (Table 2), we estimated the rate of adaptive fixation 

by dividing the total number of amino acid substitutions (39) at these sites by the total 

length of the tree (417.2 MY) using divergence times from Bininda-Emonds at al. (2007). 

This yielded a value of approximately one adaptive fixation every 10 MY. This is 

probably an underestimate of the true rate, because the ML methods used here only have 

power to detect recurrent positive selection on the same sites. However, even if the true 

rate was an order of magnitude higher than this estimate, it would not be surprising to fail 

to find evidence of selection within humans or chimpanzees.  Polymorphism-based tests 

of selection typically have power to detect selection over fairly recent time scales, often 

on the order of less than Ne generations (~250,000 years in humans) (Braverman et al. 

1995; Simonsen, Churchill, and Aquadro 1995; Przeworski 2002).   
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One result worth noting was the observation of low-frequency replacement 

polymorphisms in humans. These polymorphisms contribute to a ratio of replacement to 

silent variation that is slightly higher within species than between species (Table 4). 

Along with negative values of Tajima’s D for replacement polymorphisms, this suggests 

that many of these polymorphisms may be weakly deleterious, consistent with the general 

pattern of functional constraint revealed by the phylogenetic analysis. 

Patterns of nucleotide variation within chimpanzees differed from those seen in 

humans.  Levels of variation were lower in chimpanzees, in spite of similar effective 

population sizes (or slightly higher in P. t. verus) (Yu et al. 2004). The distribution of 

allele frequencies differed too, with an excess of rare variants in humans and a trend 

towards an excess of intermediate frequency variants in chimpanzees at non-coding sites.  

Chimpanzees exhibited two divergent haplogroups in both P. t. verus and in P. t. 

troglodytes. The presence of these shared haplotypes is probably best explained by gene 

flow between subspecies at some point in the recent past or by some more complicated 

form of population structure. 

 

Is the human TLR5 redundant? 

Recently, several cases of adaptive gene loss in humans have been reported 

(Tournamille et al. 1995; Ali, Rellos, and Cox 1998; Wang, Grus, and Zhang 2006; 

Seixas et al. 2007). This somewhat counterintuitive idea, positive selection favoring gene 

loss, has been proposed as a potentially important mechanism in human evolution (Olson 

1999; Olson and Varki 2003).  
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TLR5392STOP, a loss-of-function mutation, segregates in humans at a considerable 

frequency along with the normal variants. This raises the question of whether (i) it is 

being constantly generated by recurrent mutation, (ii) it has increased in frequency due to 

positive selection, in which case there might be a trade-off between the disadvantage of 

loosing the function and some other benefit, or (iii) it has drifted in the population to its 

present frequency.  

The frequency of TLR5392STOP is clearly not compatible with mutation-selection 

balance. Assuming a mutation rate, µ, of 2x10-8 (or ~10-7 for a CpG site) (Nachman and 

Crowell 2000) and an equilibrium frequency, qe, of 0.042 we can calculate the selection 

coefficient, s, against a dominant mutation as s≈µ/qe (Haldane 1932). The estimated s 

(6.0 x10-7, or 2.4 x10-6 for a CpG site) is so small as to be effectively neutral in human 

populations, where the effective population size is approximately 10,000 (Zhao et al. 

2006).  If s was 0.01, then the mutation rate would have to be on the order of 10-4 to 

account for the observed frequencies, and this is clearly unrealistic.  Moreover, the fact 

that the TLR5392STOP always appears on the same haplotype argues against recurrent 

mutation. 

We found no evidence of strong, recent selection on TLR5392STOP either in 

patterns of LD, which were unremarkable, or in levels of variability, which were average.  

Moreover, the distribution of allele frequencies at TLR5 fits well with generally accepted 

demographic models.  This leaves drift as the most likely explanation for the present 

frequency of TLR5392STOP. Given the difficulties of detecting selection from 

polymorphism data in humans, we cannot rule out the possibility that TLR5392STOP has 



 

 

58 

been under weak positive selection, especially in light of the phenotypes associated with 

this mutation. For instance, SLE has a relatively high prevalence (up to 160/100,000) and 

mostly affects women in reproductive age (Danchenko, Satia, and Anthony 2006) making 

the hypothesis of selection for protection against autoimmune diseases at least 

reasonable. There are marked geographic differences in SLE burden that might reflect 

underlying genetic variation for resistance/susceptibility or variation in environmental 

factors. Microbial infections are common triggers of autoimmunity through TLRs 

(Anders et al. 2005). It would be interesting to correlate worldwide abundance of 

flagellated pathogens with the prevalence of SLE.  

 If drift took the mutation to its present frequency, then the mutation must be 

relatively old. An estimate of the age of an allele based on its frequency, q, is given by 

E(t)=(-2q)(ln q)/(1-q), where age is measured in units of 2N generations (Kimura and 

Ohta 1973). The global frequency of TLR5392STOP is 0.042.  Assuming that N=10,000, the 

estimated age is 5,560 generations, or 139,000 years (assuming a generation of 25 years). 

Another way to estimate the age of the TLR5392STOP mutation is from the decay of LD as 

a function of time and recombination rate. The time required to erode linkage to the 

observed level is given by: t = ln (D’t/D’0)/ ln(1-c) (Hedrick 2000), where D’t is the 

observed LD in the data, D’0 is the initial LD (assumed to be complete when the 

TLR5392STOP mutation arose, D’=1), and c is the recombination distance calculated using 

the average recombination rate for chromosome 1 of 1.2 cM/Mb (Jensen-Seaman et al. 

2004). Using five sites that show significant LD (Table 6) t was estimated as 2,096 

generations or 52,398 years.  
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The observation that TLR5392STOP, a null variant, is present at frequencies up to 

23% in some populations suggests that TLR5 function might be partially compensated by 

other genes (i.e. functional redundancy for TLR5).  A similar case is provided by Verdu 

et al. (2006) who, based on the patterns of nucleotide variation and absence of extended 

LD concluded that MBL2, another innate immune receptor that activates the lectin-

complement pathways, is functionally redundant in human innate immune defenses. 

Redundancy in PAMP recognition might be a common theme in the innate immune 

response (Miao et al. 2007). The recognition of viral RNA provides a good example in 

which several TLRs participate in the detection of ssRNA and dsRNA in endosomal 

compartments, while another suite of genes responds to the same PAMPs in the cytosol. 

In fact, human carriers of null mutations at TLR3 are susceptible to herpes simplex virus 

1 encephalitis but seem to show normal responses against other viruses (Zhang et al. 

2007). It is possible that this recognition at multiple levels is an important and previously 

unappreciated feature of the innate immune system. The recent identification of a second 

flagellin receptor (cytosolic), Ipaf (Franchi et al. 2006), is consistent with this idea. 

However, the downstream effects of both genes are quite different, and they also respond 

to different types of bacteria [reviewed in (Miao et al. 2007)], suggesting that TLR5 and 

Ipaf might cooperate in recognizing flagellated bacteria rather than being completely 

functionally redundant.  
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Table 1. Tests for Positive selection at TLR5 a, b. 
 

Model Category b Models compared c χ2 d d.f. e p-value ps
 f ω sel

 g 

Site models M1 vs M2 22.132 2 <0.0001 0.029 4.55 

 M7 vs M8 23.002 2 <0.0001 0.034 4.54 

 M8a vs M8 22.796 1 <0.0001   

Branch models M0 vs Full 31.115 40 0.842   

 
a  Analysis using the F3x4 or F61 models of codon frequencies yielded virtually identical 
results; the results presented here refer to the F3x4 model. 
b  LRTs were performed between nested models that allow variation in dN/dS among 
codons but not branches (“sites” models) or between models that allow variation among 
branches but not codons (“branch” models).  
c  In the case of  “site models” we performed three comparisons, each involving a null 
model (M1, M7, M8a) and a positive selection model (M2, M8). Specifically, we 
compared models M1 (two classes of sites with rates, ω0<1, ω1=1) vs M2 (three rates 
ω0<1, ω1=1, ωsel>1), and M7 (fit to a beta distribution, 10 rates) vs M8 (fit to a beta 
distribution with an extra rate that allows ωsel>1) (Nielsen and Yang 1998; Yang et al. 
2000). Additionally, the M8a model proposed by Swanson et al. (2003) was compared to 
M8. 
d  -2lnΔL (where ΔL is the difference in likelihoods between the nested models) is 
distributed approximately as χ2 
e  d.f. = Degrees of freedom, equal to the difference in the number of parameters between 
the models.  
f  Proportion of the sites under selection. 
g  Estimated dN/dS of the sites under selection. 
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Table 4. Polymorphisms and fixed differences for non-synonymous and synonymous 
sites. 

 
 

Comparison 

 

Site 

 

Polymorphisms a 

Fixed 

Differences b 

 

P-value 

Non-synonymous 15 (16) 23 0.08 (0.08) Human and 

chimp together Synonymous 7 28  

Non-synonymous 12 (13) 21 0.17 (0.10). Human alone 

 Synonymous 6 27  

Non-synonymous 3 21 0.61 Chimp alone 

 Synonymous 1 23  

 
a 13 replacement polymorphisms occur in humans. One of them occurs uniquely in the 
background of the haplotype containing the premature stop. The M-K test was computed 
including and excluding that replacement change (numbers of polymorphisms and p-
values in parenthesis). 
b All fixed differences are in comparison to the orangutan sequence. 
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Table 5. Polymorphisms and fixed differences for synonymous and regulatory sites. 
 

Site Polymorphisms Fixed Differences a P-value 

Regulatory 1 b 7 18 0.49 

Synonymous (coding) 6 9  

Regulatory 2 c 9 13 1.00 

Synonymous (coding) 6 9  

Regulatory combined 16 31 0.76 

Synonymous (coding) 6 9  

 
a Divergence with respect to the chimpanzee sequence 
b 1 Kb upstream of the transcription start site of transcript ENST00000342210 
c 1 Kb upstream of the transcription start site of transcript ENST00000366881 
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Table 6. Sites that show significant linkage disequilibrium with the premature stop 
mutation in humans. 
 

Site 1 TLR5392STOP Distance 

(bp) 

D’  P a Age of TLR5392STOP 

(years) b 

9946 33909 23963 0.731 <0.0001(B) 27,237 

10021 33909 23888 0.539 <0.001 28,723 

11185 33909 22724 0.731 <0.0001(B) 53,893 

11970 33909 21939 0.386 <0.0001 90,382 

13373 33909 20536 0.544 <0.001 61,754 
 

a B=significant after Bonferroni correction 
b The age reported in the text is the average of the 5 sites. 



 

 

77 

FIGURE LEGENDS 

 

Figure1. Lineage-specific dN/dS values of TLR5 in primates, A) for the entire gene and 

B) for the extracellular domain. Estimated dN/dS values from the branch-based model are 

shown above branches and the estimated number of non-synonymous and synonymous 

changes are shown below branches. Branches with dN/dS values greater than 1 are shown 

in red. Mating systems categorized as ‘less promiscuous’  (polygyny + monogamy) are 

indicated with a blue circle while ‘more promiscuous’ (promiscuous + dispersed) mating 

systems are indicated with a red circle. Arrows show the six unambiguous independent 

transitions between less and more promiscuous mating systems. For the Old World and 

New World monkey clades, “circled-pointed arrows” indicate additional transitions 

between low and high promiscuity according to alternative but equally parsimonious 

reconstructions. 

 

Figure 2. Haplotype network showing the two divergent haplogroups shared between 

P.t.verus and P.t.troglodytes. Each circle represents a different haplotype and its size is 

proportional to its frequency in the sample. Mutations distinguishing haplotypes are 

shown as marks along the lines, while missing haplotypes are shown as black dots. 

 

Figure 3. Distribution of TLR5392STOP around the world. The frequency of the allele is 

shown in red. 
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Figure 2 
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Figure 3 
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Table S1: Sources of the primate samples for the phylogenetic study. 

 

Species Origin of tissue or DNA sample 
Colobus guereza Coriell Cell Repositories 
Allenopithecus nigrovirdis Coriell Cell Repositories 
Cercocebus agilis Coriell Cell Repositories 
Hylobates syndactylus Coriell Cell Repositories 
Ateles geoffroyi Coriell Cell Repositories 
Pithecia pithecia Coriell Cell Repositories 
Gorilla gorilla Museum of Vertebrate Zoology, Berkeley 
Saguinus imperator Museum of Vertebrate Zoology, Berkeley 
Saguinus fuscicollis Museum of Vertebrate Zoology, Berkeley 
Pithecia monachus Museum of Vertebrate Zoology, Berkeley 
Papio anubis Southwest National Primate Research Center 
Callithrix jacchus Southwest National Primate Research Center 
Pongo pygmaeus Dr. Oliver Ryder 
Hylobates pileatus Gladys Porter Zoo 
Cercopithecus mona Dr. Brigitte Beer 
Mandrillus leucophaeus San Diego Zoo’s Center for Reproduction of Endangered Species 
Theropithecus gelada San Diego Zoo’s Center for Reproduction of Endangered Species 
Macaca sylvanus Toronto Zoo 
Cacajao rubicundus Los Angeles Zoo 



 

 

82 

Table S2: PCR conditions 

Humans (Fragment 1) a Humans (Fragment 2) a / Chimps b Primates c 

15.75 µl water 

2.5µl PCR Buffer 10X 

 2µl dNTPs 10µM 

0.5µl ea. primer 10 mM 

1µl MgSO4 50 mM 

0.25µl HiFi Platinum Taq 

2.5µl DNA (5ng/µl) 

26.5µl water 

5µl PCR Buffer 10X  

4µl dNTPs 10µM 

1µl ea. primer 10 mM  

2µl MgSO4 50 mM 

0.5µl HiFi Platinum Taq 

10µl DNA (5ng/µl) 

26.5µl water 

5µl PCR Buffer 10X 

4µl dNTPs 10µM 

1µl ea. primer 10 mM 

 2µl MgSO4 50 mM 

0.5µl HiFi Platinum Taq 

10µl DNA (5ng/µl) 

 

The following PCR cycling conditions were used for all PCRs: 40 cycles of 94°C 30sec, X°C 

30sec (annealing temperatures provided in Table 1), and 68°C X min (adjusted according to size 

of PCR product, about 1min per 1kb).  

 
a  In humans, two fragments of TLR5 were sequenced. The fragments were PCR-amplified and 

sequenced using specific primers designed using the human genome sequence and/or published in 

the IID (www.innateimmunity.net). For the first fragment, we used nine sets of primers for the 

amplification: TLR05-090 and TLR05-091, TLR05-100 and TLR05-101, TLR05-110 and 

TLR05-111, TLR05-120 and TLR05-121, TLR05-132 and TLR05-133, TLR05-140 and TLR05-

141, TLR05-150 and TLR05-191, TLR05-190 and TLR05-231, and TLR05-230 and TLR05-251. 

For the second fragment, TLR5F1 and TLR5R1 were used as amplification primers. PCR 

reactions were run in volumes of 25µl for the first fragment and in volumes of 50µl for the 

second fragment. 

 
b  In chimps, one fragment was PCR-amplified and sequenced using specific primers designed 

using the human genome sequence. TLR5F1 and TLR5R1 were used as amplification primers. 

PCR reactions were run in volumes of 50µl.  

 
c  In primates the coding sequence was PCR-amplified and sequenced using specific primers 

designed in conserved regions of the human-chimp-macaque-orang alignment. TLR5P5F and 

TLR5P4R were used as amplification primers. PCR reactions were run in volumes of 50µl.  
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Table S3 - Amplification and Sequencing Primers 

 
Name 

 
Direction 

 
Location 

 
Type 

 
Sequence 5'-3' 

Annealing 
Temp (°C) 

Human Frag1a     
TLR05-090 F 5’ flank PCR/Seq CCTTGGTATTTGTATTTCCTTGAA 52 
TLR05-100 F 5’ flank PCR/Seq CTGGCTGTTCAGGTAGAAGTTGT 63 
TLR05-110 F 5’ flank PCR/Seq ATTTCTGTCCTTGAACTGGGTTT 51 
TLR05-120 F 5’ flank PCR/Seq TTTCCAGTCTATGTCCAACTCG 51 
TLR05-132 F 5’ flank PCR TCCGTCCAGCACCGTGAACT 64 
TLR05-134 F 5’ flank Seq AACAAGCAGAGTAACCCTAG  
TLR05-140 F 5’ flank PCR/Seq GATTACAGGTACCCACCACTACG 63 
TLR05-150 F 5’ flank PCR/Seq AGCACCTGTGAAACAATTAGAGC 54 
TLR05-160 F 5’ flank Seq AGGGATCTTTGACTCACTCACTG  
TLR05-170 F 5’ flank Seq GGTAGGCTGAACCAGAGTGATAA  
TLR05-180 F 5’ flank Seq GAAGAAGCCTGAAGCAGAGAAC  
TLR05-190 F 5’ flank PCR/Seq GCCAAAGTCATGGTATTGCTAAA 53 
TLR05-200 F In 1 Seq ATCATGTCACTGCACTCTAGCCT  
TLR05-210 F In 1 Seq CATGTCTCTCTGCTTTACCCATC  
TLR05-220 F In 1 Seq CACCAGTGAAATCATCTTCCTCT  
TLR05-230 F In 2 PCR/Seq GCCATTCTGTACCTAAACCATGT 52 
TLR05-240 F In 2 Seq TCTCTGATGCTTCACTCTTCAGC  
TLR05-250 F In 2 Seq CTCATCCTTGTGCTTGAGTCTTT  
TLR05-091 R 5’ flank PCR/Seq CATGCAACTTTGTGAATATGTGG 52 
TLR05-101 R 5’ flank PCR/Seq TATAAGAACAGTGCTCCTCCTGC 63 
TLR05-111 R 5’ flank PCR/Seq AGGATGTGAGTGACTTCGTCTGT 51 
TLR05-121 R 5’ flank PCR/Seq AGAACAAGGGTGAACTGAGTCAA 51 
TLR05-133 R 5’ flank PCR GATAATTAGGGTCATACGCACAG 64 
TLR05-135 R 5’ flank Seq GTCATACGCACAGGCATG  
TLR05-141 R 5’ flank PCR/Seq TGCCTTTCATTATTCTGAGCTTC 63 
TLR05-151 R 5’ flank PCR/Seq TGCATTACACTCAGACTCCTCAA 54 
TLR05-161 R 5’ flank Seq ATGTAAGATGTGACTTTGCTCCC  
TLR05-171 R 5’ flank Seq CATGAACTACTGTACCCAGCCTC  
TLR05-181 R 5’ flank Seq ATGCATTTGCTATTATTGCTGCT  
TLR05-191 R In 1 PCR/Seq CATGGTCTTCTGAGTTCAAATCC 54 
TLR05-201 R In 1 Seq CCCTCTCCTTGTATTTCTGCTTT  
TLR05-203 R In 1 Seq GCATAAGAGATCTGAAATTGTGAC  
TLR05-211 R In 1 Seq GAGAGGGATGTGTAGTCTGTGCT  
TLR05-221 R In 2 Seq CGCAACTACACCTTACCAGAAAC  
TLR05-231 R In 2 PCR/Seq TGTTAGCGGTGAGAACCTAAGAG 53 
TLR05-241 R In 2 Seq TGGAAGAATTGCAAACTTTCTGT  
TLR05-251 R In 3 PCR/Seq CTGGTATTCTGGGTACATTTCCA 52 
Humans Frag2 / Chimps     
TLR5F1 F In 3 PCR/Seq TCCTAACGATTATTAGATGCCTGAG 52 
TLR5F2 F Ex 4 Seq TGCTCTCATCATGGTGGTGG  
TLR5F3 F Ex 4 Seq TTTCCCTCTTCTCTCTTTCC  
TLR5F4 F Ex 4 PCR/Seq CTTCAGAGAATCCCAGCTTA 52 
TLR5F5 F Ex 4 Seq TGTCTTCTCCCTGAACTCAC  
TLR5F6 F Ex 4 Seq TACCTTCATCCTTCATTTGG  
TLR5F7 F In 3 Seq TGTGTTTTCATTCTCCCTTC  
TLR5F8 F In 3 Seq TCACATCTGTAATCCCAACA  
TLR5F9 F In 3 Seq TAAGGTCGGATAAATGGAGA  
TLR5F10 F In 3 Seq TCTTCCTTTACCTTCCAACA  
TLR5R1 R 3’ flank PCR/Seq ACAGAACGGTATTATTGGATCTGAA 52 
TLR5R2 R In 3  Seq TATCCGACCTTACTCCACAC  
TLR5R3 R In 3 Seq TGGCCTATTCTTGCTCTCTA  
TLR5R4 R In 3/Ex 4 Seq CCATGATCCTATGGAGAAGA  
TLR5R5 R Ex 4 PCR/Seq CCAAATGAAGGATGAAGGTA 52 
TLR5R6 R Ex 4 Seq GTGAGTTCAGGGAGAAGACA  
TLR5R7 R Ex 4 Seq TAAGCTGGGATTCTCTGAAG  
TLR5R8 R Ex 4 Seq TCCTCTTCATCACAACCTTC  
TLR5R9 R Ex 4 Seq CCTCTGATGGATTGATGTTT  
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Primates     
TLR5P1F F In 3 Seq TCATTCTCCYTTCTWCTCCATA  
TLR5P3F F In 3 Seq GGAGACCACCTDGACCTTC  
TLR5P5F F In 3 PCR GCCKGKTTYTCATTCTCC 53 
TLR5Pi1F F Ex 4 Seq CCTGACCAGARCACATTC  
TLR5Pi2F F Ex 4 Seq GAAACTTYAGCAATGCCATCA  
TLR5Pi3F F Ex 4 Seq GAATGTGMACTTAGCACTTT  
TLR5Pi4F F Ex 4 Seq CTTAATCAYACCAATGTCACTA  
TLR5P2R R 3’ flank PCR TGGTGYAAATACAAAGTGAAGA 53 
TLR5P4R R Ex 4 Seq GAATGTTAYTGTCTTTCTTCTTTT  
TLR5P6R R Ex 4 Seq TGAGACARAACATKGTGTTGATA  
TLR5Pi1R R Ex 4 Seq TATAGTGACATTGGTRTGATTAAG  
TLR5Pi2R R Ex 4 Seq AAAGTGCTAAGTKCACATTC  
TLR5Pi3R R Ex 4 Seq AATGTGYTCTGGTCAGG  
TLR5Pi4R R Ex 4 Seq TGATGGCATTGCTRAAGTT  

 

a Primer sequences taken from the Innate Immunity Database (www.innateimmunity.net) 
 
F=Forward, R=Reverse, 5’ flank=5’ flanking region, 3’ flank=3’ flanking region, In1=Intron 1, In2=Intron 
2, In3=Intron 3, Ex4=Exon 4, PCR=Primer used for anplification, Seq=Primer used for sequencing.  
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Table S6. Estimated allele frequencies TLR5392STOP in the HGDP. 
 
Population Geographic origin Sample 

size 
(#alleles) 

# 
ind. 
+/+ 

# 
ind. 
+/S 

# 
ind. 
S/S 

Freq.  S Exp. No. 
heterozygotes 

Biaka Pygmies Cen. Afr. Republic 46 23 0 0 0.000 0 
Mbuti Pygmies Dem. Rep. Congo 26 13 0 0 0.000 0 
Mandenka Senegal 44 22 0 0 0.000 0 
Yoruba Nigeria 44 20 2 0 0.045 2 
Bantu N.E. Kenya 22 10 1 0 0.045 1 
San  Namidia 12 6 0 0 0.000 0 
Bantu S.E., S.W. South Africa 16 8 0 0 0.000 0 
Mozabite Algeria (Mzab) 58 26 3 0 0.052 3 
Bedouin Israel (Negev) 92 40 5 1 0.076 6 
Druze Israel (Carmel) 84 36 6 0 0.071 6 
Palestinian Israel (Central) 92 42 4 0 0.043 4 
Brahui Pakistan 50 21 4 0 0.080 4 
Balochi Pakistan 48 17 7 0 0.146 6 
Hazara Pakistan 44 18 4 0 0.091 4 
Makrani Pakistan 50 25 0 0 0.000 0 
Sindhi Pakistan 48 20 4 0 0.083 4 
Pathan Pakistan 48 23 1 0 0.021 1 
Kalash Pakistan 46 23 0 0 0.000 0 
Burusho Pakistan 50 20 4 1 0.120 5 
Han China 86 42 1 0 0.012 1 
Tujia China 20 9 1 0 0.050 1 
Yizu China 20 10 0 0 0.000 0 
Miaozu China 20 8 2 0 0.100 2 
Oroqen China 18 8 1 0 0.056 1 
Daur China 20 10 0 0 0.000 0 
Mongola China 20 10 0 0 0.000 0 
Hezhen China 18 9 0 0 0.000 0 
Xibo China 18 9 0 0 0.000 0 
Uygur China 20 9 1 0 0.050 1 
Dai China 20 10 0 0 0.000 0 
Lahu China 16 8 0 0 0.000 0 
She China 20 10 0 0 0.000 0 
Naxi China 18 7 2 0 0.111 2 
Tu China 20 10 0 0 0.000 0 
Yakut Siberia 48 24 0 0 0.000 0 
Japanese Japan 58 28 1 0 0.017 1 
Cambodian Cambodia 18 6 3 0 0.167 3 
Papuan New Guinea 34 13 3 1 0.147 4 
NAN Melanesian Bougainville 22 6 5 0 0.227 4 
French France 56 25 3 0 0.054 3 
French Basque France 48 24 0 0 0.000 0 
Sardinian Italy 56 28 0 0 0.000 0 
North Italian Italy (Bergamo) 26 12 1 0 0.038 1 
Tuscan Italy 16 8 0 0 0.000 0 
Orcadian Orkney Islands 30 15 0 0 0.000 0 
Adygei Russia Caucasus 34 15 2 0 0.059 2 
Russian Russia 50 23 2 0 0.040 2 
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Pima Mexico 28 14 0 0 0.000 0 
Maya Mexico 42 21 0 0 0.000 0 
Colombian Colombia 14 7 0 0 0.000 0 
Karitiana Brazil 28 14 0 0 0.000 0 
Surui Brazil 18 8 1 0 0.056 1 
 TOTAL  1900 873 74 3 0.042 77 
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APPENDIX C: MOLECULAR EVOLUTION OF INNATE IMMUNITY GENES AT

DIFFERENT TIMESCALES: ADAPTATION AND CONSTRAINT AT TOLL-LIKE

RECEPTORS IN PRIMATES.
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ABSTRACT 

Frequent positive selection is a hallmark of genes involved in the adaptive 

immune system of vertebrates, but this pattern has not been well studied for genes 

underlying vertebrate innate immunity. The Toll-like receptors (TLRs) of the innate 

immune system represent the first line of defense against pathogens.  TLRs lie directly at 

the host-environment interface and they target microbial molecules.  Because of this, they 

might be subject to co-evolutionary dynamics with their microbial counterparts.  

However, they recognize conserved molecular motifs, and this might constrain their 

evolution. Here, we provide a general picture of the evolution of all human TLRs in the 

framework of these competing ideas.  We studied rates of protein evolution among 8-11 

primate species.  We also analyzed patterns of polymorphism in humans and in 

chimpanzees.  These approaches provide a picture of TLR evolution at different 

timescales.  We found a clear signature of positive selection in the rates of substitution 

across primates in most TLRs.  Some of the implicated sites fall in structurally important 

protein domains, involve radical amino acid changes, or overlap with polymorphisms 

with known clinical associations in humans. However, within species, patterns of 

nucleotide variation were generally compatible with purifying selection, and these 

patterns differed between humans and chimpanzees and between viral and non-viral 

TLRs.  Thus, adaptive evolution at TLRs does not appear to reflect a constant turnover of 

alleles, and instead might be more episodic in nature.  This pattern is consistent with 

more ephemeral pathogen-host associations rather than with long-tern co-evolution. 
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INTRODUCTION 

Toll-like receptors (TLRs) recognize and bind conserved molecular patterns in 

pathogens both to initiate an innate immune response and to prime the adaptive immune 

system (Akira and Takeda 2004). The innate immune receptors, as exemplified by the 

TLR family, have evolved to perform several complex tasks simultaneously. They must 

discriminate self from foreign (by targeting molecular patterns absent in the host), 

achieve some degree of specificity (by targeting molecular patterns shared by classes of 

pathogens) and prevent the evolution of mechanisms of pathogen evasion (by targeting 

components that are essential for microbial fitness). 

TLRs have received considerable attention recently because of the discovery of 

many polymorphisms in humans associated with susceptibility or resistance to both 

infectious and complex diseases, including autoimmune disorders (Lorenz et al. 2000; 

Hawn et al. 2003; Lazarus et al. 2004; Hawn et al. 2005; Schroder and Schumann 2005; 

Johnson et al. 2007). TLRs are also interesting from an evolutionary point of view 

because they lie directly at the host-pathogen interface. Thus, they have the potential to 

be subject to coevolutionary dynamics. However, they have also been cited as an 

example of evolutionary conservation and strong functional constraint (Roach et al. 

2005).  

An interesting aspect of TLRs is their suggested functional redundancy (Ku et al. 

2005). TLR deficient mice often display lower cytokine production and reduced survival 

following microbial challenges, which clearly demonstrate their importance as microbial 

sensors (reviewed in Carpenter and O'Neill 2007). However, the accumulation of loss of 
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function mutations in human populations (Barreiro et al. 2009; Wlasiuk et al. 2009) 

suggests some degree of redundancy. Functional redundancy would exist if the same 

microorganism activates different TLRs by means of different molecular components 

(Akira, Uematsu, and Takeuchi 2006) or if different receptors target the same microbial 

molecule (e.g Miao et al. 2007).  

Although there is some overlap in the classes of ligands they recognize, TLRs 

expressed within endosomal compartments (TLR3, TLR7, TLR8, TLR9) target 

predominantly viral components such as single and double-stranded RNA and CpG 

DNA, while TLRs expressed in the cell membrane (TLR1, TLR2, TLR4, TLR5, TLR6, 

TLR10) target predominantly bacterial (but also fungal and parasite) components such as 

lipopolysaccharide, peptidoglycan and flagellin (Akira, Uematsu, and Takeuchi 2006; 

Carpenter and O'Neill 2007). We will refer to these two subclasses as viral and non-viral 

TLRs. Viral and non-viral TLRs might be subject to different evolutionary pressures. 

Although vertebrate nucleic acids usually have chemical modifications that reduce the 

likelihood of activating TLRs (Kariko et al. 2005), self nucleic acids retain some capacity 

to induce an immune response. Viral TLRs face the challenge of remaining fully 

functional while avoiding autoimmunity, and thus, we hypothesize that they are under 

stronger functional constraint than non-viral TLRs. 

Despite several studies on the evolution of TLRs in humans and non-human 

primates, a clear picture of the evolution of this family of innate immune receptors has 

not emerged. Previous studies have generally focused only on a subset of the TLRs, or 

have been sampled within species or between species, but not both. For example, Ferrer-
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Admetlla et al. (2008), using SNP data in multiple human populations and sequence data 

in Africans and Europeans, concluded that balancing selection is the best explanation for 

the pattern of sequence variation in a series of human innate immunity genes that include 

five TLRs. On the other hand Mukherjee et al. (2009) found no evidence of selection in a 

human population from India, and they argued that purifying selection is the predominant 

force in TLR evolution, in agreement with an earlier study of TLR4 (Smirnova et al. 

2001). The study of Mukherjee et al. (2009) included six TLRs, two of which were also 

included in Ferrer-Admetlla et al. (2008). Recently, Barreiro et al. (2009) studied patterns 

of variation at all ten TLRs in three human populations and found no evidence of positive 

selection acting at most TLRs. At the interspecific level, Ortiz et al. (2008) did not find 

evidence of positive selection at TLRs among five primate species except for TLR1, but 

Nakajima et al. (2008), using a broader taxonomic sampling, reported that TLR4 has been 

under selection in Old World primates. 

Population samples and interspecific comparisons provide information about 

evolutionary processes acting at different timescales. Population samples may provide 

evidence of very recent or population-specific selection. However, the history of 

pathogenic diseases during primate evolution undoubtedly played a role in shaping the 

present-day immune system, and the forces acting on immune genes over this deeper 

time-scale can only be studied from interspecific comparisons.  

Our goal was to provide a comprehensive picture of TLRs evolution in primates 

over both short and long timescales. We gathered coding sequences for 8-11 primate 

species per gene from public databases to evaluate positive and negative selection across 
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the primate phylogeny. We also sequenced both coding and non-coding regions of all 10 

TLRs in a population sample of western chimpanzees and analyzed these data in 

conjunction with published sequence data for the same genes in humans. In particular we 

sought to: 1) look for evidence of positive selection both within and between species, 2) 

compare the behavior of mildly deleterious polymorphisms in two closely related species 

(humans and chimpanzees) that differ in a number of population characteristics and, 3) 

investigate the idea that the ‘viral’ and ‘non-viral’ TLRs might display different patterns 

of molecular evolution. 

We found compelling evidence of recurrent positive selection across primates, but 

very little evidence of positive selection within humans or chimpanzees from patterns of 

nucleotide variation. In spite of similar levels of variation in both species, humans had 

relatively more polymorphisms predicted to negatively affect protein function than did 

chimpanzees, consistent with a recent relaxation of constraint or smaller long-term 

effective population size in humans compared to chimpanzees. Viral TLRs were 

generally more constrained than non-viral TLRs as predicted by their more complex 

functional trade-offs. 
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MATERIALS AND METHODS 

Samples:  DNA samples from 19 Pan troglodytes verus from the Y-Chromosome 

Consortium DNA collection were provided by Dr. Michael Hammer at the University of 

Arizona. Human sequence data (24 African Americans and 23 European Americans) for 

the same genes sequenced in chimpanzees were gathered from the Innate Immunity 

Database (www.innateimmunity.net).  

The sequences of the primate TLRs used in the phylogenetic analyses were taken 

from Genbank and Ensembl. For each TLR, a subset of 8-11 of the following species was 

used: Homo sapiens, Pan troglodytes, Gorilla gorilla, Pongo pygmaeus, Hylobates lar, 

Hylobates pileatus, Cercocebus torquatus, Macaca mulatta, Saguinus oedipus, Saguinus 

fuscicollis, Callithrix jacchus, Aotus nancymaae, Tarsius syrichta, Microcebus murinus 

and Otolemur garnetti. The species used for each gene and the accession numbers are 

presented in Supplementary Table 1. 

DNA sequencing:  For TLR1-TLR4 and TLR6-TLR10, the coding region and a 

non-coding fragment of comparable length (total ~4-5 kb) were PCR-amplified and 

sequenced in 19 P. t. verus. For TLR5, sequence data from Wlasiuk et al. (2009) were 

used. PCR was performed in 25-50 µl reactions using Platinum Taq High Fidelity DNA 

Polymerase (Invitrogen, San Diego, CA).  PCR products were purified using the Qiagen 

PCR purification kit (Qiagen, Valencia, CA) and sequenced using an ABI 3700 

automated sequencer (Applied Biosystems, Foster City, CA). Amplification and 

sequencing primers are provided in Supplementary Table 2. Sequences have been 

deposited in GenBank under the following accession numbers: TLR1 (GQ343345- 
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GQ343363), TLR2 (GQ343364- GQ343382), TLR3 (GQ343383- GQ343401), TLR4 

(GQ343402- GQ343420), TLR6 (GQ343421- GQ343439), TLR7 (GQ343440- 

GQ343458), TLR8 (GQ343459- GQ343477), TLR9 (GQ343478- GQ343494) and 

TLR10 (GQ343495- GQ343512). 

The human data from the Innate Immunity Database consists of the complete 

resequencing of all exons, some intronic sequence, 5’ and 3’ UTRs, and flanking regions. 

Sequence editing and assembly were performed using SEQUENCHER (Gene 

Codes, Ann Arbor, MI). DNA sequences were aligned using CLUSTAL X (Thompson et 

al. 1997). Primate DNA sequence alignments were adjusted based on the protein 

sequence using the RevTrans web server (http://www.cbs.dtu.dk/services/RevTrans/). 

Codon-based analyses of positive selection: To evaluate positive and negative 

selection at all the TLRs during primate evolution, we compared the rate of 

nonsysnonymous substitution (dN) to the rate of synonymous substitution (dS) in a 

maximum likelihood (ML) framework. A ratio of dN/dS>1 is interpreted as strong 

evidence of positive selection while a dN/dS<1 is evidence of purifying selection. 

We tested for positive selection at individual codons in primate samples that 

include 8-11 species per gene including human, apes, Old World primates, New World 

primates and prosimians. For each gene, a Neighbor Joining or ML tree was used as the 

working topology. With the exception of a couple of misplaced or unresolved branches, 

these trees were the same as the accepted phylogeny for these species (Bininda-Emonds 

et al. 2007).  
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We implemented two alternative models in CODEML (PAML ver 4) (Yang 1997; 

Yang 2007), one of which (M7) only allows codons to evolve neutrally or under 

purifying selection (dN/dS values =<1) and one which (M8) adds a class of sites under 

positive selection with dN/dS>1. The two previous nested models were compared using a 

likelihood ratio test (LRT) with 2 degrees of freedom. To ensure convergence, all 

analyses were run twice, with starting values of dN/dS of 0.5 and 1.5. For all the 

analyses, we assumed the F3x4 model of codon frequencies. Amino acids under selection 

for model M8 were identified using a Bayes Empirical Bayes approach (BEB) (Yang, 

Wong, and Nielsen 2005). 

Next, a series of ML methods proposed by Kosakovsky Pond and Frost (2005) 

were implemented in the DATAMONKEY web server (Pond and Frost 2005). The 

Single Likelihood Ancestor Counting model (SLAC) is based on the reconstruction of the 

ancestral sequences and the counts of synonymous and non-synonymous changes at each 

codon position in a phylogeny. The Fixed Effect Likelihood model (FEL) estimates the 

ratio of non-synonymous to synonymous substitution on a site-by-site basis, without 

assuming an a priori distribution of rates across sites. The Random Effect Likelihood 

(REL) model first fits a distribution of rates across sites and then infers the substitution 

rate for individual sites. FEL and REL have the advantage that they can improve the 

estimation of the dN/dS ratio by incorporating variation in the rate of synonymous 

substitution (Pond and Muse 2005). Because a reduced number of sequences typically 

tends to result in a high false positive rate, we used more stringent significance thresholds 

than the ones suggested by simulation to correspond to true Type I errors of ~0.5% 
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(Kosakovsky Pond and Frost 2005). We accepted sites with p-values<0.1 for SLAC and 

FEL, and Bayes Factor >50 for REL as candidates for selection. 

For the sites identified as under selection by more than one ML method, the 

amino acid changes were mapped onto the phylogeny by parsimony, using MacClade 

(Sinauer Associates, Sunderland, MA). Crystal structures or theoretical models were 

used, when available, to map these residues onto the protein 3D structures using PyMOL 

(Delano Scientific, San Carlos, CA).  

To explore possible heterogeneity in dN/dS among lineages, we ran ‘free-ratio’ 

models in CODEML (PAML ver 4) that allow each branch to have a separate dN/dS 

value while keeping variation among sites constant (Nielsen and Yang 1998; Yang 1998).  

Population genetic analyses:  For both the human and chimpanzee datasets, we 

estimated the level of polymorphism as measured by the nucleotide heterozygosity, π 

(Nei and Li 1979), and the proportion of segregating sites, θw (Waterson 1975). The 

script ‘compute’ from the libsequence library (Thornton 2003) was used to calculate 

Tajima’s D (Tajima 1989), Fu and Li’s D* and F* (Fu and Li 1993) and Fay and Wu’s H 

(Fay and Wu 2000). These statistics evaluate deviations of the allele frequency spectrum 

from those expected under neutrality. Coalescent simulations, conditioned on the 

observed number of segregating sites, were used to generate the null distributions of these 

test statistics in DnaSP ver 5 (Librado and Rozas 2009).  

We quantified the amount of differentiation between human populations (African-

Americans, European-Americans) using FST calculated for each gene as (πT-π W)/ π T, 

where πT is the nucleotide diversity for both populations combined and π W is the average 
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nucleotide diversity within populations. To obtain significance values we generated an 

empirical distribution using the 323 genes in the Seattle SNPs database, sampled in the 

same individuals. 

The extent of linkage disequilibrium (LD) associated with particular variants in 

the human Hap Map data was evaluated with the iHS statistic (Voight et al. 2006). Using 

Haplotter (http://pritch.bsd.uchicago.edu/data), we screened windows of 50 SNPs 

centered on each gene, looking for an accumulation of SNPs with |iHS| >2, as in Voight 

et al. (2006). To assess LD between genes in the TLR6-TLR1-TLR10 cluster we 

calculated D’ (Lewontin 1964) between all pairs of SNPs using DnaSP v5 (Librado and 

Rozas 2009).  

Levels of polymorphism and divergence were contrasted in two ways. First, the 

ratio of nonsynonymous to synonymous polymorphisms within humans and within 

chimpanzees was compared to the ratio of nonsynonymous to synonymous fixed 

differences between each of the species and macaque (Mcdonald and Kreitman 1991). 

Second, the ratio of polymorphism to divergence was compared between each TLR and a 

control set of genes using human-chimpanzee divergence (Hudson, Kreitman, and 

Aguade 1987) with the software HKA (http://lifesci.rutgers.edu/~heylab/). In the case of 

humans, this control set consisted of 10 concatenated putative neutral loci with average 

levels of polymorphism and divergence (IL20, CSF2, FSBP, IL22, CSF3, MMP9, IFGN, 

CRP, PLAU, IL6), previously sequenced for the same population samples (Akey et al. 

2004). In the case of chimpanzees, the control set consisted of 26 noncoding segments 

sequenced in a population sample of chimpanzees of roughly the same size as ours 
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(Fischer et al. 2006). For both species, the concatenated sets of viral and non-viral TLRs 

were compared against each other. The use of the macaque sequence as the interspecific 

comparison in the M-K test provided more power due to increased divergence. In the 

HKA test, however, we used human-chimpanzee divergence because the lower 

divergence resulted in more reliable alignments over long regions on non-coding DNA. 

In the HKA comparisons the lower divergence was offset by the use of longer sequences. 

Prediction of deleterious polymorphisms in humans and chimpanzees: To 

determine the effect of purifying selection within species, we predicted the functional 

consequences of human and chimpanzee polymorphisms using a method described by 

Sunyaev et al. (2001), and implemented in the Polyphen Webserver 

(http://genetics.bwh.harvard.edu/pph/). Polyphen uses a combination of structural 

information, sequence annotation and patterns of sequence conservation among species to 

classify polymorphisms as ‘benign’ (no predicted effect on protein function), ‘possibly 

damaging’ (weak evidence of a functional effect) or ‘probably damaging’ (strong 

evidence of a functional effect). We subsequently combined polymorphisms predicted by 

Polyphen as ‘possibly’ or ‘probably’ damaging in one class as ‘damaging’. We recognize, 

however, that some (presumably a small fraction) of the amino acid changes predicted by 

Polyphen as ‘damaging’ might actually improve protein function. 

Relative levels of purifying selection among genes and protein domains:  To 

assess the relative levels of functional constraint among the genes and the different 

protein domains [signal peptide, leucine-rich repeat domain (endosomal or extracellular), 

transmembrane domain and cytoplasmic domain], we estimated the global dN/dS for 



 

 

105 

each gene and domain separately using the M0 site model (no variation among branches 

or sites) in CODEML. We used the domains inferred by Matsushima et al. (2007). We 

also estimated the dN/dS ratio of the human and chimpanzee lineages separately using 

the macaque sequence as an outgroup. 

We mapped the sites with dN/dS<1 across primates from the previous analysis 

using SLAC, REL and FEL onto these domains. Then, the observed distribution was 

compared with the expected distribution obtained by multiplying the total number of sites 

by the relative length of each domain. 
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RESULTS 

Inference of positive selection from substitution patterns 

 Using maximum likelihood approaches we addressed whether recurrent positive 

selection has been common in the TLR family. First, we compared nested models with 

and without positive selection using likelihood ratio tests, and found that for six out of the 

ten genes (TLR1, TLR4, TLR6, TLR7, TLR8, TLR9), a model that includes sites with 

dN/dS>1 fits the data significantly better that a neutral model (Table 1). This group of six 

genes contains an equal number of viral and non-viral receptors. For each of these six 

genes, the proportion of sites under selection according to the M8 model was relatively 

low. The specific codons identified by the BEB approach with a posterior probability of 

90% constitute an even smaller fraction of that proportion (Table 1).  

 The other ML methods also detected sites under selection for the six genes, some 

of which coincide with the codons previously identified by M8. To identify robust 

candidates for sites under selection, we considered sites with evidence of selection in at 

least two of the ML methods.  Each of the six genes presents at least one site that was 

concordant among methods (Table 1). 

TLR4 stands out because the proportion of selected sites under M8 (15% with a 

dN/dS ratio of ~2.4) is the highest among the six positively selected genes. Using the 

dataset from Nakajima et al. (2008), which consists of a smaller fragment (~600 bp) of 

the extracellular domain in 20 primate species, we repeated the analyses above and also 

rejected a neutral model in favor of a model with selection. Several of the putative sites 

under selection are shared between the two datasets (Table 1). 
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To gain insight into the functional significance of the putatively selected sites, we 

looked at the location of all the sites identified by ML methods in 3D structures (crystal 

structures or theoretical models) when available. For most TLRs, we found several sites 

that fall in or immediately adjacent to regions or residues postulated to affect function 

(Table 2). Figure 1 shows the location of the selected residues in the crystal structures of 

the extracellular domains of TLR4 (which forms a homodimer) and of TLR1 (which 

forms a heterodimer with TLR2). The evidence for positive selection is particularly 

strong for these two genes. For both, numerous sites are identified as positively selected 

by different methods (Table 1). Moreover, some of these sites are known to participate in 

dimerization or ligand binding. SNPs at some of these sites are also associated with 

various disease phenotypes (Table 1). 

To examine the phylogenetic distribution of the inferred positively selected 

changes among the main primate clades (lemurs, New World primates, Old World 

primates and apes), we mapped the unambiguous amino acid substitutions onto the 

phylogeny (Figure 2). This analysis only included sites that were implicated in positive 

selection in two or more methods (Table 1). We compared the observed and expected 

counts for each clade. The expected values were generated by multiplying the number of 

unambiguous changes in a clade by its relative divergence time (sum of all branches in a 

clade divided by the sum of all branches in the entire phylogeny). TLR8 was not included 

in this analysis because of the low number of unambiguous amino acid changes and the 

lack of a New World primate sequence for that gene. At four of the five remaining genes, 

the phylogenetic distribution of positively selected substitutions did not differ 
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significantly from the null model. At TLR4 however, we found an excess of positively 

selected changes in Old World primates (χ2 p=0.0095), and more specifically in the C. 

torquatus branch, where 5 of the 31 non-ambiguous changes fall (Figure 3). For TLR4 

therefore, we also investigated models that allow the dN/dS ratio to vary among lineages. 

We found that the best-fit model that accommodates heterogeneity in the rates of protein 

evolution had five different rates (data not shown). Although not significantly better than 

the five-rate model, the most complex model that assigns a different rate to every branch 

in the phylogeny helps to evaluate rate changes in specific lineages. Figure 3 shows the 

lineage-specific dN/dS values on the TLR4 phylogeny. In line with the observed 

accumulation of positively selected sites in Catarrhini (the clade that groups Old World 

primates, apes and humans), four branches within that clade had dN/dS values above 1.  

 

Patterns and levels of variation within species  

A summary of the polymorphism data for the 10 TLRs in humans and 

chimpanzees (for coding and non-coding regions) is presented in Table 3. In 

chimpanzees, the nucleotide heterozygosity per site (π) for the coding and non-coding 

regions together ranged between 0.03-0.07%, with individual values similar to reported 

genome-wide averages (Yu et al. 2003; Fischer et al. 2006). For the coding sequences, 

the levels of polymorphism were generally lower, with π values between 0.01% and 

0.06%.  Tables of polymorphism for the chimpanzee TLRs are presented in 

Supplementary tables 3-12. In humans, the polymorphism levels in the combined coding 
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and non-coding regions (Africans 0.03%-0.23%, Europeans 0.03%-0.12) were 

unremarkable and similar to genome-wide patterns (Akey et al. 2004). 

Table 3 shows several summary statistics commonly used to assess departures 

from a neutral model of evolution. These statistics capture different aspects of the allele 

frequency spectrum and have different power to detect selection or other alternative 

hypotheses to the neutral equilibrium model (Simonsen, Churchill, and Aquadro 1995; 

Fay and Wu 2000). Tajima’s D compares the number of polymorphisms with the mean 

pairwise difference between sequences (Tajima 1989; Fu and Li 1993). Fu and Li’s D* 

and F* compare the number of derived singletons with two different estimators of the 

overall derived polymorphism (Fu and Li 1993). Fay and Wu’s H compares the number 

of low and high frequency polymorphisms with the number of intermediate frequency 

polymorphisms (Fay and Wu 2000). 

In chimpanzees, three genes show significant deviations in one of these four 

statistics. TLR6 is the most striking case, with a significant excess of low and high 

frequency derived variants in coding and non-coding regions, a pattern expected during 

or after a selective sweep. However, examination of the table of polymorphism 

(Supplementary Tables 8) reveals that the excess of rare variants is due to the presence of 

a unique divergent haplotype that carries 3 of the 6 singletons. While Fay and Wu’s H is 

relatively insensitive to demography, specific demographic scenarios can result in an 

excess of high frequency variants (i.e. when only a few individuals migrate between two 

divergent populations) (Fay and Wu 2000). Gene flow between chimpanzee subspecies is 



 

 

110 

probably rare, but introgression has been invoked previously (e.g. Won and Hey 2005), 

and it seems a plausible explanation for the observed pattern. 

In humans, the population trends are in overall agreement with the accepted 

demographic history of Africans and Europeans: a population expansion in Africans that 

resulted in greater numbers of rare polymorphisms and is reflected in more negative 

values of Tajima’s D, and a bottleneck in Europeans that resulted in greater number of 

intermediate frequency polymorphisms and is reflected in less negative values of 

Tajima’s D. To take population-level effects into account, we compared Tajima’s D at 

each TLR to the empirical distribution of Tajima’s D in 132 genes sampled in the same 

individuals (Akey et al. 2004). The same was done for Fu and Li’s D* and F* and Fay 

and Wu’s H. In spite of the observation of several significant values (Table 3) in the 

human dataset, with the exception of TLR10, most of the genes do not seem remarkable 

in the context of the genome-wide distributions of these statistics (Figure 4). TLR10 

shows a departure from neutrality in Europeans according to all four statistics, and in the 

opposite direction of the one expected by the known demographic perturbation. Similar 

to the TLR6 case in chimpanzees, the excess of low and high frequency derived 

mutations seems to be caused by a divergent haplotype present only in one copy in 

Europeans but relatively frequent in Africans (Supplementary Table 13), suggesting 

again that migration might be a more plausible explanation than selection. 

Another (not mutually exclusive) possible reason for the excess of low frequency 

variants that is observed in several of the genes, is the segregation of slightly deleterious 

polymorphisms, an idea explored in more detail below. 
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 Selection can act to maintain the same alleles in different populations or to fix 

different alleles in a population-specific manner, leading to very low or very high 

population differentiation respectively. We estimated FST between human populations for 

each TLR and compared this to the empirical distribution of FST for all the genes in the 

Seattle SNPs database (Table 4). None of the TLRs fall in the lower or upper 5% of the 

distribution. TLR9 showed the lowest level of differentiation among TLRs (FST =0.014) 

but approximately 9% of the genes have lower FST values than TLR9. TLR1 had the 

highest FST value (0.085) but this was close to the genome-wide average (0.07). 

Another signature of recent positive selection is the presence of an extended 

haplotype at relatively high frequency, associated with the selected allele. We tested for 

long-range LD in the Phase II Hapmap data using the integrated haplotype score (iHs) 

(Voight et al. 2006). iHs is based on the ratio of the integrated haplotype homozygosities 

(area under the curve of a Extended Haplotype Homozygosity-EEH by distance plot) of 

the ancestral and derived alleles at a specific SNP. None of the TLRs display an unusual 

accumulation of SNPs with high iHs, as would be expected under ongoing or recent 

selection. 

TLR1, TLR6 and TLR10 belong to a gene cluster on chromosome 4 that spans 

~54 kb. We investigated the patterns of LD between the three genes and found that many 

sites display significant LD as measured by D’. This degree of LD is not unexpected, 

since haplotype blocks in humans often extend for tens of kilobases (Gabriel et al. 2002). 

The LD between replacement polymorphisms is generally due to rare haplotypes. Table 5 

shows a few interesting exceptions. Two pairs of SNPs in TLR1 (S248N, I602S) and 
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TLR10 (H241N, I369L) that show moderate LD are at intermediate frequencies. Notably, 

site 248 at TLR1 is one of the sites inferred to be under selection in primates by REL 

(Table 1). 

 

Analyses of polymorphism and divergence 

 The ratio of replacement to silent polymorphism within humans or chimpanzees 

was compared to the ratio of replacement to silent fixed differences with macaque. None 

of the genes, individually, nor combined, deviated significantly from the neutral 

expectation of equal replacement to silent ratios within and between species (Table 6). 

Several genes however, show a slight excess of replacement polymorphisms with respect 

to fixations. This deviation can be described by the Neutrality Index (N.I), a ratio of the 

replacement to silent ratios within and between species (Rand and Kann 1996). N.I. 

values above one indicate an excess of replacement changes within species, while values 

between 0 and 1 indicate an excess of replacement fixations between species. When 

combined, non-viral TLRs present N.I. values above one, while viral TLRs have N.I. 

close to 1 (Table 6). This is consistent with the pattern reported by Barreiro et al. (2009) 

for different populations, using a modification of the M-K framework. Most of these 

replacement polymorphisms are at low frequency, resulting in average values of Tajima’s 

D that are slightly but not significantly more negative for replacement sites than for silent 

sites in humans and chimpanzees (data not shown), as previously reported for other genes 

(Hughes et al. 2003). 
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 We also used the HKA test to assess whether individual TLRs have been under 

positive selection. Two human TLRs differed significantly from the control set of genes, 

with an excess of polymorphism relative to divergence. TLR1was significant (HKA 

χ2=4.29 p=0.04) and TLR10 was marginally significant (HKA χ2= 2.76 p=0.09). No 

significant deviations were observed for the chimpanzee TLRs (Table 7). Viral and non-

viral subsets were not significantly different from each other. 

 

Functional consequences of replacement polymorphisms 

Several methods have been developed to computationally predict the functional 

consequences of replacement polymorphisms (reviewed in Ng and Henikoff 2006). There 

is a growing interest in this type of computational approach, because it provides a means 

to infer function when large-scale biochemical characterization of SNPs is not possible. 

In human genetics, there is particular interest in predicting deleterious alleles, since rare 

SNPs might contribute to disease. 

In humans, we found a total of 31 damaging and 31 benign polymorphisms, while 

in chimpanzees we found 6 damaging and 19 benign polymorphisms (Table 8). These 

ratios are significantly different from each other (Table 9).  Interestingly, the ratio of 

damaging/benign SNPs of human TLRs is significantly different from that in the human 

genome, in which the number of damaging SNPs is roughly one half of the number of 

benign SNPs. This excess of damaging SNPs in human TLRs is driven by the non-viral 

TLRs, since the viral TLRs do not deviate from the human genome trend (Table 9). 
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Negative selection at viral and non-viral TLRs 

We evaluated the levels of functional constraint among TLRs in two ways. First, 

to get a sense of the overall rates of evolution of the different TLRs, we estimated the 

global dN/dS ratio for each gene over the primate phylogeny, as well as for the human 

lineage and the chimpanzee lineage (Table 10). In each case, non-viral TLRs displayed a 

faster average rate of evolution than viral TLRs. Because of the low divergence between 

humans and chimpanzees, there is little statistical power in comparisons involving these 

lineages, but the average dN/dS for viral TLRs was significantly lower than the average 

dN/dS for non-viral TLRs across the primate phylogeny (t-test p=0.007). This indicates 

that viral TLRs are under stronger purifying selection than non-viral TLRs. The domain-

specific dN/dS values show that on average the leucine-rich repeat domain evolves faster 

than the signaling domain. This pattern is shared between viral and non-viral TLRs. On 

the other hand, the signal peptide and transmembrane domains show a higher dN/dS than 

the other domains. 

Second, we mapped the codons with dN/dS values <1 onto the predicted protein 

domains and compared the observed distributions with expectations based on domain 

length (Table 11). Although not significant, the contrast between the observed and 

expected numbers revealed the same relative order of functional constraint among 

domains that was found with the global dN/dS values. For both viral and non-viral TLRs 

the cytoplasmic domain showed more negatively selected sites than other domains, 

indicative of stronger purifying selection, followed by the leucine-rich repeat domain, 

while the signal peptide and transmembrane domains were the least constrained. 
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DISCUSSION 

Here, we analyzed the patterns of divergence among primates and of 

polymorphism in humans and chimpanzees for the entire TLR family with the goal of 

providing a general picture of the evolution of TLRs over different timescales. We found 

a clear signature of positive selection in the rates of substitution across primates in most 

TLRs. However, within species, the patterns of nucleotide variation were generally 

compatible with purifying selection. Thus, adaptive evolution at TLRs is not necessarily 

characterized by a constant turnover of alleles, as predicted by the arms race model of 

coevolution, but might be more episodic in nature. We found that humans had a higher 

proportion of deleterious mutations than chimpanzees. We also found that viral TLRs 

were under stronger purifying selection than non-viral TLRs. These and other results are 

discussed below.  

 

Recurrent positive selection is common in primate TLRs 

Our analyses provide strong evidence that several TLRs have been subject to 

positive selection during primate evolution. Neutral models of evolution were rejected for 

six of the ten genes, and several ML methods identified specific codons with a high 

probability of being under selection. In comparison, Dean, Good, and Nachman (2008) 

found that only 3.4% of 6,110 reproductive genes showed evidence of recurrent positive 

selection in five mammalian species using a similar approach. Positive selection at TLRs 

may also account for the relatively high dN/dS values averaged over the entire tree (Table 

10), in relation to the mean dN/dS of 0.25 for the human-chimp-macaque trio (Gibbs et 



 

 

116 

al. 2007). Finally, several of the putatively selected sites fall in regions important for 

function, based on structural information, and a few of them are linked to clinical 

phenotypes in humans. The reduced number of taxa, the stringent significance thresholds 

we used, and the fact that the codon-based approaches only detect selection acting on the 

same sites repeatedly, make these conclusions conservative. 

An open question is whether the innate immune systems of vertebrates and 

invertebrates are under similar selective regimes. A relatively recent realization is that, 

far from being independent, the innate and adaptive immune responses of vertebrates act 

in a highly coordinated manner (Palm and Medzhitov 2009). This led us to speculate that 

the acquisition of adaptive immunity might have altered the levels or patterns of 

functional constraint of innate immunity genes. In Drosophila, pattern recognition 

receptors display more evidence of positive selection across species than other innate 

immunity genes (Sackton et al. 2007). Here we showed that TLRs have also been subject 

to positive selection in vertebrates. 

The common theme we found among the six positively selected genes is of strong 

functional constraint along most of the protein, with a small proportion of sites under 

positive selection. Our results challenge the basic paradigm of TLR conservation and 

evolution, showing that these genes do have the potential to evolve by positive selection 

in response to pathogen pressure in spite of their overall functional constraint. This is 

essentially the same pattern we reported earlier for TLR5 (Wlasiuk et al. 2009). In the 

present study, we failed to find evidence of selection on TLR5 using fewer species. This 

is not particularly surprising given that the power to detect recurrent selection with 
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codon-based approaches depends on the number of taxa, and the present study focused on 

more genes but fewer species.  

The strongest evidence for positive selection was seen at TLR4 and TLR1. TLR4 

was the gene with the highest proportion of sites inferred to be under selection. Twenty-

four codons (Table 1) were concordant between at least two ML methods and thus 

constitute robust candidates for positive selection. Moreover, some of the non-ambiguous 

amino acid changes at these sites are radical in terms of their physicochemical properties 

(size, polarity, charge) (Figure 3) strengthening the case for positive selection.  In 

association with the myeloid differentiation factor 2 (MD2), TLR4 responds to 

lipopolysaccharide (LPS) from gram-negative bacteria, but also targets components of 

yeast, Trypanosoma and even viruses (Kumar, Kawai, and Akira 2009). The crystal 

structure of the extracellular portion of the TLR4-MD2 complex has been resolved (Park 

et al. 2009) and several of the putative sites under selection reside in a region that 

participates in hydrophobic and electrostatic interactions and hydrogen bonds between 

TLR4, MD2 and LPS. Worth noting is the apparent clustering of inferred positively 

selected sites on two surfaces of the TLR4 ectodomain. Several of the sites (295, 297, 

298, 299, 300 360) physically converge in an area important for interaction between 

TLR4 and LPS (Figure 1) and of these, many involve amino acid changes that affect 

polarity or charge (Figure 3). Site 296, identified by REL but not other methods, directly 

participates in the binding of LPS to TLR4 by forming a hydrogen bond with the inner 

core of LPS (Park et al. 2009). Residue 299, identified with high confidence by 

CODEML and REL, is polymorphic in humans (D299G) and is responsible for 
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differences in responsiveness to LPS (Arbour et al. 2000), susceptibility to bacterial 

infections (Kiechl et al. 2002) and higher prevalence of asthma (Bottcher et al. 2004). It 

has also been suggested that the otherwise negative effect of the D299G allele might be 

compensated by the benefit of protection against malaria in Africa (Ferwerda et al. 2007). 

Similarly to what was reported by Nakajima et al. (2008), we observed a 

concentration of positively selected sites at TLR4 in Catarrhini, both when we looked at 

variation of dN/dS along lineages (the only four branches with dN/dS>1 fall in that clade) 

and among sites (the observed number of non ambiguous amino acid changes at these 

sites is higher than expected given the available time along these branches). Furthermore, 

one of the multiple amino acid changes at site 299 is located in the basal Old World 

primate branch. Similarly, although not as striking as the TLR4 case, the branches with 

higher dN/dS (above 1) in TLR1 and TLR8 are found among Old World primates and 

apes (data not shown). Stronger signals of selection in these groups have also been 

observed in antiviral genes such as APOBEC3G, TRIM5 and PKR (Sawyer, Emerman, 

and Malik 2004; Sawyer et al. 2005; Elde et al. 2009), suggesting that these radiations 

might have been associated with major changes in pathogen abundance, diversity, or 

both. 

TLR1, which interacts with TLR2 for the recognition of triacyl lipopeptides from 

gram-negative bacteria (Takeuchi et al. 2002) also showed extensive evidence of 

recurrent positive selection. In this case 12 sites appear robust among analyses. Of these, 

site 313 falls directly in the ligand-binding site of the extracellular domain, although sites 

308 and 321 are also in close physical proximity to the ligand binding site in the 3D 
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structure of the dimer (Jin et al. 2007) (Figure 1). In the same region, two human 

nonsynonymous polymorphisms (H305L and P315L) exhibit reduced activity in vitro 

(Omueti et al. 2007), further reinforcing the idea that this region is critical for function. 

Site 248, although only identified by one ML method, is also polymorphic in humans 

(S248N) and has been linked to a weak impairment in response to bacteria in vitro 

(Omueti et al. 2007, but see Hawn et al. 2007; Barreiro et al. 2009), increased risk of 

leprosy (Schuring et al. 2009), and atopic asthma (Kormann et al. 2008). 

In spite of the evidence for selection documented here, the selective agents that 

have shaped TLR evolution are not easy to pinpoint. Because TLRs recognize molecular 

patterns shared by general classes of microorganisms, the variety of microbes that TLRs 

can target is large. This makes any hypothesis about specific selective forces speculative. 

Importantly, our results help to reconcile previous seemingly discordant results. In 

agreement with Ortiz et al. (2008) we found evidence of selection at TLR1 but we also 

found strong support for selection at TLR4 as reported by Nakajima et al. (2008). The 

general disagreement between these studies is probably due to the fact that the former 

used very small number of species, which severely reduces the power to detect selection 

in codon-based approaches, and the latter examined variation in dN/dS along lineages, 

which is not powerful when only a few codons are under selection. 

 

No clear evidence of selection within species 

Very little information is available about polymorphism in wild populations of 

apes, and most efforts have been directed towards sequencing putatively neutral regions 
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of the genome to infer historical demography (e.g. Yu et al. 2003; Yu et al. 2004; Fischer 

et al. 2006). However, from both an evolutionary and medical perspective, it is important 

to understand how two closely related species with very different ecologies differ in a set 

of genes that constitute the first defense against pathogens. Despite their different 

habitats, life history and population attributes that are likely to affect the exposure to 

pathogens, overall patterns of nucleotide variation at human and chimpanzee TLRs were 

fairly similar. 

A summary of all intraspecific and interspecific tests of selection is given in Table 

12. Although at the population level some of the genes showed departures from the 

neutral expectation, in humans (Table 3 and Table 12) these deviations generally 

disappeared when the effects of demography were taken into account (Figure 4). The 

evidence of positive selection in interspecific comparisons but not within humans or 

chimpanzees suggests that selection might be episodic. Positive selection might be more 

episodic if most infections are sporadic rather than caused by pathogens that establish 

more permanent or stable associations with their hosts. 

Nonetheless, several lines of evidence suggest that segregating variants at the 

TLR6-TLR1-TLR10 cluster affect function. (1) TLR10 is robust to the known 

demographically caused deviations of the allele frequency spectrum, showing extreme 

patterns of polymorphism in Europeans (Table 3), and it has a weak excess of 

polymorphism with respect to divergence (Table 7). (2) TLR1 shows a significant excess 

of polymorphism in an HKA test (Table 7). (3) As part of genome-wide association 

study, very high differentiation among British people was found for a SNP within the 
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TLR6-1-10 cluster (Burton et al. 2007). (4) TLR1 N248S, one of the SNPs in LD with 

TLR10, has been shown to present striking North-South clinal variation (Todd et al. 

2007). (5) The four SNPs that we found in moderate LD between TLR1 and TLR10, 

including TLR1 N248S, have been linked to several disease phenotypes.  In addition to 

the aforementioned clinical associations of TLR1 N248S, the haplotype containing these 

SNPs has been associated with reduced risk of prostate cancer (Stevens et al. 2008). 

TLR1 I602S results in severe impairment of NF-κB signaling (Hawn et al. 2007), 

abnormal trafficking to cell surface and protection against leprosy (Johnson et al. 2007). 

Both SNPs at TLR1 have been associated, alone and in combination, with tuberculosis 

(Ma et al. 2007). Finally TLR10 I369L in association with other SNPs has also been 

implicated with increased risk of nasopharyngeal carcinoma (Zhou et al. 2006). 

Many of these observations seem to suggest the action of positive natural 

selection within Europeans in one or more of the genes within this cluster. However, 

similar to Todd et al. (2007) we found no evidence of extended haplotype homozygosity 

associated with these genes. At this moment, we cannot discard the possibility that 

geographically restricted selection, perhaps in conjunction with a more complicated 

demographic history has shaped the observed pattern at these loci. 

In sum, in contrast with the high incidence of positive selection that we found at 

deeper divergences, we did not find strong evidence of selection within humans or within 

chimpanzees (Table 12), although the TLR6-TLR1-TLR10 case deserves further 

investigation. Barreiro et al. (2009) concluded that TLR1 I602S has been the target of 

selection in non-Africans. This conclusion is based on extreme differentiation, reduced 
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polymorphism and long-range haplotype homozygosity associated with the derived allele, 

and functional assays confirming reduced signaling. Although the evidence is certainly 

very suggestive, the picture is far from being complete and other scenarios cannot be 

excluded. First, in their analyses, the gene that globally shows strongest deviations from 

neutrality is TLR10, not TLR1, but for technical reasons, variants at this gene belonging 

to the same haplotype were not functionally tested. Second, the true target of selection 

might be some regulatory element rather than a coding variant, but noncoding variants 

were not included in the functional assays. While in vitro assays are a valuable tool to 

study function, they do not necessarily reflect the true functional effect in vivo. Finally, 

the link with the putative selective agent is missing. The population patterns and the 

observations mentioned above suggest that the evolutionary history of the TLR6-1-10 

cluster is very complex, and that signatures of selection and demography might be very 

difficult to disentangle. 

 

Relaxed selection at human non-viral TLRs 

We predicted computationally the degree of functional disruption caused by each 

SNP in the human and chimpanzee TLRs and found a striking difference in the relative 

proportion of damaging to benign SNPs between species. Surprisingly, human TLRs 

showed a higher ratio of damaging/benign changes (1:1) compared with chimpanzees 

(1:3) or with the human genome as a whole (1:2), driven by non-viral TLRs. We note that 

the chimpanzee smaller sample size could bias against sampling low frequency 

polymorphisms. However, the trends were very similar when we analyzed the human 
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sample from Africa separately (results not shown). The human sample from Africa has a 

comparable size to the chimpanzee sample, so the effect, if any, is probably small. 

The excess of damaging changes in human non-viral TLRs compared with the 

human genome and chimpanzee TLRs suggests a very recent relaxation of selective 

constraint in the human lineage that mostly or only affected the non-viral TLRs. The 

increase in the proportion of damaging polymorphisms in humans, without a concomitant 

change in the dN/dS ratio is compatible with this scenario. If purifying selection had been 

relaxed a long time ago, we would expect a consistent increase in dN/dS in the human 

lineage, but this is not seen. 

Humans and chimpanzees differ in many aspects of their ecology. The 

introduction of domestication and agriculture in the last 10,000 years marked a major 

shift in human lifestyle that was likely linked to changes in selective regimes associated 

with new diets, social structures and changes in the dynamics of infectious diseases 

(Larsen 1995). It is difficult to conceive, though, how such early conditions might have 

resulted in relaxed selection of a subset of the TLRs. On the other hand, it is frequently 

suggested that deleterious alleles have been accumulating in the human genome at a 

faster pace recently because of the decreased efficacy of natural selection in removing 

these mutations in modern populations with greatly reduced mortality (e.g. Crow 1997). 

However, most of the obvious changes in sanitation and technology that had an impact on 

mortality (such as the massive administration of antibiotics in the last century) are 

probably too recent to have left a signal in the pattern of sequence variation.  
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If indeed these mutations are neutral or slightly deleterious, an estimate of their 

age based on their frequency is given by E(t)=(-2q)(ln q)/(1-q), where age is measured in 

units of 2N generations (Kimura and Ohta 1973). Using the allele frequencies for the 

entire human sample, and assuming that N=10,000 and the generation time is 25 years, 

we estimated that the youngest replacement mutations in our sample are ~50,000 years 

old. This time frame is inconsistent with very recent changes in sanitary conditions, or 

changes associated with the advent of agriculture. However, the variance associated with 

this estimate is large. The migration of modern humans out of Africa around 50,000 years 

is roughly coincident with the estimated age of the low frequency replacement changes 

and suggests that the extreme reduction in population size associated with this migration 

(Garrigan et al. 2007) might have resulted in a relaxation of purifying selection. 

Lohmueller et al. (2008) showed that Europeans carry a significantly higher proportion of 

deleterious polymorphisms than Africans, supporting this idea. 

It is possible that some of these rare damaging polymorphisms are associated with 

human diseases (Yue and Moult 2006). The idea that rare variants can contribute 

significantly to human complex diseases is an appealing hypothesis that is currently being 

explored (Fearnhead, Winney, and Bodmer 2005). 

 

Viral receptors are under stronger purifying selection 

We uncovered consistent differences between viral and non-viral TLRs that imply 

that viral TLRs are under stronger evolutionary constraint. Viral TLRs showed lower 

levels of polymorphism and lower rates of protein evolution than non-viral TLRs. 
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Although not significant, viral TLRs have a smaller proportion of damaging 

polymorphisms in both human and chimpanzees. This suggests that viral TLR 

polymorphisms are mostly neutral while non-viral TLRs also segregate some slightly 

deleterious polymorphisms. This observation is in line with the N.I., which revealed a 

weak excess of replacement polymorphisms in non-viral TLRs. Most of these 

polymorphisms are rare in the populations, suggesting they have mild deleterious effects; 

while they might remain in the populations at low frequencies, they usually do not 

become fixed between species. Another observation in support of the stronger constraint 

of viral TLRs is that premature stop codons (as reported in dbSNP) are more frequent in 

non-viral TLRs than in viral TLRs (6 vs 1). Very similar results were obtained by 

Barreiro et al. (2009), who also reported consistent differences between the two classes of 

receptors based on the pattern of nonsynonymous polymorphisms and their predicted 

functional effects in African, European and Asian populations. 

Despite these differences, the domain-specific patterns of negative selection 

revealed important similarities between viral and non-viral receptors. For both, the 

cytoplasmic region that contains the signaling domain is the most constrained portion of 

the protein, followed by the leucine-rich repeat domain containing the pathogen 

recognition site. All TLRs except for TLR3 signal through the MyD88 pathway 

(reviewed in Kumar, Kawai, and Akira 2009). Moreover, MyD88 has relative low rates 

of protein evolution between species, and one possibility is that sharing this interacting 

partner results in a lower degree of flexibility. 
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Viral and non-viral TLRs have important biological differences in terms of their 

ligands, localization and potential for self-reactivity that might help to explain their 

differences in patterns of molecular evolution. Non-viral TLRs localize in the cell 

membrane to recognize lipids, flagellin and other molecules (mostly of bacterial origin) 

that are absent in the host. Viral TLRs, on the other hand, locate intracellularly to 

recognize nucleic acids mostly from viruses. Usually these nucleotides have 

modifications that distinguish them from host components, but they can be at least 

partially self-reactive. Unlike TLRs expressed in the cell membrane, viral TLRs remain 

in the endoplasmic reticulum in a resting state and traffic to endosomal vesicles upon 

ligand-induced stimulation (Latz et al. 2004), where they might undergo further 

processing to produce a functional receptor (Ewald et al. 2008). Restricted activation of 

viral TLRs to endosomal compartments has been proposed as an evolutionary strategy to 

minimize the dangerous encounter with host nucleic acids. Viral recognition by TLRs is 

based on a non-generic type of response that needs to be reliable enough to ensure that a 

correct response is developed, but safe enough to avoid reaction against self-derived 

nucleic acids, as inappropriate activation can lead to autoimmune disorders (Krieg and 

Vollmer 2007). This delicate trade-off might have resulted in receptors that are more 

evolutionarily inflexible than the non-viral counterparts.  
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Table 4.  Differentiation between human populations 
 
Locus FST

a 
TLR1 0.085 
TLR2 0.073 
TLR3 0.025 
TLR4 0.051 
TLR5 0.019 
TLR6 0.060 
TLR7 0.077 
TLR8 0.055 
TLR9 0.014 
TLR10 0.075 
Seattle SNPs genesb 0.070 

 
a Calculated on a per gene basis  
b Based on 323 genes from Seattle SNPs 
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Table 5.  Linkage disequilibrium between intermediate-frequency a nonsynonymous 
SNPs at TLR1 and TLR10. 
 
TLR1 (SNP1)  Variants b TLR10 (SNP2) Variants b distance (nt) D' 
rs4833095 A743G (S248N) rs11096957 A721C (H241N) 23,219 0.642* 
rs4833095 A743G (S248N) rs11096955 A1105C (I369L) 23,603 0.642* 
rs5743618 T1805G (I602S) rs11096957 A721C (H241N) 22,157 -0.647* 
rs5743618 T1805G (I602S) rs11096955 A1105C (I369L) 22,541 -0.647* 

 
a Greater than 20% in the combined human populations. 
b Nucleotide positions with respect to the coding region (amino acid positions). 
* significant after Bonferroni correction (including all polymorphic sites). 
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Table 7. HKA tests 
 

  Polymorphisms Fixed differences a  
Species Gene Observed Expected Observed Expected p-value c 
Humans TLR1 77 55 91 113 0.04 
 TLR2 20 17 35 38 0.53 
 TLR3 21 27 67 61 0.36 
 TLR4 75 67 139 147 0.54 
 TLR5 143 138 294 300 0.81 
 TLR6 47 45 99 101 0.85 
 TLR7 99 87 199 211 0.42 
 TLR8 72 58 145 159 0.23 
 TLR9 20 28 71 63 0.23 
 TLR10 75 57 100 118 0.09 
 viral TLRs 269 279 482 472 0.79 
 non-viral TLRs 437 427 758 768 - 
       
Chimpanzees TLR1 18 16 46 48 0.62 
 TLR2 18 12 28 34 0.10 
 TLR3 7 9 34 32 0.48 
 TLR4 11 9 25 27 0.48 
 TLR5 9 11 38 36 0.62 
 TLR6 10 16 69 63 0.22 
 TLR7 5 6 29 28 0.83 
 TLR8 9 8 38 39 0.76 
 TLR9 11 11 36 36 0.96 
 TLR10 9 12 47 44 0.40 
 viral TLRs 37 39 137 135 0.85 
 non-viral TLRs 75 73 253 255 - 

 
a Divergence was calculated with respect to the chimpanzee sequence 
b Divergence was calculated with respect to the human sequence 
c Each TLR was compared against a ‘neutral’ set of 10 combined human loci in a 2-locus 
HKA test. Viral and non-viral combined sets were compared against each other. 
d Each TLR was compared against a ‘neutral’ set of 26 combined chimpanzee loci in a 2-
locus HKA test. Viral and non-viral combined sets were compared against each other. 
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Table 8.  Number of ‘damaging’ and ‘benign’ polymorphisms within humans and 
chimpanzees, predicted by Polyphen. 
 
  Humans Chimpanzees 
Gene Class Damaging Benign Damaging Benign 
TLR1 Non-viral 4 5 1 5 
TLR2 Non-viral 4 1 0 3 
TLR3 Viral 2 1 0 2 
TLR4 Non-viral 4 1 1 0 
TLR5 Non-viral 7 3 1 2 
TLR6 Non-viral 1 6 1 2 
TLR7 Viral 0 2 0 1 
TLR8 Viral 1 2 0 0 
TLR9 Viral 2 3 1 3 
TLR10 Non-viral 6 7 1 1 
All All 31 31 6 19 
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Table 9. Ratios of damaging to benign polymorphisms in humans and chimpanzees 
for different subclasses of TLRs. 
 

 Damaging Benign P-value b 
Human Genome a 25361 49795 - 
All human TLRs 31 31 <0.001 
Human Viral TLRs 5 8 0.8 
Human Non-viral TLRs 26 23 0.005 
All Chimp TLRs 6 19 0.4 (0.03) c 
Chimp Viral TLRs 1 6 0.4 
Chimp Non-viral TLRs 5 13 0.6 
 
a  From Sunyaev et al. 2001 
b  Compared to the human genome 
c  Comparison to all human TLRs in parenthesis 
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Table 10. dN/dS values for the human lineage, the chimpanzee lineage and across 
primates. 
  

Primates b  Human 
branch a 

Chimp 
branch a global SP c EXT c TM c CYT c 

TLR1 1.04 1.35 0.43 0.59 0.45 0.33 0.21 
TLR2 Inf.  d 0.31 0.44 0.40 0.52 0.21 0.13 
TLR3 0.20 0.64 0.32 0.87 0.30 Inf.  d 0.23 
TLR4 0.20 1.39 0.57 0.48 0.71 2.35 0.17 
TLR5 0.80 0.54 0.42 1.04 0.43 0.46 0.32 
TLR6 0.33 0.59 0.40 0.62 0.38 0.57 0.28 
TLR7 0.29 0.60 0.34 1.33 0.36 1.37 0.10 
TLR8 0.12 0.06 0.39 0.78 0.44 0.45 0.10 
TLR9 0.22 0.15 0.17 0.23 0.17 0.40 0.11 

TLR10 0.18 0.26 0.48 0.36 0.46 0.46 0.52 
Viral average 0.21 0.36 0.31 0.80 0.32 0.74 0.13 

Non-viral average 0.51 0.74 0.46 0.58 0.49 0.73 0.27 
p-value e 0.09 0.1 0.007 0.17 0.02 0.49 0.05 

 
a Macaque sequence used to polarize changes along the human or chimp branches 
b

  Average dN/dS across primates 
c
  SP=Signal Peptide, EXT=Extracellular domain, TM=Transmembrane domain, 

CYT=Cytoplasmic domain.  
d dS=0 
e
  Viral and non-viral averages were compared in a t-test. 
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Table 11. Distribution of sites with dN/dS<1 across protein domains. 
 
  Protein Domains  
  Signal 

Peptide 
 

Extracellular 
 

Transmembrane 
 

Cytoplasmic  
 

p-value 
Observed 10 395 3 115 Viral TLRs 
Expected 13 401 10 99 

0.14 

       
Observed 21 415 12 183 Non-viral 

TLRs Expected 27 439 14 151 
0.21 
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FIGURE LEGENDS 

 

Figure 1. Positively selected sites in the 3D-structures of TLRs. In each case, areas 

important for ligand binding that contain a concentration of sites under selection are 

squared in red. Amino acid positions of positively selected sites are indicated.  

A. TLR4-TLR4 dimer. Positively selected sites identified using the smaller phylogenetic 

sample that includes the entire coding region are labeled as red circles and the ones 

identified using the Najakima et al. (2004) dataset are labeled in green. 

B. TLR1-TLR2 dimer. Positively selected sites are labeled in red.  

 

Figure 2. Positive selection at primate TLRs. Distribution of positively selected changes 

among the main primate groups. For each major group the number of observed and 

expected amino acid changes was compared. The expected numbers were obtained by 

multiplying the total number of non-ambiguous changes by the total time of the clade in 

millions of years (by summing up times for all the branches) and dividing that by the total 

amount of time in the entire phylogeny. Divergence times were taken from Bininda-

Emonds et al. (2007). Only unambiguous changes at the inferred positively selected sites 

(concordant between at least two ML methods) were used. 

Apes=Apes+human, OWP=Old World primates, NWP=New World Primates, *=p<0.05 
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Figure 3. Positive selection at TLR4. 

A. Physicochemical properties of the amino acids at the positively selected sites at TLR4. 

SM=small, NP=non-polar, P=polar, NEU=neutral, POS=positively charged, 

NEG=negatively charged. 

B. Estimated lineage specific dN/dS ratios from the branch-based analysis are shown 

above the branches of the TLR4 phylogeny.  For the sites under selection from the codon-

based analysis, the amino acid changes reconstructed by parsimony are mapped. Each red 

mark represents one amino acid substitution. Branch lengths are proportional to dS. 

 

Figure 4. Summary statistics of the allele frequency spectrum in TLRs, compared with 

the empirical distribution of Akey et al. (2004) for the same populations. AA=African-

Americans, EA=European-Americans. 
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Figure 1 
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Figure 2 
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Figure 3 
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A B 
Position aa 1 Properties aa 2 Properties 

139 Ala SM, NP, NEU Leu NP, NEU 
 Ala SM, NP, NEU Ile NP, NEU 
204 Leu NP, NEU Arg P, POS 
 Leu NP, NEU Ile NP, NEU 
297 Pro SM, NP, NEU Leu NP, NEU 
 Pro SM, NP, NEU Ser SM, P, NEU 
 Pro SM, NP, NEU Phe NP, NEU 
298 Asp SM, P, NEG Asn SM, P, NEU 
299 Asp SM, P, NEG Asn SM, P, NEU 
300 Asp SM, P, NEG Gly SM, NP, NEU 
321 Asp SM, P, NEG Lys P, POS 
 Lys P, POS Glu P, NEG 
322 Arg P, POS Gly SM, NP, NEU 
327 Pro SM, NP, NEU Ser SM, P, NEU 
351 Lys P, POS Glu P, NEG 
368 Ala SM, NP, NEU Ser SM, P, NEU 
437 Met NP, NEU Thr SM, P, NEU 
 Met NP, NEU Val NP, NEU 
 Ala SM, NP, NEU Ile NP, NEU 
471 Ser SM, P, NEU Leu NP, NEU 
 Ser SM, P, NEU Phe NP, NEU 
475 Val NP, NEU Thr SM, P, NEU 
 Val NP, NEU Ile NP, NEU 
514 Glu P, NEG Lys P, POS 
 Glu P, NEG Thr SM, P, NEU 
 Thr SM, P, NEU Lys P, POS 
537 Thr SM, P, NEU Met NP, NEU 
542 His P, POS Cys SM, NP, NEU 
 Cys SM, NP, NEU Ser SM, P, NEU 
606 Gln P, NEU Asn SM, P, NEU 
 Gln P, NEU Arg P, POS 
639 Leu NP, NEU Val NP, NEU 
 Leu NP, NEU Phe NP, NEU 
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Figure 4 
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Table S3. Table of polymorphism TLR1 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 
 
 

TLR1 CHIMPS N N N N N N N R S R R R R R N N N N

11
2

19
7

31
3

52
4

11
16

15
13

24
89

32
01

36
74

38
13

39
90

44
52

50
20

50
44

51
66

52
04

52
25

52
61

consensus G G C A T C C A G C A G A C G G G A

CH09-A . . . . . . . . . . . . . . . . . .

CH29-A . . . . . . . . . . . . . . . . . .

CH29-B . . . . . . . . . . . . . . . . . .

CH85-A . . . . . . . . . . . . . . . . . .

CH87-A . . . . . . . . . . . . . . . . . .

CH88-A . . . . . . . . . . . . . . . . . .

CH88-B . . . . . . . . . . . . . . . . . .

CH94-A . . . . . . . . . . . . . . . . . .

CH96-A . . . . . . . . . . . . . . . . . .

CH96-B . . . . . . . . . . . . . . . . . .

CH97-A . . . . . . . . . . . . . . . . . .

CH106-A . . . . . . . . . . . . . . . . . .

CH107-A . . . . . . . . . . . . . . . . . .

CH108-A . . . . . . . . . . . . . . . . . .

CH108-B . . . . . . . . . . . . . . . . . .

CH110-A . . . . . . . . . . . . . . . . . .

CH112-A . . . . . . . . . . . . . . . . . .

CH123-A . . . . . . . . . . . . . . . . . .

CH98-A . . . . . . . . . . . . . . . . . .

CH109-B A . . G . . . . . . . . . . . . . .

CH110-B A . . G . . . . . . . . . . . . . .

CH112-B A . . G . . . . . . . . . . . . . .

CH123-B A . . G . . . . . . . . . . . . . .

CH09-B A . . G . . . . . . . . . . . . . .

CH85-B A . . G . . . . . . . . . . . . . .

CH106-B A . . G . . . . . . . . . . . . . .

CH95-B A . . G . . . . . . . . . . . . . .

CH87-B . A . . . . . . . . . . . . . . . G

CH95-A . . . . . A . . . . . . . . . . . .

CH97-B . . T . . . . . . . . . . . . . . .

CH107-B . . T . . . . . . . . . . . . . . .

CH103-B . . T . . . . . . A . A . . A A . .

CH109-A . . T . . . . . . A . A . . A A . .

CH94-B . . . . A . G G A . T . G G . . C .

CH98-B . . . . A . G G A . T . G G . . C .

CH102-A . . . . A . G G A . T . G G . . C .

CH102-B . . . . A . G G A . T . G G . . C .

CH103-A . . . . A . G G A . T . G G . . C .
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Table S4. Table of polymorphism TLR2 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR2 CHIMPS N N N N N N N S R S S R R S S N N N

65
7

67
3

77
3

85
9

11
26

13
19

14
29

19
30

21
53

22
69

27
97

28
93

32
37

33
31

38
44

42
99

44
31

44
92

consensus C T C A T T G G C G C G C A A C A T

CH09-A . . . . . . . . . . T . . . . . T .

CH85-A . . . . . . . . . . T . . . . . T .

CH88-A . . . . . . . . . . T . . . . . T .

CH88-B . . . . . . . . . . T . . . . . T .

CH94-A . . . . . . . . . . T . . . . . T .

CH96-A . . . . . . . . . . T . . . . . T .

CH97-A . . . . . . . . . . T . . . . . T .

CH106-A . . . . . . . . . . T . . . . . T .

CH109-A . . . . . . . . . . T . . . . . T .

CH109-B . . . . . . . . . . T . . . . . T .

CH110-A . . . . . . . . . . T . . . . . T .

CH112-A . . . . . . . . . . T . . . . . T .

CH123-A . . . . . . . . . . T . . . . . T .

CH98-A . . . . . . . . . . T . . . . . T .

CH110-B . . . . . . . . . . . . . . . . . G

CH87-A . . . . . . . . . . . . . . . . . G

CH95-A . . . . . . . . . . . . . . . . . G

CH09-B . . . . . . . . . . . . . . . . . G

CH29-A . . . . . . . . . . . . . . . . . G

CH102-A . . . . . . . . . . . . . . . . . G

CH102-B . . . . . . . . . . . . . . . . . G

CH29-B . . . . . . . . . . . . . . . T . G

CH85-B . . . . G . . . . . . . . . . . . .

CH87-B . . . . G . . . . . . . . . . . . .

CH103-A . . . . G . . . . . . . . . . . . .

CH103-B . . . . G . . . . . . . . . . . . .

CH123-B . . T . G . A . . . . . . . . . . .

CH96-B . . T . G . A A . . . . . . . . . .

CH106-B T . . G . C . A T A . . . G G . T .

CH94-B T . . G . C . A T A . . . G G . T .

CH108-B . A . . . . . . . . . . . . . . . .

CH97-B . A . . . . . . . . . . . . . . . .

CH107-B . A . . . . . . . . . . . . . . . .

CH112-B . A . . . . . . . . . . . . . . . .

CH98-B . A . . . . . . . . . T . . . . . .

CH108-A . A . . . . . . . . T . A . . . T .

CH95-B . A . . . . . . . . T . A . . . T .

CH107-A . A . . . . . . . . T . A . . . T .
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Table S5. Table of polymorphism TLR3 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR3 CHIMPS R N S N N R N

28
7

56
7

24
52

27
29

27
71

61
81

88
13

consensus A G G A G A T

CH09-A . . . . . . .

CH09-B . . . . . . .

CH29-A . . . . . . .

CH87-A . . . . . . .

CH94-A . . . . . . .

CH94-B . . . . . . .

CH95-A . . . . . . .

CH95-B . . . . . . .

CH96-A . . . . . . .

CH98-A . . . . . . .

CH98-B . . . . . . .

CH102-A . . . . . . .

CH102-B . . . . . . .

CH103-A . . . . . . .

CH107-A . . . . . . .

CH109-A . . . . . . .

CH109-B . . . . . . .

CH110-A . . . . . . .

CH110-B . . . . . . .

CH112-A . . . . . . .

CH112-B . . . . . . .

CH123-A . . . . . . .

CH123-B . . . . . . .

CH85-A . . . . . . .

CH88-A . . . . . . .

CH106-A . . . . . . .

CH108-A . . . . . . .

CH87-B . T . . . . .

CH29-B G . . C A . .

CH106-B G . . C A . .

CH107-B G . . C A . .

CH96-B G . . C A . .

CH103-B . . . C A . .

CH108-B . . . C A . .

CH85-B . . . C A T .

CH97-A . . . C A T .

CH88-B . . . C A T G

CH97-B . . A C A T G
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Table S6. Table of polymorphism TLR4 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR4 CHIMPS N N N N N N N N R S N

13
8

39
55

41
53

41
63

41
74

43
38

47
15

47
43

86
78

88
47

11
17
7

consensus A G C C A C T C G T C

CH88-B . . . . . . . . . . .

CH85-B . . . . . . . . . . .

CH107-B . . . . . . . . . . .

CH108-B . . . . . . . . . . .

CH110-A . . . . . . . . . . .

CH112-A . . . . . . . . . . .

CH112-B . . . . . . . . . . .

CH123-A . . . . . . . . . . .

CH103-A . N . . . . . . . . .

CH103-B . N . . . . . . . . .

CH109-A C . . . . . . . . . .

CH109-B C . . . . . . . . . .

CH110-B C . . . . . . . . . .

CH123-B C . . . . . . . . . .

CH98-A C . . . . . . . . . .

CH95-B C . T . . . . . . . .

CH96-B C . T . . . . . . . .

CH97-B C . . . . . . . T . .

CH98-B C . . . . . . . T . .

CH09-A . . . . G T . G . . .

CH09-B . . . . G T . G . . .

CH29-A . . . . G T . G . . .

CH85-A . . . . G T . G . . .

CH87-A . . . . G T . G . . .

CH87-B . . . . G T . G . . .

CH88-A . . . . G T . G . . .

CH94-A . . . . G T . G . . .

CH95-A . . . . G T . G . . .

CH96-A . . . . G T . G . . .

CH97-A . . . . G T . G . . .

CH102-A . . . . G T . G . . .

CH102-B . . . . G T . G . . .

CH106-A . . . . G T . G . . .

CH107-A . . . . G T . G . . .

CH108-A . . . . G T . G . . .

CH29-B C . . . G T . G . . .

CH106-B C . . . G T . G . C T

CH94-B C A . T . . C . . . .
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Table S7. Table of polymorphism TLR5 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR5 CHIMPS N N N N N R S R R

20
3

48
0

49
2

56
2

10
35

17
24

17
44

19
54

35
36

consensus C G T A T C A A C

CH09-B . . . . . . . . .

CH29-A . . . . . . . . .

CH94-A . . . . . . . . .

CH94-B . . . . . . . . .

CH95-A . . . . . . . . .

CH95-B . . . . . . . . .

CH96-A . . . . . . . . .

CH96-B . . . . . . . . .

CH97-A . . . . . . . . .

CH98-A . . . . . . . . .

CH98-B . . . . . . . . .

CH102-A . . . . . . . . .

CH103-A . . . . . . . . .

CH103-B . . . . . . . . .

CH106-A . . . . . . . . .

CH106-B . . . . . . . . .

CH107-A . . . . . . . . .

CH107-B . . . . . . . . .

CH108-A . . . . . . . . .

CH108-B . . . . . . . . .

CH110-A . . . . . . . . .

CH112-A . . . . . . . . .

CH123-A . . . . . . . . .

CH123-B . . . . . . . . .

CH87-A . . . . . . . . .

CH88-A . . . . . . . . .

CH09-A . . . . . . . . T

CH109-B T . . . . . . . .

CH112-B T . . . . . . . .

CH85-B T . . . . . . . .

CH85-A . A C G C T C . .

CH97-B . A C G C T C . .

CH109-A . A C G C T C . .

CH87-B . A C G C T C . .

CH88-B . A C G C T C G .

CH29-B . A C G C T C G .

CH102-B . A C G C T C G .

CH110-B . A C G C T C G .
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Table S8. Table of polymorphism TLR6 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR6 CHIMPS N N N N N S R S R R

17 34
9

40
1

84
8

97
5

15
41

24
93

26
09

26
18

27
85

consensus T G T C T T A A C C

CH09-A . . . . . . . . . .

CH87-A . . . . . . . . . .

CH96-A . . . . . . . . . .

CH98-A . . . . . . . . . .

CH106-A . . . . . . . . . .

CH106-B . . . . . . . . . .

CH107-A . . . . . . . . . .

CH108-A . . . . . . . . . .

CH123-A . . . . . . . . . .

CH112-B C . . . . . . . . .

CH123-B C . . . . . . . . .

CH107-B C . . . . . . . . .

CH97-B C . . . . . . . . .

CH09-B C . . . . . . . . .

CH29-A . A . . . . . . . .

CH29-B . A . . . . . . . .

CH85-B . A . . . . . . . .

CH88-A . A . . . . . . . .

CH88-B . A . . . . . . . .

CH95-B . A . . . . . . . .

CH96-B . A . . . . . . . .

CH97-A . A . . . . . . . .

CH110-B . A . . . . . . . .

CH112-A . A . . . . . . . .

CH94-B . A . . . . . . . .

CH87-B . . . . C . . . . .

CH95-A . . . . . . G . . .

CH110-A . . . . . . G . . .

CH85-A . . A . . . G . . .

CH94-A . . . . . A G . . .

CH98-B . . . . . A G . . .

CH102-A . . . . . A G . . .

CH102-B . . . . . A G . . .

CH109-A . . . . . A G . . .

CH103-B . . . . . A G . . .

CH103-A . . . . . A . . . .

CH109-B C . . . . . G . . .

CH108-B . . . G . A G G A G
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Table S9. Table of polymorphism TLR7 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR7 CHIMPS N N N N R

19
0

24
6

36
1

40
6

24
08

consensus A A G T G

CH29-A . . . . .

CH94-A . . . . .

CH123-A . . . . .

CH09-A . G . . .

CH85-A . G . . .

CH88-A . G . . .

CH97-A . G . . .

CH107-A . G . . .

CH95-A . G . . C

CH87-A G . . . .

CH96-A G . . . .

CH98-A G . . . .

CH108-A G . . . .

CH110-A G . A . .

CH88-B . . . G .

CH102-A . . . G .

CH103-A . . . G .

CH109-A . . . G .

CH112-A . . . G .

CH106-A . . . G C
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Table S10. Table of polymorphism TLR8 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR8 CHIMPS N N N S S S S S N

20
4

68
6

12
07

15
76

17
32

30
07

32
14

42
88

48
55

consensus C G C G G C C C T

CH09-A . . . . . . . . .

CH85-A . . . . . . . . .

CH88-A . . . . . . . . .

CH95-A . . . . . . . . .

CH97-A . . . . . . . . .

CH110-A . . . . . . . . .

CH29-A G . . . . . . . .

CH94-A . . . . . . . . G

CH88-B . . . . . . A . .

CH123-A . . . . . . A . .

CH102-A . A . . . . . . .

CH103-A . A . . . . . . .

CH107-A . A . . . . . . .

CH112-A . A . . . . . . .

CH106-A . . . A . . . . .

CH109-A . . . A . T . . .

CH87-A . . T . A . . T .

CH96-A . . T . A . . T .

CH98-A . . T . A . . T .

CH108-A . . T . A . . T .
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Table S11. Table of polymorphism TLR9 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR9 CHIMPS N N N N N R S R R R S

17
6

24
6

47
0

71
9

83
1

15
22

17
34

20
92

30
22

32
48

33
81

consensus G G G C G A C G C C G

CH85-A . . . . . . . . . . .

CH88-A . . . . . . . . . . .

CH102-A . . . . . . . . . . .

CH106-A . . . . . . . . . . .

CH107-A . . . . . . . . . . .

CH98-B . A . . . . . . . . .

CH29-B . A . . . . . . . . .

CH95-A . A . . . . . . . . .

CH107-B . A . . . . . . . . .

CH109-A . A . . . . . . . . .

CH110-B . A . . . . . . . . .

CH87-B . A . . . . . . . . .

CH94-B . A . . . . . . . . .

CH112-B . A . . . . . . . . .

CH108-A . A . . . . . A . . .

CH96-B . A . . . . . A . . .

CH88-B . A . . . . . A . . .

CH123-B . A . . . . . A . . .

CH96-A . . . . . . . . . T .

CH85-B . . . . . . . . . T .

CH87-A . . . . . G . . . . .

CH98-A . . . . . G . . . T .

CH106-B . . . . . G . . . T .

CH29-A . . . . . G . . . T .

CH102-B . . T . . G . . . T .

CH108-B A . . . . . . . . T .

CH109-B A . . . . . . . T . .

CH95-B . A . . A . . . . T .

CH09-A . . . T . . T . . . A

CH09-B . . . T . . T . . . A

CH110-A . . . T . . T . . . A

CH112-A . . . T . . T . . . A

CH123-A . . . T . . T . . . A

CH94-A . . . T . . T . . . A
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Table S12. Table of polymorphism TLR10 chimpanzees 
 

 
Shaded areas indicate coding positions. N=noncoding, R=replacement, S=silent. 
 

TLR10 CHIMPS N N N N N R S R N

50
6

68
7

10
50

11
94

13
49

23
80

30
23

32
76

40
26

C C A G C G A A C

CH09-A . . . . . . . . .

CH85-A . . . . . . . . .

CH87-A . . . . . . . . .

CH94-A . . . . . . . . .

CH96-A . . . . . . . . .

CH98-A . . . . . . . . .

CH98-B . . . . . . . . .

CH102-A . . . . . . . . .

CH102-B . . . . . . . . .

CH107-A . . . . . . . . .

CH109-A . . . . . . . . .

CH123-A . . . . . . . . .

CH108-A . . . . . . . . .

CH110-A N . . . . . . . .

CH09-B . . . . . A . . .

CH95-B . . . . . A . . .

CH112-B . . . . . A . . .

CH123-B . . . . . A . . .

CH106-B . . . . . A . . .

CH29-A . . . . . . G . .

CH29-B . . . . . . G . .

CH112-A . . . . . . G . .

CH85-B . . . . . . G . .

CH88-A . . . . . . G . .

CH88-B . . . . . . G . .

CH94-B . . . . . . G . .

CH95-A . . . . . . G . .

CH96-B . . . . . . G . .

CH97-A . . . . . . G . .

CH106-A . . . . . . G . .

CH110-B N . . . . . G . .

CH109-B . . T . . . . C .

CH87-B T T T . . . . . G

CH97-B T T . A T . . . G

CH108-B T T . A T . . . G

CH107-B T T . A T . . . .
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APPENDIX D: PROMISCUITY, SOCIALITY AND THE RATE OF MOLECULAR

EVOLUTION AT PRIMATE IMMUNITY GENES.
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ABSTRACT 

Recently, a positive correlation between basal leukocyte counts and mating 

system across primates suggested that sexual promiscuity could be an important 

determinant of the evolution of the immune system. Motivated by this idea, we examined 

the patterns of molecular evolution of 15 immune defense genes in primates in relation to 

promiscuity and other variables expected to affect disease risk (group size, density, diet 

and habitat). We obtained maximum likelihood estimates of the rate of protein evolution 

of terminal branches of the primate phylogeny at these genes. Using phylogenetically 

independent contrasts, we found that immunity genes evolve faster in more promiscuous 

species, but only for a subset of genes that interact closely with pathogens. We also 

observed a significantly greater proportion of branches under selection in the more 

promiscuous species. Analyses of independent contrasts also showed a positive effect of 

group size. However, the effect of group size was not restricted to genes that interact 

closely with pathogens, and no differences were observed in the proportion of branches 

under selection in species with small and large groups. Together, these results suggest 

that mating system has influenced the evolution of some immunity genes in primates, 

possibly due to the increased risk of acquiring sexually transmitted diseases in species 

with higher levels of female promiscuity. 
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INTRODUCTION 

In recent years, a large body of work has been devoted to understanding the 

intricate relationship between immunity and reproduction (Schmid-Hempel 2003; 

Lawniczak et al. 2007). It has become increasingly clear that there are trade-offs between 

immune and reproductive functions due to the costly nature of both systems (Sheldon and 

Verhulst 1996; Lochmiller and Deerenberg 2000; Zuk and Stoehr 2002). For example, in 

flycatchers, infection rates (measured by serological parameters) increase when brood 

size is experimentally increased, and parasitized females lay smaller clutches than non-

parasitized counterparts (Gustafsson et al. 1994). A more direct link between immunity 

and reproduction has been provided by the discovery that immune molecules are 

commonly expressed in reproductive tissues of vertebrates (Li et al. 2001; Com et al. 

2003; Silphaduang et al. 2006) and invertebrates (Lung, Kuo, and Wolfner 2001). 

Moreover, there is now evidence that the female immune system can be modulated in 

response to mating. In Drosophila, for example, a large suite of immune related genes 

change their expression profiles following mating (Lawniczak and Begun 2004; McGraw 

et al. 2004). 

Another connection between reproduction and immunity comes from the work of 

Hamilton and Zuk (1982), who first suggested a role for parasites in the context of sexual 

selection. At the precopulatory level, mate choice could be based on secondary sexual 

traits that indirectly reflect heritable variation in immune condition (Hamilton and Zuk 

1982). At the postcopulatory level, it is possible that male ejaculates interfere with female 

immunity leading to sexual conflict (Fedorka and Zuk 2005), or that antimicrobial 



 

 

178 

peptides that inhibit sperm motility (Reddy, Yedery, and Aranha 2004) mediate cryptic 

female choice (Lawniczak et al. 2007). 

Disease transmission during mating provides another connection between 

reproduction and immunity. Sexually transmitted diseases (STDs) are ubiquitous among 

animals and differ from infectious diseases in a number of important characteristics 

(Lockhart, Thrall, and Antonovics 1996). STDs affect fitness mostly by a negative effect 

on sterility rather than by inducing mortality. STDs also persist longer in their hosts and 

do not generally exhibit cyclic fluctuations compared with other infectious diseases. For 

these reasons, it is possible that STDs might impose different selective pressures on their 

hosts than other types of diseases (Lockhart, Thrall, and Antonovics 1996). Mating 

system might affect the evolution of immunity because species with higher levels of 

sexual promiscuity might experience increased risk of STDs. Alternatively mating 

behavior itself might evolve as a consequence of STDs (Immerman 1986; Loehle 1995; 

Thrall, Antonovics, and Bever 1997). 

Using the baseline number of leucocytes (a common indicator of 

immunocompetence), Nunn and others (Nunn, Gittleman, and Antonovics 2000; Nunn 

2002b; Anderson, Hessel, and Dixson 2004) found a positive correlation between levels 

of white blood cells and several proxies of female sexual promiscuity among species of 

primates with different mating systems. The lack of associations with several other social, 

ecological and life history variables led to the hypothesis that increased levels of 

transmission of STDs in promiscuous species have resulted in the evolution of a greater 

investment in immune function (Nunn, Gittleman, and Antonovics 2000). An alternative 
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interpretation for a positive correlation between female promiscuity and the strength of 

the immune system is based on antagonistic coevolution between male ejaculate and 

female immunity. Support for this idea comes from studies in crickets of the genus 

Allonemobious, in which multiple mating with diverse males results in suppression of 

female immunity (Fedorka and Zuk 2005). If such immunodepression is costly to the 

female, over evolutionary time, coevolutionary processes caused by conflicting male and 

female interests might result in the evolution of stronger immunity. 

Here we sought to extend the disease risk/promiscuity hypothesis (Nunn, 

Gittleman, and Antonovics 2000) to the molecular level, by exploring the relationship 

between sexual promiscuity and the evolution of immunity genes in primates. If the 

increase in leukocyte levels in promiscuous species reported by Nunn and others truly 

reflects differences in disease risk among species, we might expect that natural selection 

will have shaped other aspects of the immune system in a similar way. In particular, 

natural selection on genes involved in immunity might be stronger or more frequent in 

species in which females routinely mate with multiple males than in species in which 

females mate with one male. We thus predict an acceleration of the rate of molecular 

evolution at immunity genes (particularly those that participate directly in host-pathogen 

interactions) in more promiscuous species. Primates constitute a good study-system for 

testing this hypothesis for several reasons. First, the original observations made by Nunn 

and colleagues were done on primates. Second, primates exhibit a diversity of social and 

mating systems, and several socio-ecological variables are available. Some of these 

variables are also expected to affect disease risk. Thus, we take advantage of this 



 

 

180 

information and also explore the effect of group size, density, diet and habitat on the rate 

of molecular evolution of immunity genes. 

Using phylogenetically independent comparisons for a set of 15 genes related to 

immune defense in primates we found that both female promiscuity and group size show 

a weak but significant positive effect on the rate of protein evolution. The effect of 

mating system (female promiscuity) was stronger for a subset of genes that interact 

directly with pathogens, and this seems to be driven by positive selection. Mating system 

and group size, however, explain only a small fraction of the variation in the rate of 

protein evolution, emphasizing that factors related to the biology of particular species 

play a major role in the evolution of immune defense genes. 
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MATERIALS AND METHODS 

Samples: DNA samples from 14 primate species were obtained from the 

following sources: Cercopithecus mona, Theropithecus gelada and Mandrillus sphinx 

from William Switzer; Papio anubis, Callithrix jacchus and Macaca fascicularis from 

the Southwest National Primate Research Center; Chiropotes satanas and Saguinus 

midas from Smithsonian Instituion; Ateles geoffroyi, Allenopithecus nigrovirdis, Pithecia 

pithecia, Cercocebus agilis, Symphalangus syndactylus and Colobus guereza from 

Coriell Cell Repositories.  

Molecular data: We gathered published sequence data on 14 genes related to 

immune defense in several primate species. We made an effort to include genes for which 

there was previous evidence of positive selection in the patterns of protein evolution 

(Filip and Mundy 2004; Sawyer, Emerman, and Malik 2004; Sawyer et al. 2005; OhAinle 

et al. 2006; Zelezetsky et al. 2006; Osorio, Antunes, and Ramos 2007; Sawyer, Emerman, 

and Malik 2007; Kerns, Emerman, and Malik 2008; Zhang, Weinstock, and Gerstein 

2008; Elde et al. 2009; Wlasiuk et al. 2009). By looking at a set of genes that in most 

cases have a recognized history of positive selection we sought to maximize the chances 

of uncovering a positive relationship between promiscuity and molecular evolution, if 

such a relationship exists. The sample includes three pattern recognition receptors (TLR1, 

TLR4, TLR5), one antimicrobial peptide (CAMP), other innate immunity genes (PKR, 

CCR5), a series of intrinsic immunity genes with antiviral function (APOBEC3G, 

APOBEC3H, TRIM5, TRIM22, ZAP), two adaptive immunity genes (CD4, CD45), and 

a gene with putative immune function (ANG). Some of these genes (CAMP, 
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APOBEC3G, APOBEC3H, PKR, TLR1, TLR4, TLR5, TRIM5, TRIM22, ZAP) interact 

directly with pathogens, while others do not. We will refer to these two classes as 

‘pathogen-interacting genes’ and ‘non pathogen-interacting genes’ respectively. An 

average of 16 species (9-29) was used per gene. The complete list of species and 

accession numbers is presented in Supplementary Table 1a and 1b.  

Additionally, we sequenced the DUFFY (DARC) gene, because of its recently 

reported association with differences in white-blood cell counts within and between 

human populations (Nalls et al. 2008; Reich et al. 2009). A fragment of ~1800 bp 

containing the entire coding region of the DUFFY gene was sequenced in the 14 species 

mentioned above. Together with eight additional sequences from GenBank 

(Supplementary Table 1a), the complete dataset for DUFFY consists of 22 primate 

species. PCR was performed in 50 μl reactions using Platinum Taq High Fidelity DNA 

Polymerase (Invitrogen, San Diego, CA), with primers F1-

CTTTCTGGTCCCCACCTTTT and R1-TAAGAAACCACCCGCYTCAC. PCR 

products were purified using the Qiagen PCR purification kit (Qiagen, Valencia, CA) and 

sequenced using an ABI 3700 automated sequencer (Applied Biosystems, Foster City, 

CA), using the following sequencing primers: F2-TAGTCCCRACCAGYCAAATC, F5-

ATCGGCTTCCCCAGGA and R2-CGCTTCACAAARGCAKTGTA. Sequences were 

deposited in GenBank under the accession numbers: GU219517-30. Sequence editing 

and assembly were performed using SEQUENCHER (Gene Codes, Ann Arbor, MI).  

Hypotheses and predictions for other socio-ecological variables: Many host 

traits and ecological factors have been proposed to influence disease risk in primates 
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(reviewed in Nunn and Altizer, 2006), and these hypotheses generate testable predictions. 

Aside from sexual promiscuity, we investigated the effect of group size, density, diet and 

habitat. Disease risk is expected to increase with group size and density, because more 

contacts among individuals should promote transmission of infectious diseases (Altizer et 

al. 2003). Disease risk is also expected to be higher in species that consume leaves 

(because folivorous primates consume larger volumes of food, and potentially more 

parasites) (Moore 2002) or insect prey (because insects can be intermediate hosts for 

trophically transmitted diseases) (Dunn 1968) than in frugivorous primates. Finally, 

disease risk is expected to be higher in terrestrial primates than in arboreal primates, 

because terrestrial species should be exposed to fecal contamination more than arboreal 

species (Nunn, Gittleman, and Antonovics 2000). 

Primate variables: Data on mating system, testis size, group size, density, diet 

and habitat was obtained from several published compilations (Kenagy and Trombulak 

1986; Harcourt 1991; Harcourt, Purvis, and Liles 1995; Rowe 1996; Lindenfors and 

Tullberg 1998; Nunn 2002b; Semple, Cowlishaw, and Bennett 2002; Nunn et al. 2003; 

Anderson, Hessel, and Dixson 2004). The values for these variables are presented in 

Supplementary Table 2. 

Mating system was further categorized as unimale (UM-monogamous or 

polygynous) or multimale (MM-polyandrous or promiscuous). To deal with the problem 

of ambiguities in mating system we grouped mating system three ways. First, we 

assigned all ambiguous cases as UM (partition 1-MS1). Second, we assigned all 

ambiguous cases as MM (partition 2-MS2), and third, we excluded all species with 
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ambiguous mating system (partition 3-MS3). In primates, large testes are likely the result 

of selection for high sperm production due to sperm competition, in species in which 

females mate multiply (Harcourt 1991). Thus, the residuals of the regression of log testis 

size vs log body size (residual testis size-RTS) were also used as a proxy for female 

promiscuity. 

Group size and density were log transformed to approach normality. For all the 

analyses described below, except for the linear regression models, RTS, group size, and 

density were transformed into discrete variables to capture the essence of the pattern of 

variation at these variables. For RTS, we coded as 0 the negative values and as 1 the 

positive values. For group size and density, taking an interval of one standard deviation 

centered on the mean, we coded as 1 all the values above this range, and as 0 all the 

values below it. Below we refer to the discrete categories of small group size (SG) and 

large group size (LG). Habitat and diet were treated as discrete variables with three states 

each. For habitat we used: strictly arboreal, terrestrial in wooded environments and 

terrestrial in open environments. For diet we used: insectivores, folivores and frugivores. 

Phylogenetic reconstruction: Sequences were aligned in Revtrans 

(http://cbs.dtu.dk/services/RevTrans/) with manual adjustment of small indels. Sites with 

indels were removed from the alignments. Phylogenetic trees for each gene were 

constructed in PAUP (Swofford 1993) using parsimony, distance, and maximum 

likelihood methods (ML). In all cases there was overall general agreement between the 

accepted species tree (Purvis 1995) and the gene tree, with only a few branches in slightly 

different positions. Because the methods for detecting selection described below are 
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relatively robust to minor changes in the phylogeny and the inferences of trait evolution 

are based on the species relationships, for all the subsequent analyses we used the 

accepted species trees (Figure 1) (Purvis 1995). 

Maximum likelihood estimate of evolutionary rates: We estimated dN/dS, the 

number of nonsynonymous substitutions per non-synonymous site (dN) divided by the 

number of synonymous substitutions per synonymous site (dS) in a maximum likelihood 

(ML) framework using Codeml, in the PAML ver 4.2 package (Yang 1997; Yang 2007). 

A dN/dS ratio >1 represents unambiguous evidence of positive selection while a value <1 

indicates purifying or negative selection. 

We ran a free-ratio model, in which dN/dS is estimated independently for each 

branch in the phylogeny (Nielsen and Yang 1998; Yang 1998). These estimates of the 

rate of protein evolution in terminal branches of the phylogeny were used to test for 

correlations with socio-ecological variables. For some genes, a few branches lacked 

synonymous substitutions, preventing the calculation of dN/dS. This is a common 

problem with short branches. However, in some of these cases, the number of 

nonsynonymous substitutions was high, arguing against low divergence. To minimize the 

amount of missing data in subsequent analyses that were based on these values, for the 

branches with dS=0 and more than two nonsynonymous substitutions, we calculated the 

dN/dS ratio assuming one synonymous substitution. To check for convergence, the free-

ratio models were run twice, using initial ω values of 0.5 and 1.5. In all cases we used the 

F3x4 model of codon frequencies. 
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Statistical analyses: To minimize the problem of uncertainty in mating system 

reconstruction along long branches or uncertainty due to incomplete phylogenetic 

sampling, we restricted analyses to the terminal branches of the phylogeny. In all the 

analyses described below the rate of protein evolution, dN/dS, was treated as the 

dependent variable, while mating system, relative testis size, group size, density, diet and 

habitat were treated as independent variables. For the first analysis (independent 

contrasts; see below) we included all variables and, guided by the results, for additional 

analyses we used only female promiscuity and group size. An outline of this second set of 

analyses focusing exclusively on mating system and group size (with their specific 

predictions) is presented in Figure 2. 

 Although dN/dS was estimated independently for each branch of the phylogeny, 

mating system (or other traits) might be the same in closely related species due to shared 

ancestry, leading to non-independence. To take into account this potential problem, we 

first performed an analysis based on phylogenetically independent contrasts (Felsenstein 

1985), in which variation in the set of independent variables was examined (separately) in 

relation to variation in dN/dS. Because branches of the phylogeny are used only once, 

these contrasts represent independent transitions in the predictor variables given a certain 

topology. An excess of positive contrasts (i.e. the independent variable and dN/dS vary in 

the direction predicted by the hypothesis) can be taken as evidence of correlated 

evolution. Phylogenetically independent contrasts were obtained using the BRUNCH 

algorithm implemented in the CAIC software (Purvis and Rambaut 1995). The number of 

contrasts per gene was generally low resulting in little statistical power. Thus, we 
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summed the number of positive contrasts across the 15 genes. To test for deviations from 

a null expectation of equal number of positive and negative contrasts, we performed sign 

tests on the number of positive contrasts.  

Because of the inferred effect of sexual promiscuity and group size (but not other 

variables) from the previous analyses we focused on these two variables for all 

subsequent analyses. Some of these analyses do not explicitly correct for phylogenetic 

effects. However, because for each gene usually only one species per genus was included, 

we do not expect a high degree of phylogenetic correlation. First, the mean and variance 

in dN/dS of UM and MM species were compared with a t-test and a Z-test respectively. 

Similarly, means and variances were compared between SG and LG species. Second, we 

investigated multiple regression models including RTS or mating system and group size 

as predictor variables. Third, differences in the proportion of branches with dN/dS>1 

between UM and MM, and between SG and LG species, were evaluated using a Z-test.  
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RESULTS 

 We used a combination of approaches to evaluate the effect of sexual promiscuity, 

group size, density, habitat and diet on the rate of molecular evolution of immunity 

genes. We began implementing free-ratio models, in which the dN/dS ratio can vary only 

among branches. The values of dN/dS of the terminal branches of the phylogeny (Figure 

1) were used in the analyses described below. Panels 1-4 in Figure 2 summarize the 

results obtained in these analyses, which are presented in detail in Tables 1-4. 

We first examined the direction of the change in dN/dS in relation to sexual 

promiscuity using phylogenetically independent contrasts. We used three mating system 

partitions and RTS as proxies for sexual promiscuity. When summed across genes, the 

number of positive contrasts in which an increase in promiscuity was accompanied by an 

increase in dN/dS showed a very slight trend in the predicted direction but was not 

significant (Sign test, MS2 p=0.10, MS3 p=0.11) (Table 1). When we separated the 

pathogen-interacting (PI) genes (APOBEC3G, APOBEC3H, CAMP, PKR, TLR1, TLR4, 

TLR5, TRIM5, TRIM22 and ZAP) from the rest (non PI genes), for the three mating 

system partitions the number of positive contrasts significantly exceeded the null 

expectation of 50% for the PI genes (Sign test p=0.03, 0.01 and 0.01 respectively). In 

contrast, none of the measures of sexual promiscuity deviated from the null expectation 

for the non-pathogen interacting genes (Table 1). 

We repeated these analyses with group size, density, diet and habitat as 

independent variables. Only group size showed a significant or marginally significant 

excess of positive contrasts (Table 1). These results, summarized in the first panel of 
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Figure 2, suggest that both promiscuity and group size might influence the rate of 

evolution of immunity genes. Interestingly, genes that interact directly with pathogens 

showed a more pronounced effect of sexual promiscuity while all the genes showed a 

similar effect of group size.  

Next, for each gene, we compared the mean and variance in dN/dS between UM 

and MM branches and between SG and LG branches. In 10 of the 15 genes (8/10 PI, 2/5 

non-PI) we observed a higher mean dN/dS in MM branches than in UM branches in at 

least one of the three mating system partitions. Similarly, in 9 of the 15 genes (5/10 PI, 

4/5 non-PI), LG branches had a higher mean dN/dS than SG branches. Only in a few 

cases, however, were these differences significant, with four genes showing a weak effect 

of promiscuity (t-test APOBEC3G p=0.06, CD45 p=0.07, PKR p=0.08, TLR4 p=0.09) 

and only one gene showing a significant effect of group size (t-test APOBEC3G p=0.04) 

(Table 2, Figure 2 panel 2) 

 The analyses based on independent contrasts (Figure 2 panel 1, Table 1) strongly 

suggest a link between promiscuity, group size and molecular evolution of immune 

genes. In these analyses however, all the variables were analyzed separately, precluding 

teasing apart potential correlations among them. In an attempt to disentangle the 

potentially confounding effects of sexual and social factors on dN/dS, for each gene we 

fit multiple regression models using dN/dS as the dependent variable and promiscuity 

(RTS or Mating system partition 3) and group size as independent factors. Table 3 shows 

the multiple regression models. In five of the 15 genes, variation in promiscuity (RTS or 

MS3), group size, or both, explain a significant (or close to significant) proportion of the 
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variance in dN/dS (Table 3, Figure 2 panel 3). In most of these cases group size showed a 

stronger effect than promiscuity. Also, in some cases the effect (slope) was negative, 

indicating, contrary to expectations, that for a given level of promiscuity species with 

smaller group sizes have higher dN/dS. 

 Because across species, RTS and group size show a significant positive 

correlation (p<0.01) (Figure 3), we also used the first axis derived from a principal 

component analysis of RTS and log group size (that captured ~78% of the variation in 

both variables) as a combined index of promiscuity and sociality. With a couple of 

exceptions, this resulted in a loss of significance and poorer fit with respect to the 

multiple regression models (data not shown). This reinforces the idea that, in spite of 

being positively correlated at a large taxonomic scale, mating system and group size 

might influence dN/dS independently and sometimes in opposite ways. 

The previous analyses, particularly the independent contrasts, suggest that 

increases in dN/dS are associated with increases in promiscuity and increases in group 

size.  An increase in dN/dS is suggestive of adaptive evolution, but only a dN/dS>1 

constitutes unambiguous evidence of positive selection. Therefore, we compared the 

relative proportion of branches with dN/dS>1 between UM and MM branches and 

between SG and LG branches. When summed across genes, we found a significantly or 

marginally significant greater proportion of branches with dN/dS>1 among MM species, 

than among UM species for two of the three mating system partitions (Table 4). This 

pattern is driven by the pathogen-interacting genes (Table 4, Figure 2 panel 4). This 

indicates that MM species have on average, more instances of positive selection than UM 
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species and argues for a role of sexual promiscuity in the evolution of immunity genes. 

On the other hand, the proportion of branches with dN/dS>1 was the same among SG and 

LG species for the entire dataset as well as for the two groups of genes considered 

separately (Table 4, Figure 2 panel 4). 
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DISCUSSION 

The main determinants of rates of protein evolution at immune loci other than 

adaptive immune receptors are largely unknown. Coevolution between host and 

pathogens is frequently invoked to explain the rapid evolution of immune loci (Holmes 

2004), but certain host features such as promiscuous behavior or sociality might also have 

an effect by influencing disease risk. Here we investigated whether female mating 

promiscuity and other social and ecological variables have had a major effect on the rate 

of molecular evolution in functionally diverse immune defense genes. The underlying 

hypothesis is that the risk of STD (or more generally infectious diseases) should be 

higher in species with multiple mating, increasing pathogen exposure and/or diversity, 

and thus exerting stronger selective pressures on the host. 

 Using a comparative approach, we demonstrated a positive correlation between 

promiscuity and the rate of protein evolution at these genes across primates (Tables 1 and 

4, Figure 2). We also found a positive correlation between group size and the rate of 

evolution (Table 1, Figure 2). The effect is weak, and only significant when combining 

data across genes. However, the noise introduced by trait measurement errors, unknown 

trait variation within species or over time, incomplete phylogenetic sampling and the fact 

that disease risk is likely influenced by other variables make this approach conservative. 

Given all the potential sources of variation, it is in fact remarkable to find a signal, 

suggesting that promiscuity, group size, or some other correlated variable, genuinely 

impacts immune protein evolution. 
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By controlling for phylogeny, we first found that transitions to higher promiscuity 

and larger group size were associated with increases in dN/dS (Table 1). In spite of the 

low statistical power to conduct tests on a gene-by-gene basis, most genes showed the 

same trend that emerged when we combined genes (data not shown), ruling out the 

possibility that one or a few outliers are driving the general pattern. Interestingly, we 

observed more transitions to higher dN/dS associated with higher promiscuity in the 

group of genes that directly interact with pathogens, such as the antiretroviral genes and 

the pattern recognition receptors. In line with theory, genes that lie at the host-pathogen 

interface should exhibit more evidence of selection due to coevolutionary arms races with 

pathogens. The increase in dN/dS associated with large groups, on the other hand, was 

not restricted to pathogen-interacting genes, but was instead distributed across the entire 

set of immunity genes. 

The trends that emerged when comparing the mean dN/dS among species with 

low and high promiscuity or small and large groups, or when regressing dN/dS against 

the range of promiscuity and group size, were generally consistent with the independent 

contrasts but were largely not significant (Tables 2 and 3). Higher mean and variance in 

dN/dS were usually associated with more promiscuous mating systems or species with 

larger groups, as expected if more contacts increase the opportunities for disease 

transmission. However, the results of the multiple regression models showed that, at least 

in some cases, promiscuity and group size might have different effects on the rate of 

molecular evolution (Table 3).  
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An increase in dN/dS is suggestive of positive selection but might also reflect 

relaxed constraint. A more stringent analysis based on branches with unambiguous 

evidence of selection (dN/dS>1), also revealed more adaptive evolution in more 

promiscuous species, but not in species with larger groups (Table 4).  

In spite of the overall pattern reported, a high degree of heterogeneity in dN/dS is 

evident from the branch-based analysis (Figure 1). This heterogeneity is not restricted to 

the promiscuous or large group branches but instead is distributed across the different 

gene phylogenies, and indicates that other lineage-specific factors might have similar 

importance. In light of such a high degree of heterogeneity, the comparison that focused 

on the proportion of branches with dN/dS>1 was more informative about the relative 

potential for natural selection. Similarly, the sign-test of positive contrasts (which focuses 

on the direction of the change but not the magnitude) resulted in more statistical power to 

expose the relationship between dN/dS, promiscuity and group size. Taken together, 

these two analyses suggest that higher levels of promiscuity and larger group size might 

underlie an increase in the rate of protein evolution. Nevertheless, only for promiscuity 

does this seems to be due to positive selection. 

Interestingly, in spite of underlying differences in leukocyte levels in humans, the 

DUFFY gene did not exhibit patterns of substitution between species consistent with 

differences in promiscuity. At least three explanations can account for this result. i) It is 

possible that regulatory rather than coding variation at DUFFY is responsible for 

leukocyte differences between primates. In fact, in humans, that seems to be the case 

(Nalls et al. 2008; Reich et al. 2009). ii) Leukocyte levels might be under the genetic 
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control of loci other than DUFFY. iii) The pattern originally reported by Nunn, 

Gittleman, and Antonovics (2000) might not reflect evolved differences in leukocyte 

levels between species but instead might be caused by some other difference among 

promiscuous and monogamous primates in captivity, such as density, sex ratio or stress, 

as pointed out by Read and Allen (2000). 

A potential problem with the interpretation of differences in evolutionary rates 

among species in the context of adaptation is that relaxation of purifying selection due to 

reduction in population size can also affect dN/dS (Ohta 1993b). In smaller populations, 

selection is less efficient at removing deleterious mutations, which should result in an 

increase in the rate of fixation of nonsynonymous changes, and a concomitant increase in 

dN/dS (Ohta 1993b). For example, primates have a higher dN/dS and lower effective 

population size than rodents (Ohta 1993a; Hughes and Friedman 2009). If promiscuity or 

group size are correlated with effective population size in primates, this might result in a 

spurious correlation between these variables and dN/dS.  

A few lines of evidence seem to argue against this possibility in the data presented 

here. For a few species of primates, estimates of effective population sizes (Ne) are 

available [human: (Yu et al. 2004); chimpanzee: (Yu et al. 2004); bonobo: (Yu et al. 

2004; Won and Hey 2005); gorilla: (Yu et al. 2004); rhesus and cynomolgus macaques: 

(Stevison and Kohn 2009)]. Additionally, for the orangutan, we estimated Ne based on 

available estimates of polymorphism and divergence (Fischer et al. 2006). We calculated 

the neutral mutation rate as µ=Da/2t (Kimura 1983) where Da is the net sequence 

divergence and t is the divergence time between the two species compared. We used a net 
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sequence divergence of 2.96 % between orangutans and humans, obtained by subtracting 

the average of the human and orangutan nucleotide diversity (π) from the raw sequence 

divergence between the species, and a divergence time of 13.5 MY (Goodman et al. 

1998). Assuming a generation time of 15 years we obtained a mutation rate per site per 

generation of 1.65x10-8. Then, using the nucleotide diversity estimated by Fischer et al. 

(2006) of 0.36 %, we calculated Ne as π/4µ and obtained an effective population size of 

54,545. These few species of apes, human and macaques do not show any consistent 

relation between population size and dN/dS in the 11 genes for which at least four of 

these species were included (Figure 4). Similarly, no consistent pattern has been found in 

the rate of molecular evolution of social and non-social insects (Schmitz and Moritz 

1998; Bromham and Leys 2005). Finally, as mentioned above, dN/dS values greater than 

one are only expected under positive selection. Our analyses based on branches with 

dN/dS>1 should then reflect patterns of adaptation and not simply relaxation of 

constraint. 

However, it is still possible that at the larger scale of the primate radiation the 

accumulation of slightly deleterious substitutions in species with smaller population sizes 

has contributed to some extent to the pattern. If more social primates tend to have on 

average lower effective population sizes (as has been proposed for social insects; Crozier 

1979), this might offer an explanation for the weaker effect of group size. The fact that in 

the analysis of independent contrast, species with larger groups (a proxy for more social 

species) had higher dN/dS at both the pathogen-interacting and non pathogen-interacting 

genes is consistent with this idea, because a population size effect is expected to affect all 
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genes equally. Also in line with this hypothesis, none of the genes or groups of genes 

showed an excess of branches with dN/dS>1 among the LG species, indicating that 

positive selection is not necessarily more prevalent in LG species. Thus, it is plausible 

that overall acceleration in dN/dS in LG species is due to relaxed purifying selection 

along these branches. 

Many theoretical and empirical studies have suggested strong connections 

between social organization and the spread of horizontally transmitted parasites (e.g. 

Cote and Poulin 1995; reviewed in Altizer et al. 2003). In primates, somewhat 

contradictory results have been obtained when correlating direct and indirect measures of 

disease risk and sociality defined in a broad sense (components of mating and social 

systems). For example, in spite of the positive relationship between white blood cells and 

sexual promiscuity, spleen mass, another surrogate measure of disease risk, was not 

associated with measures of sociality or promiscuity (Nunn 2002a). Similarly, Nunn 

(2003) did not find support for the hypothesis that behaviors expected to reduce STD 

transmission are correlated with promiscuity. On the other hand, sociality measured as 

group size accounts for helminth diversity (Vitone, Altizer, and Nunn 2004), but 

population density (another measure of social contact) is the main predictor of parasite 

species richness in primates, including all the main classes of parasites (Nunn et al. 

2003). Neither the previously mentioned studies nor ours found a strong effect of 

population density, although in some cases, the incorporation of density in our multiple 

regression models significantly improved the fit (data not shown). The integration of all 
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these results, however, is not straightforward because different aspects of immune 

defense might be characterized by different trade-offs and constraints.  

Using the rate of molecular evolution at immunity genes as a surrogate of disease 

risk, our comparative data on 15 primate defense genes provides support for the idea that 

female promiscuity increases the potential for natural selection at the immune system 

level. The detected effect of promiscuity, to the exclusion of group size and density, is 

consistent with the idea that STDs might be important drivers of this pattern. This is an 

intriguing result, because even if they are expected to interact with sexually transmitted 

pathogens or participate in pathways that lead to their clearance, the genes included in 

this study are not specifically involved in immunity against STDs. Recently compiled 

information of primate parasites show that STDs are common in non-human primates and 

the documented STDs appear to be more frequent in promiscuous species (Nunn and 

Altizer 2006). Moreover, most of the known sexually transmitted pathogens in non-

human primates are viruses, and among viruses, those transmitted by close contact 

(sexual or non-sexual) exhibit higher levels of host specificity (Pedersen et al. 2005). In 

virtue of this closer relationship with their hosts, it is in principle possible that sexually 

transmitted pathogens engage more often in arms races with their hosts than pathogens 

with other transmission modes. 

The hypotheses tested here are not mutually exclusive, and the variables studied 

as well as other potentially confounding variables could interact in complicated ways. 

Importantly, focusing on the opportunities for disease transmission facilitated by social 

structure is only one of the possible theoretical frameworks in which to cast this problem. 
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Another equally valid approach would be to study how social behavior is shaped by 

disease risk over evolutionary time or as a plastic response. Our results provide another 

interesting piece of information linking promiscuity, STDs and the evolution of the 

immune system, but this complex relationship is far from being understood. Even if 

sexual promiscuity causally underlies the pattern of evolution of immunity genes, a large 

portion of the variance in dN/dS remains unexplained and suggests that the biological 

details of host-pathogen interactions in particular lineages play a large role in determining 

rates of evolution of immunity genes. 
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Table 1. Phylogenetically independent contrasts of dN/dS and sexual, social and 
ecological variables across genes. 
 

 Independent variable Positive 
contrasts a 

Total 
contrasts 

Sign-test b 

All genes Habitat 20 44 p>0.50 
 Diet 23 51 p>0.50 
 Mating System (1) 41 73 p=0.17 
 Mating System (2) 43 74 p=0.10# 
 Mating System (3) 39 67 p=0.11 
 Residual Testis size 19 36 p=0.43 
 Group size 24 38 p=0.07# 
 Density 13 27 p>0.50 
     

Habitat 8 15 p>0.50 
Diet 6 14 p>0.50 
Mating System (1) 10 25 p>0.50 
Mating System (2) 11 27 p>0.50 
Mating System (3) 10 25 p>0.50 
Residual Testis size 3 11 p>0.50 
Group size 8 10 p=0.05* 

Non pathogen interacting 
genes 
 
ANG, CCR5, CD4, CD45, 
DUFFY 

Density 7 13 p>0.50 
     

Habitat 12 29 p>0.50 
Diet 17 37 p>0.50 
Mating System (1) 31 48 p=0.03* 
Mating System (2) 32 47 p=0.01* 
Mating System (3) 29 42 p=0.01* 
Residual Testis size 16 25 p=0.11 
Group size 18 27 p=0.06# 

Pathogen interacting genes 
 
APOBEC3G, APOBEC3H, 
CAMP, PKR, TLR1, TLR4, 
TLR5, TRIM5, TRIM22, 
ZAP 

Density 6 14 p>0.50 

 
a  A contrast is positive when both variables vary in the direction predicted by the hypothesis. 
b One-tailed test 

#=p<0.1, *=p<0.05 
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FIGURE LEGENDS 

 

Figure 1. Phylogenies of the 15 genes [species trees according to Purvis (1995)] showing 

dN/dS values (from free-ratio ML models), mating system, and group size (discretized). 

Branches are not to scale. Red branches indicate multimale species, blue branches 

indicate unimale species, and black branches represent species with ambiguous mating 

system. Yellow squares indicate species with large groups and green squares indicate 

species with small groups. l.d.=low divergence, ‘dS=0’=no synonynonymous 

substitutions. For the terminal branches with 0 sysnonymous substitutions and more than 

2 nonsynonymous substitutions, dN/dS was conservatively calculated assuming 1 

synonymous substitution. These cases are indicated with an asterix. 

 

Figure 2. Summary of tests using sexual promiscuity (residual testis size or mating 

system) and group size as independent variables. Red branches indicate multimale 

species or species with large groups, while blue branches represent unimale species or 

species with small groups. Grey branches indicate internal branches, whose dN/dS values 

were not used in the analyses. In panel 3 log group size was used as a continuous variable 

while in the rest of the analyses group size was discretized (see methods for details). Each 

of the analyses is shown in detail in Tables 1-4, corresponding to panels 1-4 in this figure. 

MS=Mating system, GS=Group size, UM=Unimale mating system, MM=Multimale 

mating system, SG=Small Group size, LG=Large group size, n.s.= not significant.  Panel 

1. Sign tests of the number of positive contrasts [in which an increase in dN/dS is 
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accompanied by an increase in promiscuity (MS3) or group size]. Panel 2. T-tests of 

differences in mean dN/dS between unimale and multimale species (or species with small 

groups and large groups). The right half of the figure (under OBSERVATIONS) shows 

the number of genes with the predicted pattern, followed by the number that are 

significant or marginally significant in parentheses. For example, for pathogen-

interacting genes, 8/10 had higher dN/dS in MM branches than in UM branches, and 3/10 

of these were marginally significant at p<0.10.  Panel 3. Multiple regressions of dN/dS as 

dependent variable, with promiscuity (RTS or MS3) and log group size as independent 

variables. Only the effects of individual variables are shown. Panel 4. Z-test of 

differences in the proportion of branches with dN/dS>1 between unimale and multimale 

species (MS3), or species with small groups and large groups. 

 

Figure 3. Positive correlation between residual testis size and log group size (R2=0.33, 

p=0.0001). 

 

Figure 4. Relationship between population size and dN/dS for a sample of primates that 

includes human, apes, and macaques. Effective population sizes were taken from the 

literature or calculated based on multi-locus polymorphism and divergence estimates (see 

Discussion). Only genes with a minimum of four species with available dN/dS values 

were included.  Regression lines are shown.  None of these were significant in the 

expected direction (p>0.05 for all genes except for PKR). PKR showed a positive 

correlation between Ne and dN/dS (R2=0.84, p=0.03). 
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Figure 1  
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Figure 1. Ctd.  
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Figure 3 
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Figure 4 
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Table S2. Primate Variables.  

Species Body mass (g)
Testis mass 
(g)

Residual testis 
mass Mating system

Recoded 
Mating system Group size

Population 
Density 
(individuals per 
km2) Habitat Diet

Allenopithecus nigroviridis 5000 16.96 0.248790398 MM MM 40 1 1

Allouata caraya 0.271692455 UM and MM amb 7.3 159 0 2

Alouatta sara 0.271692455 UM and MM amb 4.6 (4-17) 44.8 0 2

Aotus nancymaae -0.435145691 Mon UM 3

Aotus trivirgatus 1020 1.2 -0.435145691 S(m) UM 3.4 29.7 0 1

Aotus vociferans -0.435145691 Mon UM 3.3 20.5 0

Ateles belzebuth 0.0108054 MM MM 20.8 14.6 0 1

Ateles fusciceps 0.0108054 MM MM 0 1

Ateles geoffroyi 7940 13.4 0.0108054 M MM 52.3 14.4 0 1

Brachyteles aracnoides MM MM 26 11.8 0 2

Cacajao rubicundus 3450 5.8 -0.108358493 MM MM (5-30) (to100)

Callicebus donacophilus Mon UM 0 1

Callicebus moloch Mon UM 3.7 31.3 0 1

Callithrix jacchus 320 1.3 -0.060329458 S(m) UM 8.2 1030 0 1

Callithrix pygmaea 130 0.33 -0.391519369 P? UM 7.9 37.5 0 1

Cebus apella 2600 3000 9.1 4.64  0.026407031 M MM 15.1 22.9 0 1

Cebus capucinus UM UM 16.6 10.7 0 1

Cercocebus agilis 0.257235034 MM

Cercocebus torquatus 8680 25.1 0.257235034 M MM 23.2 52.2 1 1

Cercopithecus cephus -0.523909185 SP UM (3-35) 21.3 0 1

Cercopithecus mona -0.523909185 UM UM 11.4 0 1

Cercopithecus neglectus -0.523909185 Mon/UM UM 6.7 112 1 1

Cercopithecus pygerythrus 0.237716753 MM MM

Cercopithecus tantalus 0.237716753 MM MM

Chiropotes satanas MM MM (10-30) 7.5 0 1

Chlorocebus aethiops 5290 4950 20.6 13 0.237716753 M MM (5-76) 66.4 2 1

Colobus guereza 10400 2.98 -0.721254241 S UM 8.9 209 0 2

Erythrocebus patas 10000 7.2 -0.326632884 S,M UM amb 31 0.7 2 1

Galago senegalensis 220 1.66 0.155749009 UM or MM  D amb 10

Gorilla gorilla 134000 169000 23.2 29.6 -0.559668104 S(p) UM 15.8 1 1 2

Homo sapiens 63540 65650 50.2 40.5 -0.074634836 S(m, p) S UM 148

Hylobates agilis 6000 6.32 -0.233401139 P UM 4.4 0 1

Hylobates lar 5500 5.5 -0.268231343 S(m) UM 3.8 8.3 0 1

Hylobates moloch 6510 5440 5.7 6.1 -0.26204139 S(m) P UM (3-4) 7 0 1

Hylobates mulleri 5470 5.8 -0.254557957 Mon UM 3.4 12.4 0 1

Lagothrix lagothricha 5220 11.2 0.055951369 M MM 24.4 7 0 1

Lemur catta MM MM 15.9 168 1 1

Leontopithecus rosalia 550 1.48 -0.16288491 Mon P UM 5.3 0 1

Macaca fascicularis 4787 4420 35.7 35.2 0.593217096 M MM (10-48) 58.5 0 1

Macaca mulatta 10430 9200 76 46.2 0.607553503 M MM 42.1 113 1 2

Macaca nemestrina 9980 66.7 0.640747728 M MM 40.2 34.8 1 1

Mandrillus leucophaeus 20000 41.05 0.226017852 UM UM 87.8 1 1

Mandrillus sphinx 35000 68 0.281054183 S? UM UM 84 5 1 1

Microcebus murinus 70 2.49 0.667756907 Um or MM D amb (to15)

Miopithecus talapoin 1250 5.2 0.142027753 M MM 92.5 71.3 0 1

Nasalis larvatus 20640 11.8 -0.324653219 ma UM 9 2

Nomascus leucogenys 0.391609647 Mon UM 5.2 2.9 0 1

Otolemur garnettii UM or MM amb 3 35 0 10

Pan paniscus 0.487235948 MM MM 53.6 1.9 1 1

Pan troglodytes 44340 45000 118.8 139 0.487235948 M M MM 49.2 3.5 1 1

Papio anubis 26400 93.5 0.502074952 MM MM 50 15 2 2

Papio hamadryas 24200 20170 72.3 27.1 0.278646062 S(p) UM 69 1.8 2 2

Papio papio 31980 88.9 0.423917535 MM MM (40-200) 10.9 2 1

Pithecia pithecia 1600 0.92 -0.682602459 Mon UM 3.9 3.6 0 1

Pongo abelii -0.221359306 S(p)  D MM (1-3)

Pongo pygmaeus 74640 69000 35.3  34.2 -0.221359306 S(p)  D MM 1.8 3.1 0 1

Pygathrix nemaeus UM/MM amb 9.8 0 2

Pygathrix roxellana MM MM 20

Saguinus fuscicollis -0.081173188 Mon (PA) amb 7 17.6 0 1

Saguinus labiatus -0.081173188 Mon (PA) amb 5.8 10.4 0 1

Saguinus midas 570 1.83 -0.081173188 Mon (PA) amb 4.7 32.9 0 1

Saguinus oedipus 501 520 1.48 3.4 0.076105368 S(m) M amb 5.3 35.8 0 1

Saimiri boliviensis 0.064928262 MM MM 20 0 10

Saimiri sciureus 779 780 3.13 3.2 0.064928262 M MM 43.1 86.7 0 1

Symphalangus syndactylus 0.019953481 Mon UM 4 1.4 0 2

Tarsius syrichta UM and MM amb >2 10

Theropithecus gelada 20400 21.5 17.1 -0.107546965 S(p) UM 137.1 78.6 2 2

Trachypithecus cristatus 6580 6700 6520 6.2 6.3 6.2 -0.268794842 S(p) UM UM 30.6 145 0 2

Trachypithecus francoisi -0.268794842 SP UM 14.6 5 1 2

Trachypithecus obscurus 7450 4.8 -0.416372429 S(p) UM and MM amb 9 31 0 2

Varecia variegata 4750 17.17 0.269181378 Mon  P UM 8.3 175 0 1

Codes for body mass, testis mass and mating system
red text M=multimale, promiscuous or polygynous/promiscuous; (M)=expectation based on closely rel. sp.; S=single-male; (m)=monogamous, (p)=extremely polygynous

(Kenagy and Trombulak 1986)

black text pa=polyandrous; ma=monoandrous (Harcourt et al. 1991)

green text P=paired; M=multi-male; S=single-male; D=dispersed (Harcourt et al 1995)

blue text UM=unimale; MM=multimale, Mon=monogamous, PA=facultative polyandrous (Linderfors and Tullberg 1998)

black text SP=single partner, MP=multiple partner (Anderson et al. 2004)

black text inferred based in clade

Codes for group size, density, terrestriality and diet
black text (Nunn 2002, Nunn et al. 2003)

black text (Rowe 1996 )

black text (Semple at al. 2002)

Habitat codes 0= arboreal, 1=terrestrial in wooded habitat, 2=terrestrial in open habitat

Diet codes 0= frugivorous, 1 folivorous, 10=insectivorous

Other codes
LH variables: For Allouata sara, info from A. seniculus was used; For Cacajao rubicundus, info from C. calvus was used.

testis size from other species in the genus or average if available

Notes
Testis size and body size: If more than one measurement was available, the average was used.

Mating system: Was defined as ambiguous if different studies reported differences.

Group size: If more than one value was reported, the average was used; if a range was reported, the middle point of the range was used.




