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Abstract 

Mouse lemurs (genus Microcebus; Order Primates) are endemic to the island 

nation of Madagascar. These small, nocturnal primates offer a unique mammalian 

system ideally suited to study the patterns and processes of speciation, and the genomic 

revolution of the past decade has presented us with novel tools to test and understand 

these lineage-specific dynamics. 

This thesis presents three independent projects on the speciation dynamics 

within mouse lemurs, interconnected by their utilization of the entire genome as a tool 

for reconstructing hidden evolutionary processes. Chapter 2 is an overview of the 

exploding field of speciation genomics and serves to ground these individual projects in 

evolutionary theory. In Chapter 3, we adopt a genome-wide approach to understand 

how the changing landscape of Madagascar has shaped the phylogeography of mouse 

lemurs while simultaneously leveraging the patterns derived from these species to 

discern clues about the ecology on the island in the distant past, and thus the impact of 

more recently arriving humans. The phylogenetic and population genetic patterns in a 

five-species clade of mouse lemurs suggest that longitudinal dispersal across the island 

occurred until approximately 500,000 ybp when a large ancestral population 

experienced rapid diversification, resulting in the present-day distributions of these 

species. However, the accuracy of the estimates of species ages from genetic data are 

limited primarily by our understanding of the mutation generation process in this non-
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model species. Thus, in Chapter 4, we improve these estimates by using high-coverage 

linked-read sequencing to estimate the generational de novo mutation rate within a 

family pedigree (n=8) of grey mouse lemurs (Microcebus murinus). We estimated a 

mutation rate of 1.64x10-8 mutations per basepair per generation, higher than nearly all 

mammals that have been previously characterized. Because estimates of these biological 

metrics critically affect estimates of divergence time we reanalyzed the results presented 

in the previous chapter and discover considerably more recent divergence times across 

the five-species clade. Finally, in Chapter 5, we utilize the knowledge of functional 

processes housed within genomic data to investigate the underlying causes of speciation 

in Microcebus. While many of the initial applications of genomic data in the genus have 

centered around understanding the phylogenetic relationships among the species rather 

than the mechanisms that underlie their diversification, we attempt to utilize genomic 

annotations to assess a putative mechanism driving speciation. We compared the rates 

of positive selection within sperm genes and a set of randomly drawn genes to look for 

the presence of positive selection. These comparisons reveal an elevated dN/dS, and 

thus evidence for positive selection, in sperm fertilization-related genes relative to sperm 

construction-related genes and a similarly-sized set of randomly-drawn genes. The 

results provide data that support our current knowledge of the behavior and natural 

history of these primates, highlighting what could be genomic mechanism of speciation 

among these highly speciose primates of Madagascar. In doing so we hope to have 
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shown that detailed questions relating to both the extrinsic (e.g., inter- and intra-

population and ecological interactions) and intrinsic (e.g., genome content and 

architecture) forces that drive speciation can be asked and answered, especially in non-

model species.
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1. Introduction 

Madagascar is home to a unique radiation of critically-endangered primates, the 

Lemuriformes. Within the lemuriform primates, the genus Microcebus has been of special 

interest given their rapid life history profile and the still evolving understanding of their 

species diversity. Originally thought to contain only one species, they are now 

recognized as one of the most speciose primate clades on earth. With the advancement 

and proliferation of sequencing technologies, a more complete assessment of the species’ 

diversity has occurred, and presently, 24 species have been formally described and 

named. These species can be found across the entirety of Madagascar, in a broad array of 

demographic circumstances, from allopatry to sympatry, and with species found in 

virtually every habitat in Madagascar, often showing patterns of extreme 

microendemism. The deployment of multiple next generation sequencing technologies 

has produced a high-quality assembly for Microcebus murinus, the only lemur with an 

annotated chromosome-level genome. 

Mouse lemurs were considered to be monotypic for nearly 200 years following 

their original description in 1795 (Geoffroy Saint-Hilaire, 1795). It wasn’t until the 1970’s, 

when increased research activity and broader geographic sampling led investigators to 

conclude that there were actually at least two distinct forms (Martin, 1972; Petter et al., 

1977; Tattersall, 1982). At that time two species, M. murinus - a long-eared gray animal 

from the western regions of Madagascar and M. rufus - a short-eared reddish animal 



 

2 

from the east, were formally recognized. Martin (1972), in particular, made note of the 

differing habitats and ecological conditions defining the two species, with M. murinus 

being insectivorous and inhabiting dry deciduous and spiny desert forest, and M. rufus 

inhabiting humid rain forest and showing dietary tendencies towards omnivory. Thus, 

after 200 years of scientific stasis, the idea that both ecological and biogeographic 

mechanisms maintain species separation in mouse lemurs entered the conversation. 

Even so, nearly 40 years of continued stasis persisted, though this changed 

abruptly with the addition of genetic characterization of mouse lemur lineages (Yoder et 

al. 2000, Weisrock et al. 2010). Continuing this trend, recent studies (Rasoloarison et al. 

2013, Hotaling et al. 2016) have built on the pioneering work of Martin (1972) by 

showing that mouse lemurs are remarkably diverse and express a host of complex 

ecological, behavioral, and physiological specializations and are found in a complex 

array of species demographies, ages and interactions. At present the genus consists of 24 
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species (Figure 1), with an estimated most-recent-common-ancestor age of 8-10 million 

years and the youngest species age of 50 kya (thousand years ago). 

Figure 1: Microcebus Mitochondrial Maximum Likelihood Tree. Maximum 
likelihood tree for concatenated mtDNA data (cytb and cox2) from 117 Microcebus 
sequences plus four outgroup sequences (Cheirogaleus and Mirza; not shown in 

figure). Bootstrap support is shown for internal nodes (100 replicates). The age of the 
basal node was previously estimated using phylogenetic methods by Yoder and Yang 

(48). 
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In addition to the genus’ flexibility and Madagascar’s extreme ecological 

heterogeneity, mouse lemurs also possess the life-history characteristics that ideally suit 

them for the study of speciation. They are short-lived, able to breed at 10 months of age, 

and have a generation time of roughly 4 years (Yoder et al., 2016). They also have 

relatively small home ranges for a mammal, presumably due to their extremely small 

body size (~30 - 90 grams, depending on species). Small home ranges, in combination 

with the extreme environmental heterogeneity of Madagascar, is likely causal to the 

microendemism observed across the mouse lemur clade wherein species appear to be 

adapted to discrete, local environments (Rasoloarison et al. 2013, Hotaling et al. 2016). 

Recent research from our lab shows that lineage diversification is occurring faster and 

more recently than has been previously estimated. Ample evidence indicates that mouse 

lemurs have been progressively adapting to the small and varied ecological niches 

within Madagascar (Ganzhorn & Schmid 1998, Rasoloarison et al. 2013, Hotaling et al. 

2016). And given their quick life-history turnover, it is likely that they can adapt rapidly 

to diverse microhabitats. Also notable is the observation that some species of mouse 

lemur can occur in high densities in degraded forests and on forest edges. In particular, 

they are known to thrive in areas with invasive fruiting trees, such as Chinese guava, 

and have been observed to disperse on the ground between trees. Thus, of all of the 

endemic Malagasy primates, they have been considered as the most likely to be robust 

to human-mediated landscape modification (Gerard et al. 2015), though this appears to 
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be true for some but not all species (Schaffler et al. 2015). This combination of 

Madagascar’s unique habitat variation and the diversity of Microcebus species provides a 

natural experiment in which to examine speciation and species boundaries in a mammal 

and to characterize how this process may be influenced by the mammalian genome. 

M. murinus is frequently bred in captivity and as a result it is also one of the most 

genetically well-studied lemurs. Along with Coquerel’s sifaka, Propethicus coquereli, 

Blue-eyed Black Lemur (Meyer et al. 2015), Eulemur flavirons, Bamboo Lemur (Hawkins 

et al. 2018), Prolemur simus, and the Aye-aye (Perry et al. 2012), Daubentonia 

madagascarensis, it is one of the few lemurs to have even a roughly assembled genome. 

Recent work has increased sequence coverage to greater than 150-fold depth across 

multiple sequencing technologies. These efforts include the use of optical mapping (Lam 

et al. 2012) and Hi-C chromosome painting (Imakaev et al. 2012) to improve scaffold size 

and assembly quality (Larsen et al. 2017). The availability of a well-assembled genome 

has proven to be crucial to any thorough investigation of the genomic impact of 

speciation and has been thus utilized throughout the independent projects presented in 

this thesis. Having access to a high-quality genome increases the effectiveness of new, 

affordable genome-wide sequencing technologies such as RADseq by improving 

mapping quality and limiting data loss. This provides more loci and information about 

species, allowing more thorough dating as well as a more accurate picture of species 

histories than through a handful of mitochondrial genes. Lastly, an annotated genome is 
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a prerequisite to the crucial step of moving beyond simply describing and dating species 

and towards understanding the how’s and why’s of biological processes such as 

speciation. 

This growing body of theory, methods, and empirical data is enabling us to ask 

ever more refined questions about the speciation process and to ask them in some of 

nature’s most obscure species. These questions and the influx of genomic tools are 

powerful tools for understanding the evolutionary processes that have driven the 

diversification of the grey mouse lemur (M. murinus) and its sister lineages that make up 

the genus Microcebus. This dissertation leverages the information in the mouse lemur 

genome to describe species histories across the genus, measure mutation rate, 

characterize mutations with respect to other mammals, and compare genes across 

several species of mouse lemur to query the functional causes of their high levels of 

lineage diversification.
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2. What is Speciation Genomics?1 

As is true of virtually every realm of the biological sciences, our understanding 

of speciation is increasingly informed by the genomic revolution of the past decade. 

Investigators can ask detailed questions relating to both the extrinsic (e.g., inter- and 

intra-population and ecological interactions) and intrinsic (e.g., genome content and 

architecture) forces that drive speciation. Technologies ranging from restriction-site 

associated DNA sequencing (RADseq), to whole genome sequencing and assembly, to 

transcriptomics, to CRISPR are revolutionizing the means by which investigators can 

both frame and test hypotheses of lineage diversification. Our review aims to examine 

both extrinsic and intrinsic aspects of speciation. Genome-scale data have already served 

to fundamentally clarify the role of gene flow during (and after) speciation, though we 

predict that the differential propensity for speciation among phylogenetic lineages will 

be one of the most exciting frontiers for future genomic investigation. We propose that a 

unified theory of speciation will take into account the idiosyncratic features of genomic 

architecture examined in the light of each organism's biology and ecology drawn from 

across the full breadth of the Tree of Life.  

                                                   

1 The contents of this chapter have been published in The Biological Journal of the Linnean Society: 
Campbell, C. R., Poelstra, J. W., & Yoder, A. D. (2018). What is Speciation Genomics? The roles of ecology, 
gene flow, and genomic architecture in the formation of species. Biological Journal of the Linnean Society, 
124(4), 561-583. 
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2.1 Introduction 

It is an exciting time to be an empiricist engaged in the genetics and genomics of 

speciation. Combined with the enduring power of field and laboratory studies, genomic 

analysis is allowing investigators to rigorously test long-standing questions regarding 

the sources of and selective pressures underlying reproductive barriers, the genomic 

architecture associated with speciation, and the roles of ecology, geography and 

demography in speciation across the Tree of Life. The process of lineage diversification 

and the mechanisms that promote it have been of fundamental interest from the very 

outset of the formalized theory of evolution by natural selection (Darwin, 1858; Darwin, 

1859). In Darwin's view, natural selection was the driving force of speciation, 

intrinsically augmented by ecological conditions. The introduction of Mayr’s (1942) 

Biological Species Concept, however, laid bare the apparent difficulties of establishing 

reproductive isolation (RI) without prolonged geographic separation. Though these two 

views of speciation, sympatric versus allopatric, were initially considered to be 

fundamentally opposed, it is now appreciated that they are actually endpoints on a 

continuum. Foundational work by Guy Bush and colleagues (Bush, 1994; Bush, 1998), 

together with genetic and genomic approaches, have clarified that gene flow among 

diverging species is often a facet of speciation. Thus, we are now in the position to 

consider the relative influence of geography, ecology, and selection in driving the 

speciation process. Moreover, genome-scale data have pointed to the role of genomic 
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architecture in predisposing certain lineages towards divergence, and others towards 

stasis.  

Thus, we have reached a point wherein forces that are both extrinsic and intrinsic 

to the organism are equally tractable for investigation. Even so, the frontier is vast and 

the unknown significantly outweighs the known. The genetic and genomic data that 

have thus far been generated are phylogenetically restricted, and have a strong bias 

towards a limited number of model systems which accordingly imposes a biased 

organismal perspective (for an insightful review, see Scordato et al., 2014). Though 

constraining at present, this bias should not be surprising given that model organisms 

tend to be those best characterized genomically, thus conferring benefits to the study of 

closely-related lineages with decreasing benefits as phylogenetic distance increases. As 

we discuss below, however, taxonomic bias in available genomic resources is rapidly 

giving way to a broader phylogenetic perspective as more genomes are being sequenced 

(Figure 2A) at a higher standard of quality (Figure 2B) both qualitatively and 

quantitatively (Figure 2C) with important features such as detailed annotation (Figure 

2D). Thanks to remarkable advances in sequencing technologies and de novo genome 

assembly (Alkhateeb & Rueda, 2017; Jackman et al., 2017; Kamath et al., 2017; Paten et 

al., 2017; Vaser et al., 2017; Worley, 2017), it is no longer the case that the availability of a 

closely-related model species and reference genome are essential to the generation of 

genome-scale data and analysis of non-model organisms (see Appendix A). Moreover, 
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genome-scale data have pointed to the role of genomic architecture in predisposing 

certain lineages towards divergence, and others towards stasis. 

 

Figure 2: Genome Completeness. Number and quality of plant and vertebrate 
genomes uploaded to the National Center for Biotechnology Information (NCBI) over 

time. A) Overall number of genomes uploaded per year since 2000. B) Genomes 
modified since 2012, displayed by NCBI's assessment of completeness. C) Violin plots 

of average scaffold size (genome size / number of scaffolds) by year of genomes 
modified since 2015, horizontal bar marks the median. D) Number of genomes that 

are currently annotated, by original release date. 

It is our aim in this review to examine the history, recent developments, and 

future directions of the field now generally referred to as "speciation genomics." Given 

the enormity of the field, it is not our intent (nor a realistic goal) to provide an 

exhaustive overview of the relevant literature. Rather, our primary goal is to illustrate 

the many ways that technological advances for characterizing the genome are serving to 
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enhance understanding of the interacting extrinsic and intrinsic forces that drive 

speciation. Scordato et al. (2014) described "internal interactions," wherein natural and 

sexual selection jointly influence divergence in sexual traits and preferences, are 

considerably more common than cases wherein "external interactions" are driven by 

ecological context and transmission efficiency of sexual trait signals. Here, we define 

extrinsic features as those wherein the environment (described as any feature external to 

the individual organism, including conspecifics) impacts the action of the genome 

during speciation, and intrinsic features as those that are specific to an organism's internal 

features, most notably, the structure of its genome. This makes for a convenient, if not 

entirely inclusive, framework for examining speciation via genomic and genetic 

analysis. By focusing on the interaction of individuals within populations, and the 

impacts of environment on these interactions, we can explicitly examine the extrinsic 

"demography" of speciation, whereas by focusing on features of genome structure and 

content, we can examine the internal "architecture" of speciation. 

The present deluge of data is progressively placing within reach new, testable 

hypotheses and improving our understanding of the underlying speciation process. It is 

the intersection of theory, empiricism, and technology that promises to yield remarkable 

insights into the most fundamental of all evolutionary processes: the genetic and 

genomic underpinnings of the diversification of organismal linages through time and 

space. 
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2.2 The Demography of Speciation 

2.2.1 Speciation and Gene Flow 

Over the past two decades we have moved from a largely geographic allopatric 

view of speciation to a far more nuanced and complex understanding that harkens back 

to Darwin and draws meaningfully from the theories of both natural and sexual 

selection. Whereas allopatric speciation requires only geographic isolation plus time to 

produce species-level lineage divergence, sympatric speciation is thought to mostly rely 

on ecologically-mediated natural selection and prezygotic isolation "acting differently in 

different places." (Turelli, Barton & Coyne, 2001:332) Specifically a large shift has 

occurred in the appreciation of the occurrence and role of gene flow during as well as 

after speciation. First, it has become clear that gene flow can be overcome, even in the 

initial stages of divergence, in particular when ecologically-based divergent selection is 

strong. As stated by Nosil (2008): "[s]peciation with gene flow could be common". 

Second, it has become clear that introgressive hybridization between substantially 

diverged populations is commonplace (Árnason et al., 2018; Coyner, Murphy & Matocq, 

2015; Morii et al., 2015; Sankararaman et al., 2014; Schumer et al., 2018), and that despite 

cases of lineage merging or speciation reversal (Campagna et al., 2014; Kearns et al., 

2018), such hybridization events often contribute to adaptation (Pardo-Diaz et al., 2012; 

Racimo et al., 2015; Richards & Martin, 2017) and can contribute to the formation of new 

lineages (Abbott et al., 2013; Lamichhaney et al., 2017; Seehausen, 2004). 
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With the advantage of genomic characterization via high-throughput sequencing 

combined with recent developments in statistical methods, investigators can now, for 

nearly any species of interest, estimate parameters to describe the demographic aspects 

of speciation history with unprecedented resolution (Berner & Roesti, 2017; Ellegren, 

2014; Ellegren et al., 2012; Fan & Meyer, 2014; Gaither et al., 2015; Gante et al., 2016; 

Kang et al., 2016; Malinsky et al., 2015; Schmitz et al., 2016; Toews et al., 2016). These 

aspects are collectively often referred to as the Isolation-with-Migration (IM) model and 

provide critical information on the rates, direction, and possibly, timing of gene flow, 

divergence times (which should be co-estimated with gene flow), and population size 

trajectories. While challenges remain, as we discuss below, together, these parameters 

can be used to answer key questions pertaining to speciation events, such as: did 

populations diverge in isolation, in the face of continuous gene flow, or has secondary 

contact and gene flow been recent? Was speciation associated with a severe population 

bottleneck (e.g., peripatric speciation)? How rapidly did observed phenotypic 

divergence or genetic incompatibilities evolve? The answers to these questions are 

fundamental to understanding the complex interplay among ecology, geography, and 

natural selection in driving lineage diversification. 

2.2.2 Characterizing the Demography of Speciation 

A major advance in population or species-level inferences has been facilitated 

with the use of single nucleotide polymorphisms (SNPs) drawn from across the genome. 
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Reduced representation libraries such as RADseq can be produced at low cost, do not 

require a reference genome, and are often sufficient when questions are focused on 

estimating genome-averaged historical demography. In fact, because RADseq can 

generate sequencing data for tens of individuals at a fraction of the cost a single whole 

genome, the reduced constraint on the number of individuals that can be sequenced can 

be highly beneficial for certain approaches, such as those that rely on the site frequency 

spectrum. For other applications that require large numbers of individuals, pooled 

sequencing (e.g., Pool-seq; Schlötterer et al., 2014) and low-coverage sequencing (Nielsen 

et al., 2011) also offer low-cost whole-genome perspectives, even though sacrificing 

individual-levels genotypes (see Fuentes-Pardo & Ruzzante, 2017 for an overview). 

Though the advantages of anonymous genome-wide SNPs are many, the need 

for assembled and annotated genome-scale data persists when the questions being asked 

require either functional or structural information. In turn, this necessitates increasing 

levels of theoretical sophistication. Put succinctly by Sousa and Hey (2013:404), as we 

accumulate more and more comparative genomic data "we find our best models and 

tools for explaining patterns of variation were designed for a simpler time and smaller 

data sets." Tremendous progress has nevertheless been made in the development of 

approaches to estimate demography and gene flow. Three areas in particular are worth 

pointing out: 
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First, several methods can now be used to estimate parameters of IM models 

from the site frequency spectrum (SFS), that is, the distribution of allele frequencies 

aggregated across the available sequencing data specific to populations (Excoffier et al., 

2013; Gutenkunst et al., 2009; Kern & Hey, 2017; Lohse et al., 2015). These methods are 

fast and can be easily applied to any genomic dataset. Yet, SFS approaches work best for 

relatively large sample sizes (that is, many individuals) due to the highly condensed 

summarization of the data, and thus concerns exist that they may not always be able to 

distinguish between competing models (Lapierre, Lambert & Achaz, 2017; Terhorst & 

Song, 2015). 

Second, coalescent theory, first proposed by Kingman (1982), is now one of the 

most widely used population genetic models and now forms the backbone for many 

current demographic inference methods. One of the central realizations that has come 

from coalescent theory is that a species tree will typically contain a distribution of 

varying gene genealogies. Given that the addition of further unlinked loci never fails to 

add information with respect to the underlying population history, this has further 

clarified the applications of coalescent theory for interpreting the demographic signals 

contained within large-scale genomic data. Even though coalescent approaches are still 

unable to use of all the genealogical information contained within a genome given the 

difficulties of fully incorporating recombination, an approximation of the coalescent 

with recombination, the Sequentially Markov Coalescent (McVean & Cardin, 2005; Wiuf 
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& Hein, 1999), has formed the basis for recent methods that estimate populations size 

changes through time from high-coverage whole-genome sequences (Li & Durbin, 2009; 

Schiffels & Durbin, 2014). Moreover, this approach has been used to estimate the age of 

genomic admixture blocks (Rasmussen et al., 2014) therefore adding tremendous 

sophistication and precision to temporal estimates of lineage diversification. 

Third, a class of formal tests for admixture that was first developed to test for 

Neanderthal ancestry in modern humans (Patterson et al., 2012) can be easily computed 

from any genome sequencing data. This test has been widely adopted and extended, 

and provides a simple and standardized way to test for admixture between sets of two 

(f2 statistics), three (f3), four (f4, fd, D) and five (f4-ratio, DFOIL) populations or species 

(Martin, Davey & Jiggins, 2015; Patterson et al., 2012; Pease & Hahn, 2015). 

Together, these methods, as applied to high-throughput sequencing data sets, 

have already provided abundant evidence for the pervasiveness of gene flow during all 

stages of speciation, while also elucidating the demographic speciation histories for 

numerous study systems (Feder, Egan & Nosil, 2012; Pinho & Hey, 2010; Sousa et al., 

2013). Despite this rapid progress towards explicitly integrating demographic 

parameters into our understanding of speciation dynamics, major challenges remain. 

For example, we do not generally have the resolution to create a hypothesis-free 

description of the rate, direction, and magnitude of gene flow through time, instead 

often relying on summary measures or being forced to choose from a limited set of 
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hypothesized models. One of the great remaining challenges is to distinguish ancestral 

population structure from ongoing gene flow. This requires that we disentangle gene 

flow and divergence time for very recently diverged populations, and also, that we must 

co-estimate demography and selection. Fundamentally, given the high variance inherent 

in the coalescence process, even making optimal use of the information contained in 

high-quality genome assemblies may not provide the resolution necessary to 

satisfactorily address all the challenges described above. The development of ever-more 

sophisticated models of the coalescent process thus remains one of the grand challenges 

in the field of speciation genomics. 

2.3 The Role of Intrinsic Genomic Features in Speciation 

2.3.1 Genomic Architecture and Speciation Predisposition 

While extrinsic factors such as available ecological opportunity and within- and 

between-population dynamics are likely key for explaining variation in diversification 

rates, the intrinsic factors, underlying features of lineage-specific genome structure, 

require exploration if we are to understand the phylogenetic propensities for rapid 

speciation. That is, how often do certain features of genomic “architecture”, such as a 

genome ploidy, rates and patterns of recombination, and inversion frequency facilitate 

speciation above and beyond the extrinsic organismal effects of divergence? 
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The large and well-established effects of sex chromosomes in systems with a 

heterogametic and homogametic sex are one testament to the role that genome 

architecture can have on speciation. More generally, since speciation often relies on 

gene-gene interactions, such as very explicitly in Dobzhansky-Muller genetic 

incompatibilities (Appendix C), mechanisms of epistasis and rates of recombination 

likely impact the probability of speciation. A case for lineage-specific genomic features 

to promote speciation has for instance been made for ray-finned fishes (e.g. Cortesi et al., 

2015; Rennison, Owens & Taylor, 2012; Taylor et al., 2003; Venkatesh, 2003), for which 

Volff (2005) proposed the importance of an early stage of whole genome 

tetraploidization and subsequent rediploidization, along with the "amazing diversity" of 

sex determination systems and plasticity of sex chromosomes. After sequencing several 

lineages of ray-finned fishes, Brawand et al. (2014) found evidence of accelerated 

evolution among regulatory regions, microRNAs (miRNA) and transposable element 

(TE) insertions. Even so, the exact mechanistic impacts of these genomic features on 

speciation are currently unknown. In finding a path forward, we can look to these 

processes in model organisms, such as work in yeast linking chromosomal architecture 

and species formation (Leducq et al., 2016) and illustrates these processes in rapidly 

radiating lineages where we expect to find the recent effects of speciation. In this light, 

genomic characteristics such as an excess of gene duplications, rapid mutation rates, 

novel miRNAs, high numbers of transposable elements, and genome-wide diversifying 
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selection on coding and regulatory elements have each been proposed to play 

differential roles in setting the genomic stage for rapid evolutionary transitions 

(Brawand et al., 2014). 

2.3.2 Genome and Gene Duplications 

As a specific example, duplications at the genome (Figure 3A) and gene (Figure 

3B) level have frequently been implicated as both drivers and maintainers of speciation 

(e.g., Evans, 2008; Lynch, Force & Travis, 2000; Otto & Whitton, 2000; Roth et al., 2007; 

Soltis, Soltis & Tate, 2004; Taylor, Van de Peer & Meyer, 2001). A clear case of clade-

specific genomic architecture associated with speciation can be seen in the differential 

rates of polyploid speciation in plants versus animals. While this is rare in animals, the 

most recent study on this subject estimated that as many as 15% of speciation events in 

angiosperms (and double as many in ferns) are accompanied by ploidy increase (Wood 

et al., 2009). This difference in propensity for polyploidization (and associated speciation 

events) does not appear to be due to differences in the initial polyploidization step, and 

instead is more likely to be related to limitations to regain a balanced genome 

(Wertheim, Beukeboom & Zande, 2013). For instance, difficulties may arise in many 

animals after polyploidization due to the nature of their genetic sex determination 

systems as well as the disruption of dosage compensation for differentiated sex 

chromosomes (Orr, 1990; Otto et al., 2000; Wertheim et al., 2013). 
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Figure 3: Structural Genomic Impacts on Speciation. A) Genome duplications: 
shown is the process of allopolyplodization, where hybridization between two 

species with 2N chromosomes (blue versus red chromosomes) produces individuals 
with 4N chromosomes that are not interfertile with either parent species. B) Gene 

duplications: when an ancestral pair of duplicated genes (copies marked A and B) is 
differentially resolved in two isolated populations, a different copy retains 

functionality (dark boxes: functional copies, light boxes: nonfunctional copies) in 
each population. Upon hybridization between the two lineages, one-fourth of the F1 

gametes and one-sixteenth of the F2 zygotes will not carry any functional copy. C) 
Inversions can contribute to speciation in several ways due to local reduction of 
recombination. Inversions are depicted as boxes with thick dark lines within the 
larger boxes, which represent a stretch of a chromosome. Pairs of dotted lines are 
interacting genes: coadapted gene complexes or genetic incompatibilities. Blue 
represents low genetic divergence between populations, orange represents high 

divergence, and purple (as in the Fuller et al. 2017 model) represents high divergence 
segregating within populations. In contrast to the other models, higher divergence 

within inverted regions compared to collinear regions does not need to a consequence 
of (differential) gene flow. 

At a finer-scale, gene duplications may also promote speciation via the divergent 

resolution of duplicates. The “differential resolution” of gene copies after a gene 

duplication event (that is, a different gene copy degenerates in each of two diverging 

populations), may represent a powerful, general mechanism underlying hybrid 

dysfunction (Lynch et al., 2000). Indeed, this process has been posited (Li et al., 2013) 
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and even demonstrated (Bikard et al., 2009; Mizuta, Harushima & Kurata, 2010) to cause 

hybrid incompatibilities (Figure 3B). More generally, rapid evolution of gene duplicates, 

for instance due to a reduction of purifying selection for one of the gene copies, may 

render them likely candidates for barrier loci. For example, it was recently discovered 

that a duplication in a crucial photosynthesis gene is at the root of hybrid lethality 

between two sympatric species of Mimulus (Brandvain & Matute, 2018; Zuellig & 

Sweigart, 2018). These findings utilized gene mapping and gene expression experiments 

which required the genomic characterization of both species. In practical terms, this 

work offers a prime example of the premise that once the genome of a given species, or 

that of a phylogenetically-related lineage is sequenced (Gnerre et al., 2011), is 

fundamental to understanding the biological mechanisms that underlie the genomic loci 

that differentiate species, which in turn may provide mechanistic insight into the 

speciation process as a whole. 

Several studies have discovered evidence pointing to the role of copy number 

variation (CNV) in the process of speciation. An interrogation of the pig (Sus scrofa) 

genome, along with several related species, showed that CNVs are evolving faster than 

SNPs and that the CNVs often contain olfactory receptor (OR) genes which could be 

vital to mate recognition (Paudel et al., 2015). In a similar example, genes that determine 

butterfly chemosenses (ionotropic receptors, IRs) were identified as divergent between 

species pairs (van Schooten et al., 2016). The effects of CNVs on speciation can also be 
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indirect. Recently a study of several genera found that CNVs on sex chromosomes were 

responsible for rapid changes to sex ratio (O'Neill & O'Neill, 2018). These changes 

happen very quickly, making them responsible for the development of hybrid 

incompatibilities if two populations are in allopatry, ultimately leading to speciation. All 

of this work relies on the accurate assembly of genomes and high-quality sequencing to 

measure genome-scale changes between a small sample of individuals, work that hasn’t 

been possible, or more crucially scalable, until very recently. 

We are, however, still far from being able to explain differences in 

polyploidization propensities in any detail (Soltis et al., 2010). In particular, with short-

read next generation sequencing technologies, it has been difficult to accurately 

assemble duplicated regions of the genome (Ellegren, 2014). These technical barriers are 

steadily falling away, however, as sequencing technologies continue to become more 

efficient, accurate, and affordable. By improving genome characterization, improved 

technology has conferred new power to investigate gene duplications as indicators of 

speciation, even in species for which assembled genomes are as yet unavailable. Along 

with the increasing number of organisms with sequenced whole genomes, the recent 

improvement in long-read sequencing technologies and single cell sequencing is 

allowing for the identification of duplicated genes in non-model genomes (Larsen, 

Heilman & Yoder, 2014). Longer reads, such as those produced by single-molecule 

sequencing, are able to differentiate gene copies by their surrounding genomic sequence, 
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and consequently, makes genome characterization for even difficult regions of the 

genome possible without a reference sequence (Jiao & Schneeberger, 2017). Furthermore, 

the recent adoption of techniques such as optical mapping, Hi-C, and linked reads (see 

Appendix A) now make it possible to accurately assemble repetitive regions across 

hundreds of kilobases. These technical advances are thus rapidly shifting the field of 

speciation genomics towards greater methodological and theoretical sophistication. 

2.3.3 Chromosomal Inversions 

The potential of structural genomic features to promote speciation (Noor et al., 

2001a) was perhaps first appreciated with the observation that chromosomal inversions 

may play a special role in facilitating hybrid sterility, and thus incipient RI (Figure 3C). 

Chromosomal inversions can promote reproductive isolation by two fundamental 

means. The first is structural: heterozygous inversions may (partially) prevent proper 

chromosome pairing during meiosis, such that hybrids between populations fixed for 

alternative orientations suffer from reduced fertility (White, 1978). This hypothesis was 

tested in Drosophila as early as 1933 in Dobzhansky’s (1933) classic work, but runs into 

difficulties explaining why such an inversion would spread in the first place (reviewed 

by Hoffmann & Rieseberg, 2008). The second means by which inversions may promote 

speciation is by suppressing recombination. In the face of gene flow, this prevents the 

uncoupling of allelic combinations present in the inversion, and these combinations may 

include, for instance, co-adapted gene complexes, male trait and female preference 
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combination, and Dobzhansky-Muller incompatibilities. Given that recombination is the 

central challenge for modeling speciation-with-gene-flow (Felsenstein, 1981), extreme 

recombination suppression such as by inversions may be expected to facilitate this 

potentially common mode of speciation.  

Noor et al. (2001a) demonstrated that inversions create linkage groups among 

genes that cause sterility among a pair of Drosophila species (D. persimilis and D. 

pseudoobscura), prompting the development of a model wherein hybrid incompatibility 

genes (Noor et al., 2001b; Rieseberg, 2001) accumulate indiscriminately throughout the 

genome during allopatric divergence, but are retained only in inversions when gene 

flow is resumed during secondary contact (Figure 3C). Two related models posit that 

inversions may also promote speciation with primary gene flow, by allowing 

adaptations and incompatibilities to disproportionately build up in inverted regions 

(Navarro & Barton, 2003), or by allowing inversions with co-adapted loci to spread 

(Charlesworth & Barton, 2017; Kirkpatrick & Barton, 2006). The preceding models 

invoke gene flow to explain the widely-observed pattern of substantially higher 

divergence within as opposed to outside of inversions. It was recently shown, however, 

that fixed inversions between the same pair of Drosophila species, as in Noor’s landmark 

studies, all segregated long before speciation, indicating that ancestrally segregating 

inversions may be prone to accumulating incompatibilities regardless of the presence of 

gene flow (Fuller et al., 2017). This is reminiscent of two recent studies on Atlantic Cod, 
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where an ancient inversion is associated with parallel divergence in migratory 

phenotypes on both sides of the Atlantic Ocean (Kirubakaran et al., 2016; Sinclair-Waters 

et al., 2017). 

In the European corn borer moth, Ostrinia nubilalis, in which a chromosomal 

inversion on the Z-chromosome is strongly associated with the accumulation of 

ecologically adaptive alleles and genetic differentiation across nearly 20% of the length 

of the chromosome (Wadsworth, Li & Dopman, 2015; Yasukochi et al., 2016). The 

authors posit that in lepidopterans, chromosomal divergence may involve two phases: 

first, a transient origin through local adaptation, and second, a stable persistence 

through differential introgression, and a similar scenario may well play out in other 

groups as well (Conflitti et al., 2015). In addition to paracentric inversions, high rates of 

other chromosomal rearrangements such as pericentric inversions, reciprocal 

translocations, fusions, and polyploidization appear to be evolving at high rates in 

several groups of "notorious speciators" such as Mimulus (Fishman et al., 2013), fish 

(Cioffi et al., 2015), and butterflies (Arias, Van Belleghem & McMillan, 2016; Sichova et 

al., 2015). Remarkably, in a recent comparative study, the number of fixed inversions 

between closely-related species of songbirds was most strongly predicted by whether or 

not the species overlap in their geographic range (Hooper & Price, 2017).  

Though it is clear that inversions can promote speciation through recombination 

suppression, this still leaves open the question as to whether their contributions differ 
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qualitatively from strong selection or non-inversion related variation in recombination 

rates across the genome. In a simulation study, Feder and Nosil (2009) found that strong 

selection acting on these genes was just as effective in driving divergence as were the 

large differences between inverted and colinear regions of diverging genomes. Further 

simulations refined this result by showing that the effects of inversions were most 

pronounced when fixed in populations prior to secondary contact, with subsequent RI 

maintained by adaptive change involving many genes with small fitness effects (Feder, 

Nosil & Flaxman, 2014). Charlesworth et al. (2017) recently showed that, as may be 

intuitively expected, the propensity of an inversion to promote speciation depends 

strongly on the magnitude of the reduction in recombination rate, which may be small 

when co-adapted loci are already tightly linked (see also Ortiz-Barrientos & James, 

2017). It should also be noted, however, that very few genetic elements have been 

identified that are localized within inversions that conclusively contribute to 

reproductive isolation. Thus, though spontaneous inversions remain one of the most 

compelling genomic features associated with rapid speciation, the precise mechanisms 

by which this is accomplished remain elusive. 

2.4 Genomic Differentiation and Barrier Loci 

2.4.1 Genomic Differentiation Islands 

For decades, the prevailing view was that RI developed as a byproduct of 

independent evolution through the progressive substitution of incompatible alleles in 
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geographically isolated populations leading to speciation via postzygotic genetic 

incompatibilities (i.e., Dobzhansky-Muller (D-M) incompatibilities — Via, 2001). 

Conversely, under a model of speciation with gene flow, lineages are expected to show 

"profound genetic similarity" (Via, 2001:381) differing only at a few loci, presumably 

those conferring reproductive isolation. As Nosil, Harmon and Seehausen (2009:145) 

aptly state "although selection often initiates the process of speciation, it often fails to 

complete it." (Wu, 2001:887) was among the first to state that speciation reflects "a 

process of emerging genealogical distinctness, rather than a discontinuity affecting all 

genes simultaneously". Under this view of “genic speciation” (Wu, 2001; Wu & Ting, 

2004), the process is driven by selection on specific regions of the genome, and RI is 

frequently incomplete until long after categorical speciation (Gourbiere & Mallet, 2010). 

The genic view of speciation has gained momentum with the model of "genomic 

islands of speciation" (Feder et al., 2012; Malinsky et al., 2015). Originally formulated in 

an empirical setting (Turner, Hahn & Nuzhdin, 2005), the concept of genomic islands 

has been more broadly conceived as a case wherein certain regions of the genome 

(typically, loci under strong selection) will show patterns of divergent evolution even in 

the face of considerable gene flow. Moreover, surrounding areas of the genome, even if 

evolving neutrally, can show similar patterns of population divergence (as measured by 

FST) via the process of divergence hitchhiking (DH, Via, 2012). Theoretically, speciation 

can thus proceed from a stage wherein genomic islands are small and dispersed 
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throughout the genome, to a later stage wherein genome-wide divergence will occur 

and the genomic islands are erased (Feder & Nosil, 2010). Under this model, early-stage 

population divergence is predicted to be characterized by highly heterogeneous 

genomic divergence, with barrier loci residing in highly differentiated regions of the 

genome. For the empiricist, this is an attractive model: these predictions provide ideal 

circumstances for the identification of barrier loci using genome scans. Furthermore, due 

to increased frequencies of hemiplasy, a genic speciation process has important 

consequences for the interpretation of phylogenetic and comparative analyses 

(Appendix B). 

In line with the genomic islands model, highly heterogeneous patterns of 

divergence across the genome has indeed been a ubiquitous feature of what has been 

identified as the differentiation landscape. However, it has also become clear that the 

interpretation of these landscapes is highly complicated (Cruickshank & Hahn, 2014; 

Nachman & Payseur, 2012; Noor & Bennett, 2009; Wolf & Ellegren, 2017). When 

comparing measures of relative divergence (FST) and absolute divergence (dXY), 

Cruickshank et al. (2014) found little evidence that "islands of divergence" are actually 

produced by lack of introgression via gene flow. Rather, they conclude that 

differentiation islands represent genomic areas of reduced diversity, which are 

produced by the effects of linked selection regardless of gene flow. Specifically, variation 

across the genome in recombination rates and the density of functional elements 
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interacts with selection to produce variation in genetic diversity, and regions of low 

diversity will automatically show higher levels of relative divergence when populations 

are isolated (Burri, 2017b). Moreover, given that most fitness effects of new mutations 

are negative, the effects of background (i.e. negative) selection on patterns of diversity 

across the genome is expected to be substantial, perhaps larger than those of positive 

selection (Stephan, 2010), further reducing the likelihood that such regions are 

commonly important for speciation. Finally, differences in Ne and occurrence in each sex 

among regions of the genome generate different rates of the accumulation of 

differentiation that may moreover interact with population size changes (Belleghem et 

al., 2018), underscoring the need for further development of methods that co-estimate 

selection and all aspects of historical demography. 

The emerging consensus appears to be that "islands of differentiation" are more 

commonly caused by processes unrelated to speciation, and thus do not by themselves 

provide evidence for a genic process of speciation. A further problem with the genomic-

islands-of-speciation metaphor, and the underlying model, is that in many cases, such 

islands need not form at all during speciation For instance, when speciation proceeds 

without flow or is underpinned by polygenic adaptation (Feder et al., 2012; Feder et al., 

2010), this model is not particularly relevant. Nevertheless, in systems where speciation 

may genuinely be characterized as genic, that is with high levels of gene flow and a 

limited number of barrier loci, such islands may be likely to contain barrier loci. As a 
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recent example, in a comparison of more than 100 populations from eleven species of 

stick insects (genus Timema), investigators identified a strong correlation between 

genomic islands and localized differentiation of loci underlying color differences under 

ecological selection (Riesch et al., 2017). Furthermore, regions with low recombination 

rates may not only be likely to generate spurious signals of differentiation, but as 

discussed previously in the context of inversions, regionally low recombination rates 

may also oppose introgression and promote speciation (Berner et al., 2016; Carneiro, 

Ferrand & Nachman, 2009; Janoušek et al., 2015; Nachman et al., 2012; Ortiz-Barrientos 

et al., 2017; Samuk et al., 2017; Schumer et al., 2014). 

Noting that current theory is presently dominated by a limited number of model 

species, perhaps biased by a "adaptationist perspective", Wolf et al. (2017:97) call for a 

cautious approach for interpreting genomic islands as signals of divergent selection. In 

their comparison of 67 published empirical studies, these authors found that general 

conclusions are necessarily hampered by a number of confounding factors, including 

(but not limited to) differential genome quality, differing life history strategies amongst 

the lineages examined, as well as differing methodologies such as the chosen genome-

scan window size and the methods for identifying outliers. This comparison across a 

wide phylogenetic range therefore suggests that identifying the genomic causes and 

consequences of divergent genomic islands will require a more fine-scaled approach. We 

therefore echo Ellegren’s (2014) prediction that as the field of speciation genomics 
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continues to develop, enhanced genome characterization will provide a richer 

understanding of the interaction of genotype and phenotype as targets for divergent 

selection. 

2.4.2 Identifying Barrier Loci 

Among the motivations for identifying "genomic islands" is to associate patterns 

of divergence with functional genomic mechanisms that may potentially be driving 

divergence. One such functional class has been described as "barrier loci." 

Conceptualized as any gene that contributes to RI and meets the criteria of pre-

speciation divergence and measurable effect size (Nosil & Schluter, 2011), the hunt for 

“barrier loci” has been active (Ravinet et al., 2017). The term “barrier” makes clear that 

the locus in question, though contributing to the process, may not by itself be sufficient 

for irreversible lineage divergence, and “locus” implies that the genetic element in 

question does not need to be a gene. By determining the specific identity of barrier loci, 

we can hope that this will move us closer to answering a range of longstanding 

questions, such as what are the number and effect sizes of barrier loci, what types of 

genomic regions are involved, what types of mutations are required, and under which 

evolutionary forces have they evolved (Nosil et al., 2011)? However, arguing that 

reproductive isolation is an effect rather than a cause of speciation, some have suggested 

that instead of primarily focusing on reproductive isolation and the genes contributing 

to it, more attention should be given to the causes and consequences of diverging 
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phenotypes, i.e. “speciation phenotypes” (Shaw & Mullen, 2011). In the context of 

speciation genomics, both approaches nevertheless come down to establishing links 

between genotypes and phenotypes, although detecting loci that underlie reproductive 

isolation may be more straightforward in natural populations and using top-down 

approaches such as genome scans (see Figure 4 for an overview of approaches that can 

be used across different types of systems).

 

Figure 4: Methods of Studying Genomics of Speciation. Common methods of 
studying the genomics of speciation, with example publications. Each method is 

assigned to the category of study system in which it is most applicable. The methods 
are arranged, from left to right, in increasing order of cost and sophistication. The red 

methods are suitable for natural populations, blue methods for laboratory studies, 
and the purple methods are useful in both systems. 

Until recently, the identification of barrier loci was predominantly focused on 

genomic regions contributing to postzygotic isolation. In striking contrast to the current 

enthusiasm for the role of adaptation and ecology in speciation, most loci that have so 
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far been linked to such hybrid incompatibilities appear to have evolved in response to 

internal genetic conflicts as well as neutral mutational mechanisms and recombination 

hotspots, of which PRDM9, discussed below, is a likely example (Maheshwari & 

Barbash, 2011; Presgraves, 2010). Nevertheless, prezygotic isolation may be more likely 

than postzygotic isolation to be a consequence of ecological and sexual sources of 

selection, and prezygotic barrier loci are now also beginning to be identified (Ding et al., 

2016). For non-model organisms, especially those that cannot be crossed in laboratory 

settings, genome scans are the most widely applicable and currently most commonly 

used method to identify candidate barrier loci (Ravinet et al., 2017). Genome scans 

examine genetic variation across the genome to find regions with unusual patterns such 

as strongly elevated genetic differentiation between populations (Beaumont & Balding, 

2004; Lewontin & Krakauer, 1973). Ever-decreasing sequencing costs mean that 

population-level whole-genome resequencing projects are feasible for many non-model 

organisms, and we stress that given the difficulties described below, this should often be 

the approach of choice. As discussed in the previous section, differentiation landscapes 

are commonly highly heterogeneous, with many regions of high differentiation, though 

most of these do not appear to be directly relevant to speciation. The difficulty in 

separating highly differentiated genomic regions that harbor barrier loci from those that 

do not is illustrated by the striking overlap in expected patterns at the genomic level: 
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both are likely to disproportionately represent regions with low recombination, a high 

density of functional elements, and signatures of selection. 

Several approaches may help to identify the processes underlying the formation 

of a given genomic region that stands out for its high levels of differentiation. First, 

Cruickshank et al. (2014) suggested using absolute (i.e., dxy) rather than relative (e.g., FST) 

measures of divergence, and this has been widely adopted. Nevertheless, dxy has very 

little power for recently diverged lineages (Burri, 2017a), may be masked by linked 

selection (Burri, 2017a), and may also be susceptible to demographic changes (Belleghem 

et al., 2018). Second, comparative approaches that examine differentiation landscapes 

across several populations or species pairs, including pairs that are known to not 

exchange genes, enable the identification of unique differentiation islands in the focal 

pair (Renaut et al., 2013; Roesti et al., 2015; Samuk et al., 2017; Vijay et al., 2016), which 

are less likely to simply be the consequence of local genomic features (Burri, 2017b). It 

should be noted that this approach assumes that landscapes of these genomic features, 

such as recombination rate, are the same across all population pairs. Third, the genomic 

features that may shape the differentiation landscape can also be characterized 

separately. This is increasingly possible in natural populations due to improved genome 

annotations and improved estimation of local recombination rates using information on 

linkage disequilibrium (Smukowski & Noor, 2011), the latter owing to techniques such 

as single-molecule long-read sequencing and linked-read sequencing, which enable 
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better detection of structural variants and also retain haplotype information. Fourth, 

detailed examination of global and genomically-localized gene flow, as well as 

signatures of selection, may also allow for a better understanding of a given 

differentiation island. 

Despite the promise from more widespread adoption of these approaches, a 

decade or so of widespread genome scans have made it clear that using such scans to 

identify barrier loci is in many systems very challenging and may in others not even be 

feasible (Buerkle, 2017; Jiggins & Martin, 2017; Lindtke & Yeaman, 2017). Before 

embarking on a genome scan approach for identifying barrier loci, it is thus helpful to 

reflect whether a focal system lends itself to this approach. Systems with relatively low 

overall divergence, much ongoing gene flow, and within which barrier loci are expected 

to be few and of large effect, are generally most conducive to the identification of 

candidate barrier loci (Belleghem et al., 2018; Jones et al., 2012; Malinsky et al., 2015; 

Poelstra et al., 2014). However, if barrier loci are likely to detected through genome 

scans only in systems with specific biological features, this may mean that these barrier 

loci are not a representative subset of all barrier loci. It should also be noted that genome 

scans in the context of speciation research may be worth pursuing even when there is 

little scope for direct and precise identification of barrier loci. For instance, such studies 

provide insight on genome structure and its relation to patterns of differentiation, allow 

the quantification of gene flow both at the global and local genomic level, and provide 
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insight in the general architecture (rather than the specific identity) of barriers to gene 

flow (Jiggins et al., 2017). 

Hybrid zones—and admixed populations more generally—provide an 

opportunity to use an alternative set of methods for identifying candidate barrier loci 

(Gompert, Mandeville & Buerkle, 2017). First, if candidate barrier phenotypes are 

known, and these segregate within the admixed population, genotype-to-phenotype 

links can be assessed by genome-wide association methods such as Bayesian Variable 

Selection Regression (BVSR, Gompert et al., 2013; Guan & Stephens, 2011), genome-wide 

efficient mixed-model association (GEMMA Delmore et al., 2016; Turner & Harr, 2014; 

Zhou & Stephens, 2012), and GenABEL (Aulchenko et al., 2007; Nadeau et al., 2014). 

Second, loci exhibiting unusually steep clines can be detected by exploiting spatial clines 

in hybrid zones (Barton & Gale, 1993; Payseur, 2010; Rafati et al., 2018; Trier et al., 2014), 

and similarly, yet without relying on spatial patterns, genomic clines across many loci in 

admixed individuals (Gompert & Buerkle, 2009; Lexer et al., 2007). Finally, when local 

genomic ancestry can be inferred among admixed individuals, the length of continuous 

ancestry tracts may offer clues to barrier loci (Sedghifar, Brandvain & Ralph, 2016), and 

ancestry disequilibrium between locus pairs can be used to test for two-locus genetic 

incompatibilities specifically (Schumer & Brandvain, 2016; Schumer et al., 2014). 

If candidate barrier loci are identified, functional approaches are often necessary 

to validate their effects. Although these approaches will for the foreseeable future 
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remain limited to organisms that can be kept in laboratory settings, manipulated, and in 

most cases, bred (such as Drosophila, Cooper & Phadnis, 2016), the recent breakthrough 

of CRISPR holds great promise for testing candidate genes much more effectively and in 

a wider variety of species than other transgenic approaches (Bono, Olesnicky & Matzkin, 

2015). The overriding practical requirement for the application of CRISPR for genome 

editing is that CRISPR/Cas9 elements can be delivered to early-stage embryos thus 

yielding the potential for the two repair pathways that are triggered by the double-

stranded breaks induced by CRISPR/Cas9 to be exploited for multiple applications. For 

example, the nonhomologous endjoining (NHEJ) repair pathway can induce large 

deletions that create knockouts, which has for example been employed in a series of 

studies that have identified some of the genes underlying several butterfly wing color 

pattern traits (Mazo-Vargas et al., 2017; Zhang et al., 2017a; Zhang, Mazo-Vargas & 

Reed, 2017b; Zhang & Reed, 2016). CRISPR/Cas9 mediated NHEJ can also create other 

structural variants such as duplications and inversions, which may be particularly 

useful for testing their potential role in speciation (Bono et al., 2015; Kraft et al., 2015). 

Further, homology-directed repair can be used to introduce precise genetic 

modifications. For instance, Ding et al. (2016) employed CRISPR/Cas9-mediated 

homology-directed repair both to fine-map and create mutations within the locus 

responsible for a courtship song difference between two species of Drosophila. This 

locus has been identified as the insertion of a retro-element in an intron of slo, an ion 
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channel gene, illustrating both the potential for small mutations to have large effects as 

well as the unpredictable relationship between gene function and impacts on speciation. 

To summarize, advances in CRISPR techniques are developing at astonishing rates, 

including methods to directly convert single bases without requiring the formation of 

double-stranded breaks, using a catalytically impaired CRISPR/Cas9 mutant base 

editing (Gaudelli et al., 2017; Nishida et al., 2016). Thus, we are at the early stages of a 

technological revolution with unforeseeable impacts on the field of speciation genomics. 

2.4.3 PRDM9: A Crucial Barrier Locus? 

Perhaps the most intriguing candidate barrier locus to have emerged from a suite 

of recombination hotspot modifiers (Johnson, 2010) is PDRM9 (Brand & Presgraves, 

2016; Oliver et al., 2009). Known to be strongly associated with recombination hotspots 

in placental mammals, PRDM9 is a rapidly evolving zinc finger protein with sequence-

specific DNA binding and histone methyltransferase activity. As such, it "neatly wrap[s] 

genetic, epigenetic, and trans-acting factors known to influence recombination into one 

intriguing package" (Sandovici & Sapienza, 2010:1). Though as yet only characterized at 

the population level in a few natural populations, mice (Kono et al., 2014) and humans 

(Consortium, 2010), PRDM9 polymorphism is hypothesized to play two fundamental 

roles in the genome: to yield a diverse spectrum of recombination hotspots and to cause 

male hybrid sterility. In this regard, it is noteworthy for mediating both recombination 

rate and hybrid sterility, which in turn raises the tantalizing possibility that these 
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activities are potentially causative to RI and speciation (Kono et al., 2014; Payseur, 2016). 

Moreover, it appears to be something of a smoking gun connecting rates of 

recombination directly to rapid rates of sequence evolution associated with strong 

positive selection (Axelsson et al., 2012; Gravogl, Schwarz & Tiemann-Boege, 2014; 

Groeneveld et al., 2012; Kono et al., 2014; Oliver et al., 2009; Padhi et al., 2017; Ponting, 

2011; Sandovici et al., 2010; Schwartz et al., 2014). 

As support for this hypothesis, in vertebrate groups such as birds that lack 

PRDM9, interspecific hybridization appears to be more feasible across larger 

evolutionary distances (Singhal et al., 2015) than in mammals. Oliver et al. (2009) found 

that concerted evolution and positive selection have united to drive rapid evolution of 

the gene in rodents, producing high levels of sequence variation across 13 rodent 

genomes. These authors also found that PRDM9 plays a measurable role in determining 

male sterility both within and among species as diverged as rodents and primates. 

Broad phylogenetic surveys of PRDM9 suggest that it may be the most rapidly evolving 

gene in human and other animals (Ponting, 2011), and in a survey of 64 individuals 

across 18 species of primate, 68 unique alleles were identified (Schwartz et al., 2014). Of 

particular interest to human evolutionary biology, alignments of Neanderthal and 

Denisovan genomes reveal that PRDM9 sequences in these extinct species are closely 

related to present-day alleles in modern humans that are both rare and specific to 

African populations (Schwartz et al., 2014). By far, however, the most intensive and 
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compelling work on PRDM9's role in hybrid sterility has been conducted in mouse 

(Davies et al., 2016; Kono et al., 2014; Mihola et al., 2009; Smagulova et al., 2016; 

Zelazowski & Cole, 2016), with increasing evidence that recombination rate and hybrid 

sterility are linked and phylogenetically widespread thus pointing to a more general 

connection to speciation (Payseur, 2016).  

Successful attempts have been made to advance PRDM9 research in non-model 

organisms. The recombination patterns of organisms lacking PRDM9 (e.g., dogs and 

bees) have been mapped, and in cattle, some preliminary attempts have been made to 

establish PRDM9 as active in holding up species boundaries (Lou et al., 2014). Tarsiers, 

the most diverged lineage within the primate clade, show high allelic diversity of 

PRDM9 that is highly congruent with phylogeography, thus suggesting an important 

role in speciation within genus Tarsius, and by inference, haplorrhine primates 

(Heerschop et al., 2016). Similarly, the remarkable variation in the zinc finger domain of 

PRDM9 in goats and sheep, wherein numerous amino acid sites are apparently under 

strong positive selection, has also been interpreted as evidence of the gene's intriguing 

role in speciation (Padhi et al., 2017). 

As new understanding of the molecular evolutionary dynamics of PRDM9, and 

recombination hotspots in general, emerge an ever more nuanced view of its role in 

speciation is developing. Although it has long been known that the locations of 

recombination hotspots are highly mobile and are rarely conserved even between 
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closely-related species (e.g., Ptak et al., 2005; Winckler et al., 2005), the impact on hybrid 

sterility is only now coming to light. For example, Davies et al. (2016) found that hybrid 

sterility between two mouse lineages could be instantaneously reversed by 

"humanizing" the PRDM9 allele. When the PRDM9 array was genetically engineered in 

one lineage to represent the human sequence, the genomic position of recombination 

hotspots was accordingly rearranged, and surprisingly, yielded fertile male hybrids. 

Thus, one of the key findings of this study is that though PRDM9 shows a direct 

involvement in hybrid infertility, the effects are likely to be evolutionarily transient. In 

other words, increased divergence of PRDM9 is likely to mean a decreased role in the 

maintenance of species boundaries thereby suggesting that there may be a phylogenetic 

distance "sweet spot" wherein PRDM9 can strongly impact propensity for speciation, but 

with diminishing impact as phylogenetic distance increases. It will be fascinating to 

explore this phenomenon in an array of non-model species across a greater phylogenetic 

breadth. 

2.5 Looking to the Future: Is There Hope for a Unified Theory of 
Speciation? 

We have long known that organisms are hierarchically distributed across the tree 

of life, existing in “bins” that biologists attempt to define as species. These bins have 

boundaries of varying completeness and clarity, made porous by hybridization and 

introgression. Asking how these biological "edges" are formed, and how they are 

maintained, are among the most basic questions in evolutionary biology. The 



 

42 

relationship between genomic differentiation and lineage diversification is profoundly 

complex, and can range from circumstances wherein speciation is virtually 

instantaneous owing to possibly random genomic events such as chromosomal 

inversions, to scenarios of rapid speciation in situ owing to strong environmental 

selection, to speciation on evolutionary timescales wherein differentiation and 

reproductive isolation slowly builds in geographic isolation. Thus, it is not surprising 

that few, if any, rules have been identified to formalize the role of the genome in 

speciation.  

Intrinsic genomic features such as inversions, gene duplications, recombination 

patterns, and higher order architecture have all been implicated in speciation, and in 

many cases, these discoveries occurred initially in lab-based model organisms with well-

characterized genomes and tractable life histories. Identification of the genetics 

underlying reproductive isolation has up to the present been most feasible for 

postzygotic incompatibilities between pairs of genes in long-studied species such as 

Drosophila. We are reaching a point, however, wherein the field is rapidly expanding 

outward and is discovering the more complex genomic underpinnings of speciation in a 

wider array of species (Figure 5). As genomic resources have spread to evolutionarily 

proximate species, mechanisms of speciation are being described in non-model species 

and natural populations. Accordingly, our view of speciation has become richer and 

more complex. The interplay among underlying features of the genome, patterns and 
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processes of speciation, and the ecological surroundings of species will continue to 

emerge as knowledge of non-model genomics increases, and the field will push ever 

further toward insights into natural, non-model populations with complex speciation 

stories — the "unexplored corner" suggested in Figure 5.

 

Figure 5: Speciation Study Spectrum. A graphic representation of where recent 
published studies of speciation fall along two continua: 1 - whether the focal species' 
was studied as a lab organism or a natural population (bottom axis of diagram) and 2 - 
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the complexity that underlies the nature of the genetic mechanism responsible for 
reproductive isolation, ranging from genic to genomic (left axis of diagram). Studies 

are represented by an icon depicting species, year of publication, and a short 
summary with superscript notation of the full citation. The papers' first authors (in 

chronological order) are as follows: 1- Ting et al. (1998), 2- Noor et al. (2001a), 3- 
Brideau et al. (2006), 4- Nosil, Egan and Funk (2008), 5- Carneiro et al. (2010), 6- 

Janousek et al. (2012), 7- Renaut et al. (2012), 8- Martin et al. (2013), 9- Fan et al. (2014), 
10- Franchini et al. (2014), 11- Gaither et al. (2015), 12- Janoušek et al. (2015), 13- 

Wadsworth et al. (2015), 14- Davies et al. (2016), 15- Larson et al. (2016), 16- Leducq et 
al. (2016), 17- Rastorguev et al. (2016), 18- Toews et al. (2016), 19- Ichikawa et al. (2017), 

20- Malukiewicz et al. (2017), 21- Mazo-Vargas et al. (2017), 22- Zuellig et al. (2018). 

A unified field of speciation genomics will thus require a multi-pronged 

approach to speciation dynamics that takes into account intrinsic features of genomic 

architecture examined in the light of each organism's extrinsic biology and ecology. 

There is an essential place for targeted studies that illuminate the role of specific genes 

or structural variants, while many valuable insights can also be gained through genome 

scan comparisons, though caution must be applied. Consequently, the continued 

development of theory and competing models will always be relevant in order to make 

sense of what will be an ever-increasing torrent of empirical data. By examining the role 

of the genome in contrasting models of speciation, we will attain powerful insight into 

the differential effects of historical constraint in the face of ecological opportunity. It is 

the interplay between these two forces that has and continues to produce species 

diversity across the Tree of Life. 
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3. Geogenetic Patterns in Mouse Lemurs2 

Madagascar is one of the most biodiverse and imperiled regions on Earth with a 

biota that is largely unique to this island nation. The degree to which humans have 

altered the landscape is extreme; it remains a matter of debate just how much of the 

island was with closed-canopy forest prior 2000 years ago when humans began to 

colonize the island. Here, we adopt a phylogeographic approach to understand how the 

dynamic process of landscape change on Madagascar has shaped the distribution of a 

targeted clade of mouse lemurs (genus, Microcebus), and conversely, how phylogenetic 

and population genetic patterns in these small primates can reciprocally inform our 

understanding of Madagascar’s pre-human environment. The degree to which human 

activity has impacted the natural plant communities of Madagascar is of critical and 

enduring interest. Today, the eastern rainforests are separated from the dry deciduous 

forests of the west by a large expanse of presumed anthropogenic grassland savanna, 

dominated by the Family Poaceae, that blankets most of the Central Highlands. 

Traditional views of human impacts hold that the island was covered by closed-canopy 

forest prior to human colonization approximately 2,000 years ago, but with aggressive 

agricultural practices, the landscape was abruptly and dramatically transformed. 

                                                   

2 The contents of this chapter have been published in Proceedings of the Natrual Academy of Sciences: Yoder, 
A.D., Campbell, C.R., Blanco, M.B., Dos Reis, M., Ganzhorn, J.U., Goodman, S.M., Hunnicutt, K.E., Larsen, 
P.A., Kappeler, P.M., Rasoloarison, R.M. and Ralison, J.M., 2016. Geogenetic patterns in mouse lemurs 
(genus Microcebus) reveal the ghosts of Madagascar's forests past. Proceedings of the National Academy of 
Sciences, 113(29), pp.8049-8056. 
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Phylogenetic and population genetic patterns in a five-species clade of mouse lemurs 

suggest that longitudinal dispersal across the island occurred until approximately 

500,000 ybp when a large ancestral population experienced rapid diversification, 

resulting in the present-day distributions of several taxa. By examining patterns of both 

inter- and intraspecific genetic diversity in these species, found in the eastern, western, 

and Central Highland zones, we find support for the view that the natural environment 

of the Central Highlands would have been mosaic of humid forest areas surrounded by 

a matrix of wooded savanna, and forming a transitional zone between the extremes of a 

cline of humid eastern and dry western forest types. 

3.1 Introduction 

Madagascar is one of the most enigmatic landmasses on earth and has long been 

identified as a unique biodiversity hotspot (Myers et al. 2000) with exceptional levels of 

species endemism across plants and animals, including an array of microendemics. It is 

currently estimated that nearly 100% of Madagascar’s land mammals and native 

amphibians, 92% of its reptiles, and > 90% of its plants are found nowhere else on earth 

(Callmander et al. 2011; Vences et al. 2009). Best estimates indicate that the island 

harbors nearly 5% of Earth’s species level biodiversity even though it comprises only a 

little more than 0.01% of the planet’s land surface area. This island represents a 

biological and ecological sample of maximum importance, a veritable treasure trove of 

species interactions and testable hypotheses. The mechanisms by which so much 
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biodiversity arose on such a relatively small and remote corner of the Earth beg for 

phylogeographic investigation, though many of Madagascar’s present patterns of 

diversity and endemism relate to its historical biogeography (Wilmé et al. 2006). A 

recent and detailed analysis of the interplay of geology, climatic change, and shifting 

ocean currents concluded that the island is a natural experiment for understanding the 

effects of “differential extinction and filtration” over the vast expanse of the Cenozoic 

(Samonds et al. 2013). Though the evolutionary questions that riddle Madagascar have 

long been the focus of biologists there still remain many untested hypotheses and 

unanswered questions, many of which are being ushered into the realm of possibility by 

the increasing ease of genetic and genomic technologies. 

The eastern trade winds coming off the Indian Ocean and the orographic effect of 

the island’s eastern mountain range yield a remarkable east-west trend in precipitation 

across Madagascar (Gautier and Goodman 2003). An evergreen humid forest biome 

covers portions of the eastern lowlands of the island and extends about 100 km inland 

up the north-south aligned eastern chain of mountains. At elevations above 800 m and 

extending well into the island’s interior, the humid forest gives way to the Central 

Highlands, which are dominated by moist montane forest. At higher elevations (i.e. 

above 1900 m), the montane forest habitat gives way to a high elevation Ericaceae 

thicket. In marked contrast, along the western half of the island, below 800 m elevation 

and to the west of the limit of the Central Highlands, the montane forests shift to dry 
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deciduous forest dominated by drought-adapted trees and shrubs (Figure 6). All of these 

habitats have been extensively degraded and fragmented by human activities over the 

past few hundred years (Green and Sussman 1990; Harper et al. 2007), and in most 

areas, particularly the Central Highlands, little of the former natural vegetation remains. 

While there is uniform consensus that human activities dramatically transformed the 

landscape at about 1,000 ybp (Dewar 2014; Goodman and Jungers 2014; Mcconnell and 

Kull 2014; Vorontsova et al. 2016), the pre-human situation remains contested. 

Interpretation of the pre-human vegetation via current phytogeographic classification of 

the island, however, are constructed based on relatively recent floristic affinities of 

plants (Humbert 1955; Perrier De La Bâthie 1921) but with little data on natural 

formations from the Central Highlands. Hence, this classification separates the biomes of 

the east and west, in absence of the possibility that the Central Highlands were naturally 

a vast zone of transition, in turn placing too much emphasis on the extremes of a broad 

cline. 
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Figure 6: The Biomes of Madagascar. A map of Madagascar with the major 
biome types recognized in modern times and sampling locations used in this study 
for all 30 samples across six species within the genus Microcebus. Sampling counts at 
a given location varied between one and three individuals. 
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The eastern humid forest, western dry deciduous forest, and the Central 

Highlands zones are now covered in part in what have been referred to as secondary 

grasslands or savanna composed primarily of Poaceae and specifically the subfamily 

Gramineae, and subject to frequent burning (Figure 6). Today, the Central Highlands 

exists as a stark region separating the mesic habitats of the east and the arid habitats of 

the west and south. It has been the subject of debate whether this grassland formation is 

entirely the result of human-mediated transformation, or whether it is better viewed as a 

modified landscape at least in part comprised of native wooded savanna interspersed 

with areas of forest (Bond et al. 2008; Goodman and Jungers 2014). Our definition of 

wooded savanna is a mosaic formation with irregular continuous canopy and in certain 

more open areas lacking relatively dense trees with herbaceous plants perhaps 

dominated by grasses, very similar to Miombo woodlands of southern Africa. The 

classic view (hereafter referred to as the “traditional hypothesis”) holds that Madagascar 

was blanketed by closed-canopy forest across its entirety prior to the arrival of humans, 

ultimately leading to a 90% reduction in natural forest cover entirely through human 

agency. Supporting this hypothesis, a recent stable isotope analysis from calcium 

carbonate cave deposits from Anjohibe Cave in the northwest found evidence for a rapid 

and complete transformation from a flora dominated by C3 plants to a C4 grassland 

system over the course of a single century and coincident with early human habitation 

of this portion of the island (Burns et al. 2016). The authors of this study therefore 
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conclude that early anthropogenic activities were the primary forces driving landscape 

transformation, with rapid and extreme natural habitat loss, presumably a mixture of 

closed canopy forest or wooded savanna, being a direct consequence of early human 

habitation. This view leaves unanswered the degree to which intermediate habitats 

would have been subject to Quaternary climatic vicissitudes and the impacts of natural 

fires prior to the arrival of humans, which is estimated to have occurred about 4,000 ybp 

(Dewar et al. 2013; Dewar and Wright 1993). 

 

Separate investigations present an alternative narrative of the central plateau. 

Analyses of species richness, endemism, and phylogenetics of the grasses of Madagascar 

provide evidence that these species occurred naturally, were widespread, and their 

presence on the island predates humans, going as far back as the Neogene (Vorontsova 

et al. 2016). Further extending these results, the savanna ecology that is presently found 

on the Central Highlands is a remnant of former graminea vegetation, the 

aforementioned wooded savanna. This evidence and accompanying hypothesis will be 

hereafter referred to as the “grassland hypothesis”, for the sake of brevity. 

Finally, an intermediate and more nuanced view of pre-human vegetation in 

Madagascar, hereafter referred to as the “mosaic hypothesis,” holds that the Central 

Highlands were characterized by a mixture of closed canopy forest and wooded 

savanna (as defined above, but occurring more recently in the Quaternary) with some 
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regions being open and others closed with dense tree growth (Goodman and Jungers 

2014). This view of Madagascar’s pre-human vegetation has been developed over years 

of study focusing on the analysis of pollen spectra and charcoal influx from lake 

sediments across the Central Highlands (Burney 1986, 1987, 1993; Burney et al. 1997). 

The overarching question addressed by the present study is what was the role of the 

natural Central Highland habitats as a dispersal corridor and an ecological cline between 

the extremes of the humid east and dry west?  

 

We examine phylogenetic and “geogenetic” (Bradburd et al. 2016) patterns in 

mouse lemurs (genus Microcebus) to determine both the timing and directionality of 

dispersal events between eastern and western Madagascar. We also investigate patterns 

of genetic structure within two broadly distributed species, one from western 

Madagascar, and one from the Central Highlands, to determine if there are differential 

signatures of continuous versus discontinuous habitat in the two species. Such 

differential patterns will have potential consequences for the interpretation of the pre-

human landscape and its impact on mouse lemur evolution. If the traditional hypothesis 

applies, and the grassland savannas of the Central Highlands are an entirely recent 

phenomenon, we would expect to see extensive and recent patterns of connectivity 

between what are considered distinct eastern and western biomes. Alternatively, if the 

grassland hypothesis holds, we should observe a strong and ancient separation between 
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the eastern and western biomes. If, however, recent models of a longstanding and 

persistent environment comprised of mosaic wooded grassland and isolated forested 

areas are accurate, it is probable that the pulsing cycles of warm and wet versus cold and 

dry conditions characteristic of the Quaternary will likely have left genetic signatures of 

population isolation and reconnection on forest-dwelling mammals (Wilmé et al. 2006).  

Ongoing work from the past two decades has shown conclusively that although 

the morphological differences among species of mouse lemur are subtle, their genetic 

and ecological differences are consistent with a species radiation (Craul et al. 2007; 

Ganzhorn and Schmid 1998; Heckman et al. 2007; Hotaling et al. 2016; Lahann et al. 

2006; Louis et al. 2006; Rakotondranary and Ganzhorn 2011; Rasoloarison et al. 2000; 

Rasoloarison et al. 2013; Schmid and Kappeler 1994; Thalmann and Rakotoarison 1994; 

Weisrock et al. 2010; Yoder et al. 2000; Zimmermann et al. 1998), with the basal radiation 

perhaps occurring as long as 9 - 10 Ma (Yang and Yoder 2003; Yoder and Yang 2004).  

Several studies have shown strong support for three deep lineages, one that 

contains M. murinus plus M. griseorufus, another deeply-diverged lineage represented 

by M. ravelobensis, M. danfossi, and M. bongolavensis, and a third lineage that is 

comprised of all other mouse lemur species including strong support for distal subclade 

with M. berthae, M. rufus, and M. myoxinus(Heckman et al. 2007; Weisrock et al. 2010; 

Weisrock et al. 2012; Yoder et al. 2000). This latter subclade is especially intriguing given 

that M. rufus, an eastern humid-forest animal, is markedly divergent both ecologically 
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and geographically from M. berthae and M. myoxinus, both of which occur in western 

dry deciduous forests. The observation that this relatively recently-diverged clade 

contains both eastern and western representatives has prompted speculation about the 

existence of former forested corridors between eastern and the western Madagascar 

(Yoder et al. 2000). 

Our study aims to examine the relationship of the western and eastern zones and 

the extent to which the hypothesized Central Highland habitat matrix between these 

zones, including isolated forest blocks separated by a matrix of wooded savanna, 

provided conduits for dispersal of forest-dwelling mammals. Here we examine the fit of 

mouse lemur phylogeography to hypotheses regarding the natural plant community 

composition of Madagascar’s Central Highlands. To test the fit to the three 

paleoenvironmental hypotheses described above, we focus on phylogenetic and 

geogenetic patterns in five species of mouse lemur: two with eastern distributions (M. 

mittermeieri and M. rufus), two with western distributions (M. myoxinus and M. 

berthae), and one that that has been proposed as limited to the Central Highlands (M. 

lehilahytsara) (Radespiel et al. 2012). A genome-wide RADseq approach was employed 

to assess genetic diversity among and within the five targeted species and to test the fit 

of these data to both spatial and historical predictions associated with the two 

competing hypotheses. The genome-wide SNP data were analyzed with coalescent 
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methods to estimate the species tree structure, and it’s fit to the mtDNA gene tree, as 

well as to estimate divergence times for the five targeted species. 

3.2 Methods 

3.2.1 Sample Collection 

The targeted species analyzed samples of 30 wild caught mouse lemurs from 15 

study sites (Table 1) and are largely from 5 closely-related species (M. berthae, M. 

myoxinus, M. rufus, M. lehilahytsara, and M. mittermeieri) and 1 outgroup (M. marohita). 

The 21 existing samples were analyzed, in part, in previous work (Weisrock et al. 2010; 

Yoder et al. 2000). This study conducted mtDNA sequencing to compare newly collected 

samples with existing data. Additionally, all 30 individuals were ddRAD sequenced and 

analyzed at a greater depth than previous technology allowed. 
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Table 1: Sample Localities. ddRADseq sample ID, species name, and collection 
coordinates. 

Sample ID Species Latitude Longitude 

RMR93 Microcebus berthae -20.05 44.63 

JMR002 Microcebus lehilahytsara -16.29 48.82 

JMR091 Microcebus lehilahytsara -18.8 48.35 

JMR092 Microcebus lehilahytsara -18.8 48.35 

MBB002 Microcebus lehilahytsara -18.82 48.31 

MBB003 Microcebus lehilahytsara -18.82 48.31 

MBB036 Microcebus lehilahytsara -18.1 47.19 

MBB037 Microcebus lehilahytsara -18.1 47.19 

MBB038 Microcebus lehilahytsara -18.1 47.19 

MBB039 Microcebus lehilahytsara -18.1 47.19 

MBB3235 Microcebus lehilahytsara -19.72 47.86 

MBB3236 Microcebus lehilahytsara -19.72 47.86 

MBB3243 Microcebus lehilahytsara -19.69 47.77 

MBB3244 Microcebus lehilahytsara -19.69 47.77 

RMR34 Microcebus lehilahytsara -19.1 44.8 

RMR96 Microcebus lehilahytsara -18.48 47.27 

RMR97 Microcebus lehilahytsara -18.48 47.27 
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RMR99 Microcebus lehilahytsara -18.48 47.27 

MBB001 Microcebus lehylahitsara -18.82 48.31 

RMR138 Microcebus marohita -20.06 48.18 

MBB011 Microcebus mittermeieri -14.74 49.49 

MBB016 Microcebus mittermeieri -14.74 49.49 

RMR189L Microcebus mittermeieri -14.47 49.84 

RMR192L Microcebus mittermeieri -14.47 49.84 

JMR027 Microcebus myoxinus -16.52 44.48 

JMR077 Microcebus myoxinus -19.5 44.73 

RMR83 Microcebus myoxinus -19.25 44.45 

RMR86 Microcebus myoxinus -19.25 44.45 

RMR142 Microcebus rufus -21.5 47.4 

RMR144 Microcebus rufus -21.5 47.4 

 

3.2.2 mtDNA Sequencing 

Sequence data were collected from nine individuals for both the cytochrome B 

(cytb) and cytochrome oxidase II (COII) genes. A 1,140 bp of cytb was amplified using 

the following primers: TGA-YTA-ATG-AYA-TGA-AAA-AYC-ATC-GTT-G and TCT-

CCA-TTT-CTG-GTT-TAC-AAG-ACC-A. Within COII 684bp were amplified using 

primers L7553 and H8320 (Adkins and Honeycutt 1994). Cycle sequencing reactions 
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were performed using BigDye® Terminator V1.1 following standard conditions and all 

samples were sequenced using an Applied Biosystems 3730xl at the Duke Sequencing 

Core resource. Sequences have been submitted to NCBI under accession numbers 

KX070700-KX070743. 

3.2.3 mtDNA Analyses 

Our full data set consists of cytochrome-B (cytb) and cytochrome oxidase II 

(cox2) sequences for 332 individuals from 23 species. These sequences include 309 

individuals from previous studies as well as new data for 23 individuals sequenced for 

this study. Analyses were conducted using PAUP<star> version 4.0a149 except where 

otherwise indicated. The “missdata” command was used to delete 97 taxa containing 

more than 50% missing-data for either gene. Individuals with identical sequences were 

then merged using the “reducetaxa” command, resulting in a data matrix containing 121 

distinct sequences. The remaining sequences were re-aligned using MAFFT 

v7.272(Katoh and Standley 2013). Six subsets of sites were designated corresponding to 

first, second, and third codon positions of each gene. An optimal partition of these sites 

was estimated using the “autopart” command (which implements a version of the 

partitioning strategy described by Lanfear et al.(Lanfear et al. 2012), on an initial tree 

obtained using the neighbor joining method(Saitou and Nei 1987) with distances 

calculated according to the HKY model (Hasegawa et al. 1985). Partitioned models were 

compared using the Akaike Information Criterion (Akaike 1974) with correction for 
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finite sample size (AICc(Burnham and Anderson 2002). For each of the 203 possible 

partitioning schemes for six subsets, a set of 56 models was evaluated (corresponding to 

seven basic nucleotide substitution schemes with variations for equal vs. unequal base 

frequencies and four combinations of among-site rate variation models). Substitution-

model parameters, including parameters used in modeling among-site rate variation, 

were estimated separately for each partition subset, but branch lengths were shared 

across subsets. An additional set of parameters scales all branch lengths according to the 

relative rate for each included partition subset. All parameters of the chosen partitioned 

likelihood model were estimated by maximum likelihood, and then fixed to these 

estimates prior to tree search. The best of the 203 possible partitioning schemes involved 

separating sites by codon position, but merging both genes for each codon position. 

Models chosen by AICc for the three codon positions were SYM+I+G, HKY+I+G, and 

TrN+I+G, respectively. “SYM” corresponds to the the general time reversible model 

(Tavaré 1986) with equal base frequencies. “HKY” and “TrN” are the models of 

Hasegawa et al. (1985) and Tamura and Nei (1993). All selected models include an 

invariable-sites category with variable sites drawn from a gamma distribution (+I+G). 

Relative rates for second codon positions were slowest (0.080), with faster rates for first 

(0.413) and third (2.510) codon positions. Optimal trees were estimated using 

PAUP<star> with stepwise addition (10 random addition sequences) and TBR branch-

swapping (Swofford et al. 1996). Bootstrapping was performed using RAxML version 
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8.2.4(Stamatakis 2014) using the closest available model (GTR+I+G, with partitioning by 

codon position, with partitioning by codon position). Bootstrap results were transferred 

to the optimal PAUP<star> trees using the SumTrees command available in DendroPy 

version 4.1.0 (Sukumaran and Holder 2010). 

3.2.4 RAD Genotyping 

ddRAD libraries were generated from whole genomic DNA and whole genome 

amplified DNA following the protocol of Peterson (Peterson et al. 2012) and Blair (Blair 

et al. 2015). The double digest was completed with the enzymes SphI and MluCI and 

IDT primers were used to uniquely barcode the first paired end of all 30 samples. Pooled 

ddRAD libraries were size selected to a length of 525 bp using a Pippen Prep (Sage 

Science) at the North Carolina State University Genomic Sciences Laboratory (NCSU 

GSL). 150 bp paired end sequencing on an Illumina NextSeq was also conducted at the 

NCSU GSL. Two NextSeq runs generated a total of 557,299,621 read pairs of 150x150bp 

data. 

The software package trimmomatic (Bolger et al. 2014) was used to curate the 

data for overall quality and we required that 80% of a sequence read contain a q-score 20 

or higher. To assess overlap between the paired end reads we used Paired-End reAd 

mergeR (PEAR) (Zhang et al. 2014), which assembled roughly 4% of the read pairs 

together, these were then discarded from further analysis. We used Stacks (Catchen et al. 

2013) to demultiplex reads by unique barcode. Given the overall poor quality of the 



 

61 

second paired end read we dropped those reads from the analysis and used only the 

first read. All sequence reads used for analysis are available at the National Center for 

Biotechnology Information Short Read Archive. 

We used the program pyRAD (Eaton 2014) to cluster, align, and call SNPs within 

the curated ddRAD dataset. Once the final dataset was curated, one M. lehilahytsara 

sample (MlehiDWW3244) was dropped from further ddRAD analysis due to an 

excessively high level of missing data, as its exclusion did not eliminate a locality. While 

it only constituted a small fraction of the data within our focal species (M. lehilahytsara), 

its exclusion more than doubled the amount of shared loci when operating under the 

requirement of no missing data. 

3.2.5 RAD Data Analyses 

For the assessment of genetic distances the R package APE (Paradis et al. 2004) 

was used, taking as input the concatenated, aligned ddRAD loci. The R package 

SpaceMix (Bradburd et al. 2016) was run to determine the samples’ “geogenetic” 

positions with 95% confidence intervals. SpaceMix was run both for all 29 individuals, 

yielding 1,583 SNPs and for all 15 sample sites separately, in which we collapsed the 

locality data to a single entry in the SpaceMix input matrix, yielding 7,303 SNPs. All 

SpaceMix analyses were run without any missing data. 
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3.2.6 Divergence Time Analyses 

The program BPP (Yang 2015), which implements the multispecies coalescent, 

was used to estimate the species tree topology, branch lengths (τ) and nucleotide 

diversity (θ= 4/N/µ) for the mouse lemur species of interest. The posterior τ and θ values 

can be converted to geological times of divergence and effective population sizes by 

using priors on the per-generation mutation rate and the generation time (Angelis and 

Dos Reis 2015). Bayesian analysis using the multispecies coalescent is computationally 

expensive, so here we used a small dataset to estimate the tree topology, and a large 

dataset to estimate τ and θ values more precisely by fixing the topology to that obtained 

with the small data. 

Small dataset analysis: 82 RAD-seq fragments (11,624 bp) with data for all 30 

individuals (from 7 species) were analyzed with BPP to obtain the tree topology (BPP’s 

A01 analysis). For the species tree prior we used uniform rooted trees. The prior for τ is 

Gamma(2, 250) and for θ is Gamma(2, 1000). 

Large dataset analysis: Six individuals for each species (out of 30) were selected 

randomly, and then 80,662 RAD-seq fragments (11,247,917 bp) with data for these six 

individuals were analyzed. The use of a large number of sites leads to narrower (more 

precise) posterior estimates of τ and θ values, while the use of few individuals 

guarantees that the Bayesian MCMC analysis can be conducted in a reasonable amount 

of time (about 2 weeks). The priors on τ and θ were as above. To convert τ and θ values 
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to divergence times (t) and population sizes (N), we sampled values for the mutation 

rate (µ) and generation time (g) from priors and used these to calculate posterior 

estimates of τ and θ. For example, consider the ith MCMC posterior sample τi, and 

samples µi and gi from the priors, then ti = τi * µi / gi. Thus, by sampling as many values 

of µ and g as values of τ in the MCMC we can obtain a posterior sample of t. A similar 

approach is used to obtain the posterior sample of N’s (see Angelis and dos Reis 2015 for 

details). The prior on µ was Gamma (27.80, 31.96) which roughly has 95% prior 

credibility interval (CI) between 0.5 and 1.2x 10–8 substitutions per site per generation. 

This matches NextGen estimates of the per-generation mutation rate in the lab mouse 

(Uchimura et al. 2015) and human (Scally and Durbin 2012). The prior on g was Gamma 

(100, 26.6) which roughly has 95% prior CI between 3 to 4.5 years. 

3.2.7 Estimation of average generation time for genus Microcebus 

The proper estimation of generation times is fundamental to the divergence time 

methods described immediately above. Accordingly, we estimated an average 

generation time for all species of mouse lemurs using a combination of data from both 

wild and captive populations yielding an informed estimate of 3.0 - 4.5 years. Field 

observations indicate that for eastern rainforest species, age at first reproduction in wild 

populations is 10-12 months, with females undergoing estrus and reproduction annually 

thereafter. This is consistent with husbandry records for captive M. murinus at the Duke 

Lemur Center (data accessible at 
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http://dx.doi.org/10.5061/dryad.fj974#sthash.OdSp6YnB.dpuf ). For some species and 

wild populations, two litters per year can be common, though this is rare in other 

species and localities (Blanco et al. 2015; Lahann et al. 2006). Captive data for M. murinus 

at the Duke Lemur Center show that two litters in a single year has only occurred only 

once in 101 litters. Extrapolating from Fig.7A in Zody et al., 2014 , we calculated a 

survival probability of 0.879 - 0.0714 (age in years) that when extrapolated to 12-years of 

age yields 17% for 10y, 9% for 11y, 2% for 12y, and 0% above 12y. These figures are 

consistent with observations from captivity. Survival probabilities are considerably 

lower for wild populations, however. In the dry forests of western Madagascar, 

individuals appear to live only 2-3 years on average (Hamalainen et al. 2014). Based on 

capture/recaptures at more resource-rich habitats, such as the eastern rainforests, 

indications are that lifespans are likely longer, with 4 years being a conservative average 

lifespan. Information from both captive and wild populations indicate that reproductive 

senescence does not show major effects until 5 years of age in females, thus, it is likely 

that the period of reproductive fitness exceeds lifespan in natural populations. 

3.2.8 Comparison of Genetic and Geographic Distance 

To initially assess the impact of forest type on population structure and gene 

flow within species of Microcebus the genetic distance (RAD Data Analyses) was 

compared between pairs of populations separated by similar geographic distances. 

Individuals were assessed at every possible within-species dyad and the resulting 
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genetic and geographic distances were plotted to visually inspect for a pattern of 

Isolation by Distance (IBD). Given the relatively low sample count of M. myoxinus, 

compared to M. lehilahytsara, the latter was randomly sampled to conduct a paired, one-

sided T-test. Paired short and long distance comparisons were tested both individually 

and together for a total of 3 separate T-tests, each sampling 1,000 times from the 

measured M. lehilahytsara dyads. 

3.3 Results 

3.3.1 mtDNA tree 

Maximum likelihood trees for concatenated cytb and COII loci are largely 

congruent with previous analyses (Hotaling et al. 2016; Weisrock et al. 2010). Though the 

mtDNA analysis only sampled 15 of the currently 24 described species of described 

mouse lemur species, the fundamental pattern presented in previous studies is repeated 

here: the phylogeny shows a basal split between a clade formed by M. murinus plus M. 

griseorufus and all other species. The mtDNA gene tree continues to illustrate the depth 

and diversity of the mouse lemur radiation through time, and throughout the 

geographic expanse of Madagascar (Figure 7). The topology is highly similar to 

phylogenetic results from previous studies and similarly finds all previously described 

taxa to be resolved as reciprocally monophyletic. The clade containing the eastern M. 

rufus and western M. myoxinus and M. berthae continues to receive robust support. 

Moreover, the placement of the Central Highlands species, M. lehilahytsara, shows a 
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well-supported sister group relationship to this distal-most clade, also in agreement 

with previous studies (Hotaling et al. 2016; Weisrock et al. 2010). 
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Figure 7: Microcebus Tree with Focal Species Highlighted. Maximum 
likelihood tree for concatenated mtDNA data (cytb and cox2) from 117 Microcebus 
sequences plus four outgroup sequences (Cheirogaleus and Mirza; not shown in 
figure). Bootstrap support is shown for internal nodes (100 replicates). The age of the 
basal node was previously estimated using phylogenetic methods by Yoder and Yang 
(48). The dashed box highlights the five species targeted for genome-wide SNP 
analysis. 

3.3.2 Species tree estimation and divergence times 

The species tree generated from the double digest RADseq (ddRAD) approach is 

largely congruent with the mtDNA gene tree for the five targeted species (illustrated 

with a dashed box in Figure 7), though notably, M. rufus from southeastern rainforest is 

resolved as the sister group to M. berthae from the western regions of Madagascar, south 

of the Tsiribihina River (node B, Figure 8). Data supporting this species tree were 

generated from ddRAD libraries created from 30 individuals across the six species, 

uniquely barcoded with inline barcodes in the first of two paired-end reads. Paired-end 

150 bp sequencing on two Illumina NextSeq runs yielded 557.3 million reads. After 

several quality filtering steps (see Methods) the dataset was trimmed to a total of 340.5 

million reads across 29 samples for analysis with the software pyRAD (Eaton 2014). 

pyRAD yielded 124,916 total loci after removal of putative paralogs and implementation 

of filtering criteria. The 29 samples averaged 57,845 ±13,901 loci. Among the four taxa 

with two or more sequenced samples the average number of loci was 60,076 ±10,387. 

Only unlinked SNPs with no missing data were used for analyses of the geogenetic 

location of samples using the software package SpaceMix (Bradburd et al. 2016). There 

were 1,583 SNPs without any missing data across the four taxa used for SpaceMix 
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analysis (M. lehilahytsara, M. rufus, M. myoxinus, M. mittermeieri). However, when 

individuals from the same sampling location were consolidated and analyzed together, 

this increased to 7,303. We used this latter dataset for all final SpaceMix analyses. 

 

Figure 8: Microcebus tree of genomic SNPs. Maximum clade credibility species 
tree from a BPP analysis of nuclear RAD-seq data. Node labels correspond to those in 
Table 1. All nodes in the tree have 100% statistical support. Blue bars are the 95% 
highest posterior densities of node heights. Species are identified by their 
contemporary geographic range (eastern versus western); plateau, Central Highlands 
plateau. 

The species tree estimated with BPP (Yang 2015) resulted in a posterior 

distribution with high (100%) measures of support for all nodes, including a sister 

relationship for M. lehilahytsara and M. mittermeieri, and a sister relationship for M. 
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berthae and M. rufus. Microcebus myoxinus from western Madagascar was placed as the 

sister lineage to the M. berthae plus M. rufus clade (Figure 8). Posterior branch lengths (τ) 

and nucleotide diversity (θ = 4/Nµ) were converted to geological times of divergence 

and effective population sizes by using priors on the per-generation mutation rate and 

the generation time revealing that the ancestral node for the targeted species has a 

posterior mean age of roughly 500K ypb (Table 2). The divergence times between M. 

lehilahytsara and M. mittermeieri (Node A in Figure 8) and between M. berthae plus M. 

rufus (Node B in Figure 8) are much more recent, with both divergences occurring 

approximately 55K ybp (though note the considerable uncertainty represented by the 

95% credible intervals (Table 2).  

Table 2: Ancestral effective population size (Ne) and estimated divergence 
times. 

Node Ne (✕103) 95% CI 
Divergence 
Time (ka) 95% CI 

E 307 200, 427 545 321, 796 

D 21.5 8.56, 34.5 313 188, 452 

A 79 42.3, 118 52.4 7.42, 112 

C 3.98 1.92, 6.14 290 174, 421 

B 88.4 51.5, 130 17.5 0.51, 52.1 

 

3.3.3 Geogenetic Analysis 

One of the intriguing results of this study was the discovery of a population of 

M. lehilahytsara from a tiny (< 2 km2) forest patch known as Akafobe, in close proximity 

to a series of fragmented forest parcels within the Ambohitantely protected area (Figure 
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9). Though only three individuals were sampled from this locality, the level of genetic 

diversity among these animals at the mtDNA locus is greater than 1% and exceeds that 

of any other single locality from which this species has been sampled.  

 

Figure 9: M. lehilahytsara Sampling Locality Satellite Images. Google Earth 
view of the Ankafobe sampling locality for M. lehilahytsara. Inset A illustrates the 
depauperate environment that currently is comprised of anthropogenic grasslands. 
Areas of green are largely comprised of rice cultivation but suggest the potential for 
naturally occurring forests along these stream basins. Inset B illustrates the extremely 
isolated position of the Ankafobe Reserve. 

As a potential means for testing this hypothesis, we compare patterns of genetic 

diversity within M. lehilahytsaraand M. myoxinus. The two species have inferred ranges 
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that are equivalent in geographic area (as measured in km2), though in the case of M. 

myoxinus, there is the null expectation that ancestral habitat would have been largely 

continuous during the inferred geological timeframe, though it is now highly 

fragmented due to anthropogenic effects. The ancestral habitat for M. lehilahytsara, on 

the other hand, is unknown and dependent on the inferred conditions consequent to the 

“traditional” versus “mosaic” hypotheses. By comparing genetic structure in a 

geographic range among contiguous forests (M. myoxinus) equivalent in area (as 

measured by km2) with a geographic range among mosaic forests within the Central 

Highland species (M. lehilahytsara), we see that the two species show strikingly different 

patterns (Figure 10) and we can infer that the latter has long existed in a mosaic 

environment. T-tests yielded statistically significant differences in genetic distance in 

paired long distance dyads, where average p=9.80x10-4 across the 1,000 randomly 

sampled T-tests, paired short distance dyads, average p=8.59x10-3, and when considering 

long and short dyads together, average p=1.34x10-4 (Figure 11). 
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Figure 10: Genetic and Geographic Distance Species Comparison.A map of 
Madagascar with sampling locations for two focal species, M. myoxinus and M. 
lehilahytsara, hypothesized historical forest type labeled by color, and boxes marking 
the sampling locations used for short and long geographic distance t tests of genetic 
distance. (B) Plot of genetic distance versus geographic distance in within-species 
dyads, colored as on the sampling location map. The dashed and solid boxes on both 
the distance plot and sampling map illustrate the short and long geographic distance 
comparisons of genetic distance being made. The t tests within each box are 
significantly significant at the P < 0.01 level (Figure 11). The line of best fit and 
shaded 95% confidence interval, plotted with R, are matched to the species by color. 
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Figure 11: Short Distance Comparison p-values.The results of T-Test 
comparisons of genetic distance across randomly drawn samples at short geographic 
distances. 

 

Figure 12: Long Distance Comparison p-values. The results of T-Test 
comparisons of genetic distance across randomly drawn samples at long geographic 
distances. 
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Figure 13: Combined Distance Comparison p-values. The results of T-Test 
comparisons of genetic distance across randomly drawn samples at short and long 
geographic distances combined. 

The program SpaceMix was used to visually inspect the historical connections 

among mouse lemurs currently occupying the eastern and western biomes (Figure 6). 

SpaceMix represents the “geogenetic” locations of the samples (drawn as colored haloes 

or ovals) in contrast to their true sample location (the dot of a matching color). The 

arrow connecting the two points in the direction of purported genetic history and 

admixture, inferred by the difference in absolute location of the sample and expected 

location of the genetic data. Each pair of sampling and geogenetic locations represents a 

population, summarized by allele count, and the halo corresponds to a 95% confidence 

interval of the spatial location of the SNP profile. The size of the halo decreases with the 

number of individuals in the population. 



 

76 

 

Figure 14: Microcebus Samples Inferred Geogenetic Locations. SpaceMix-
inferred geogenetic locations of samples based on prior of true sampling site and 
population-consolidated SNP data. Abbreviated names indicate the geogenetic 
centroid, and ellipses represent 95% CI of geogenetic location. The true sampling site 
is labeled with a colored dot, and arrows indicate the geographic direction of genetic 
pull via admixture. 
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Western mouse lemurs show two patterns of particular interest. The first is the 

strong separation of M. myoxinus and M. berthae, consistent with the biogeographic 

separation of these species by a river suggesting that it is a significant barrier to gene 

flow. Microcebus myoxinus dots are pulled northward and M. berthae dots pushed 

southward, thus opposite of what would be expected in the presence of gene flow 

between the species. The second pattern of interest regards the comparison to M. 

lehilahytsara. The full set of M. myoxinus samples (4 populations) are all pulled to a 

central location and all 4 geogenetic confidence intervals overlap. Comparing this to M. 

lehilahytsara in the east, where over a similar geographic range the populations do not 

share any common geo-genetic space. Even excluding the northern M. lehilahytsara 

population, the six southernmost populations occupy two distinct geogenetic spaces.  

There are two stark patterns associated with eastern mouse lemurs. The first, and 

probably most obvious, pattern is the common geo-genetic space shared by M. rufus and 

M. berthae. Though surprising given their present geographic distributions are both 

distant and ecologically distinct, these results are consistent with the species tree 

wherein they are shown to be sister taxa. The second pattern is the shift of M. 

mittermeieri from the northeastern corner of the island back south into the geographic 

range of M. lehilahytsara. This is further indication that M. lehilahytsara displays 

remarkable levels of genetic diversity, despite its fragmented distribution, and that 
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whatever we think of M. mittermeieri’s status as a distinct species it only represents a 

portion of the variation seen across M. lehilahytsara. 

3.4 Discussion 

Using samples across five species of Microcebus we assessed both mitochondrial 

DNA and hundreds of thousands of genomic loci via ddRADseq to deeply assess the 

phytogeographic history of these species. In doing so we aim to both clarify their 

relationships and also provide insight to the change that has occurred on Madagascar in 

the last 100,000 years. 

3.4.1 Whole Genome Phylogeography 

Using whole genome SNP information from the ddRADseq analysis and a BPP-

based divergence time estimates we determined a potential range of geological ages for 

the five targeted species ranging from 500K ybp to 53K ybp (Table 2). The age of the 

basal radiation of these five species is placed well within the Quaternary when climatic 

changes associated with glacial and interglacial periods would have radically and 

episodically desiccated much of the Central Highlands (Burney 1986, 1987, 1988, 1997; 

Gasse et al. 1994). Thus, the results of our study would appear to agree with other 

studies in which Quaternary climatic and vegetation changes have been invoked to 

explain patterns of diversity and speciation in different groups of lemurs (Wilmé et al. 

2006) and mouse lemurs in particular (Olivieri et al. 2008; Schneider et al. 2010). 

According to the results of these data it would be reasonable to hypothesize that these 
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mouse lemur species were diverging and dispersing across the island, apparently with 

little impediment.  

3.4.2 mtDNA Diversity 

While the sampling undertaken for this work, both locally and more generally, is 

too limited for definitive conclusions, we discovered an unexcited level of diversity 

within relative small forest patches. Were further support to be found for this pattern, it 

would be consistent with the hypothesis that remnant forest patches such as Ankafobe 

and Ambohitantely, though clearly impacted by recent degradation due to 

anthropogenic agency, may have experienced alternating episodes of connection and 

isolation with similar relict forests across the Central Highlands.  

Taking this hypothesis to its logical extreme, patterns of genetic diversity within 

and among these relictual habitats would thus share a signature of genetic 

diversification, driven by long-term isolation but punctuated by periods of gene flow. 

These fragments could accurately be described as “museums” of genetic diversity within 

an otherwise desolated grassland savanna with the consequent expectation that patterns 

of gene flow within M. lehilahytsara would be reflective of a fragmented landscape 

wherein dispersal would be highly challenging. 
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3.4.3 Genetic Distances 

To assess historical amounts of gene flow among mouse lemurs, and in doing so 

gain insight into the historical ecology of Madagascar, we compared the relationship 

between genetic and geographic distances for species of mouse lemur who currently 

occupy contiguous forests (M. myoxinus) with those who currently occupy a 

discontinuously forested range. At both short and long distances, the genetic distance of 

M. myoxinus, inhabiting the contiguous forest, was smaller than that of the closely 

related M. lehilahytsara, occurring in the discontinuous mosaic forests. As M. myoxinus 

and M. lehilahytsara have been inhabiting these areas for millennia before the arrival of 

humans, the distinction between these signals provides evidence that the mosaic pattern 

of the Central Highland is a long-standing ecological feature.  

3.4.4 Geogenetic analyses 

The most intriguing results regarding the historical connections of eastern and 

western biomes are visible in the geogenetic patterns among the five targeted species. A 

subtle, but important, result is the sharp separation between M. myoxinus and M. berthae. 

Though their geographic ranges are close, they are actually separated by a river, long 

thought to be a barrier to gene flow. The sharp separation between these halos, in 

addition to the directional arrows showing the genetic signal “pulling” the samples 

away from each other indicate that the river is indeed a barrier to gene flow. 
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Another interesting pattern occurs when a direct comparison is made between 

M. lehilahytsara and M. myoxinus. While all four samples M. myoxinus samples are 

geographically spread out, their genetic “pull” is centrally into an overlapping range. In 

contrast, the M. lehilahytsara samples, taken from a similar geographic range, have 

smaller, distinct genetic ovals that do not share a common overlap or direction. Even 

excluding the most geographically distant M. lehilahytsara sample the others do not share 

an overlap. Directly comparing the two species, these results point to M. myoxinus 

having more gene flow and shared alleles than the M. lehilahytsara and, as one would 

expect, M. myoxinus having more genetic similarity across the species. This genome-

wide PCA method supports the results of the genetic v. geographic distance plots, 

indicating that there is substantial structure built up in M. lehilahytsara relative to M. 

myoxinus and that it is unlikely that it occupied a contiguous forest in the recent past, or 

in the event that it did it was not migrating through it thoroughly or evenly. 

The last observation can be made regarding M. berthae and M. rufus. Whereas the 

actual geographic coordinates of M. rufus fall well into the southeastern forests of 

Madagascar, the genomic DNA signature recovered from the ddRAD data place this 

species squarely in the center of the island, forming a genetic “bridge” between M. 

lehilahytsara and M. myoxinus. Notably, this geogenetic signature reflects the results from 

the species tree wherein western M. berthae is sister to eastern M. rufus. This is in 

complete contradiction to the expectation that western neighbors M. myoxinus and M. 
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berthae would share a more recent ancestry than the geographically distant M. rufus. The 

conclusion that dispersal from east to west (and vice versa) took place during this stage of 

mouse lemur evolution thus seems inescapable. 

3.5 Conclusions 

Taken as a whole, the results of this study have both specific implications 

regarding the timing and geographic patterns of speciation events among the five 

targeted species of Microcebus, as well as more general implications for the inferred 

habitat of the Central Highlands during the period of their diversification. Specifically, 

the genome-wide SNP data indicate that the five target species were undergoing rapid 

diversification during a period of up to two million years leading up to the onset of the 

Quaternary period. Moreover, both the phylogenetic and geogenetic patterns recovered 

by the BPP and SpaceMix analyses yield the unexpected result that M. rufus(or its 

immediate ancestors), at one point occupied a more central and northerly distribution 

though it is now a southeastern rainforest specialist. Thus, this species may at one time 

have acted as a genetic “bridge” uniting the currently eastern-distributed and western-

distributed species. This leads us to the conclusion that natural habitat cover across the 

latitudinal expanse of the Central Highlands, which we suggest was a a mixture of 

wooded savanna and montane forest, must have been interconnected during this period, 

and thus quite unlike the current biome patterns of today, encapsulated within the 

“grassland” hypothesis, where Microcebusdoes not occur in the Poaceae savanna (Figure 



 

83 

6). More subtly and hypothetically, the current distribution of M. lehilahytsara across the 

northern quadrant of the Central Highlands, in conjunction with its distinctly more 

diverged intraspecific patterns of genetic diversity relative to its spatial distribution, 

suggest that it has long existed in an environment unlike that suggested by the 

“traditional” hypothesis of continuous forest, and much more like that envisioned by the 

“mosaic” hypothesis.  

By utilizing next generation sequence methods and data we have examined 

patterns of genetic diversity within and between these five species of mouse lemurs. In 

doing so we have elucidated the relationships between the species to entirely new levels, 

extending previous findings from a handful of genes into the entire genome, and 

providing new insight into the diversity present in single species. We also found 

multiple pieces of evidence supporting the hypothesis that the historic ecology of the 

Malagasy plateau was previously a mosaic of forests and wooded savanna, a region that 

existed as a transitory zone for species from the otherwise distinct ecologies on either 

side of the island. 
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4. Direct measurement of the Mouse Lemur de novo 
mutation rate 

Spontaneous germline mutations are the raw material on which evolution acts 

and knowledge of their frequency and genomic distribution is crucial to understanding 

how evolution operates at both long and short timescales. The rate and spectrum of de 

novo mutations have so far been directly characterized only for a limited set of 

organisms, yet it is critical to investigate a wide range of species to examine the 

generality of patterns that have been identified so far. Using high-coverage linked-read 

sequencing of a family pedigree (n=8) of grey mouse lemurs (Microcebus murinus), we 

estimate the mutation rate at 1.64x10-8 mutations per basepair per generation, an 

estimate that is higher than for most previously characterized mammals. Our result 

underscores the lack of a negative relationship between effective population size and 

mutation rate in primates [as would be predicted by the drift barrier hypothesis], a 

pattern that we show does continue to be visible at broader phylogenetic scales. 

Unexpectedly, we found little sex bias in the parent-of-origin of mutations, a transition-

transversion ratio near 1, and only a modest overrepresentation of mutations at CpG-

sites. Estimates of the mutation rate critically affect estimates of divergence time, 

recombination rates, ancestral population sizes, and other fundamental evolutionary 

processes and parameters. These results both contribute to the understanding of lemur 
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evolution and encourage the continued surveillance of mutation rates across the tree of 

life. 

4.1 Background 

Spontaneous germline mutations (SGMs) are single basepair errors that occur in 

genetic material that is passed from parent to offspring of any sexually reproducing 

organism. The rate at which mutations are introduced into genomes is perhaps the most 

crucial metric of evolution at the genomic level. The accrual of these errors not only 

provides the raw materials for evolution, but also provides us with a metronome-like 

counter of evolutionary time. The accurate measurement of the spontaneous germline 

mutation rate is important to properly contextualize observed evolutionary patterns as 

well as for understanding the evolutionary underpinnings of the rate itself (Ohta 1972, 

Lynch 2010, Gao 2018). Knowing how fast the genome is changing, and perhaps as 

importantly, how fast discrete genomic regions are changing, is important for 

understanding how organisms evolve. Quantification of variation in mutation across the 

tree of life informs how the rate has changed between species and potentially points to 

the evolutionary setting and pressures species have experienced (Martin 2017). Lastly, 

by establishing the rate of genomic change in the absence of fossil calibrations or other 

temporal anchors, investigators can accurately calculate species divergence time directly 

from genomic data. 
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Approaches for estimating the rate of mutation in vertebrates generally fall into 

one of two groups: indirect, or phylogenetically-based estimates, versus direct, or "trio-

based" estimates (Scally 2012). While the indirect method was the gold standard prior to 

the advent of next generation sequencing technologies, these technologies have now 

enabled a new era of direct mutation rate measurement among previously 

uncharacterized species (Smeds 2016, Pfeifer 2017a, Feng 2017, Thomas 2018). 

The indirect, or phylogenetic, approach has been absolutely vital to early 

estimates of mutation rates in vertebrates (e.g., Kumar 2002). But, given that 

phylogenetic branch lengths are the product of rate and time, their use in indirect 

methods relies on an independent and external measure of time. In a typical divergence-

time study putatively homologous regions of each genome are aligned, and basepair 

changes along branches are calculated (Nachman 2000, Zhang 2007, Yang 2006, 

Drummond 2006, Thorne 2002, Thorne 1998). With temporal calibration implemented 

with fossils or other external criteria, investigators can then calculate rate as an estimate 

of the number of substitutions per year along specific phylogenetic lineages. Though 

these methods have been fundamental to our understanding of evolutionary rates 

(Lynch 2016), they are known to suffer from violation of the molecular clock, 

inaccuracies in external calibration points, and the difficulties of recovering multiple 

overlapping changes (i.e., "multiple hits") at any given site (dos Reis et al., 2016). Thus, 

we must consider these phylogenetic estimates as imprecise approximations that rely on 
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measuring changes that are putatively fixed between species. Moreover, these estimates 

are generally insensitive to subtle differences in rate between genomic regions (Scally 

2012). 

Direct estimation of the mutation rate avoids most of the limitations of the 

indirect method as it compares mutations that occur over a single generation by 

sequencing either pedigreed, related cohorts, or known parent-child trios. The direct 

method does not require an independent measure of the time to most recent common 

ancestor for the sequences being compared, nor does it require that changes be fixed 

within a population. Rather, the direct count of mutations occurring from parent to 

offspring captures the evolutionary process in real time. Given the simple nature of 

allelic inheritance, the logical assumption might follow that the detection of spontaneous 

mutations is a counting task, and therefore, the subsequent estimation of mutation rate 

simply a division problem. In fact, the process is quite complicated with unexpected 

caveats that we have attempted to anticipate and account for in this study. To date, 

direct mutation rate estimation studies have been somewhat limited in taxonomic scope 

(Table 3), the sequencing and assembly of genomes has paved the way for the direct 

estimation of mutation rate and the characterization of its genomic spectrum and 

localization of hotspots.  

A reliance on existing genomic resources and infrastructure has contributed to 

the model organism bias that currently shapes our understanding of mutation rates 
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(Uchimara 2015, Scally and Durbin 2012, Venn 2014, Jonsson 2017). Even without 

parent-offspring studies large datasets of short-read sequencing, more common among 

model species, can be leveraged to infer mutation rates from rare variants (Harris & 

Pritchard 2017). And because genomes for these organisms have been assembled and 

thoroughly sequenced many times over, short reads map sufficiently well to yield 

confident mutation counts. It follows that the theories of how the mutational process 

changes, both in rate (Lynch 2010) and genomic location (Kim 2006), have been 

formulated and tested largely within the realm of model species. Even when indirect 

mutation rate estimates exist they lack information regarding the genomic spectrum and 

location of mutations and thus limit insight into evolution. 

Many recent studies producing directly estimated mutation rates have confirmed 

the relationship between the mutation spectrum, hypermutation among exposed CpG 

sites, and protective nature CpG islands. The discovery that methylated CpG sites have 

higher mutation rates goes back to sequence comparisons made several decades ago 

(Bird 1980). While CpG sites have higher mutation rates (Erlich 1981, Hwang 2004, Kim 

2006, Kong 2012) the C’s and G’s within CpG islands, localized overrepresentations of 

GC content, are less likely to be methylated and are generally protected from mutations. 

These islands are often present at the start of genes or near gene promoters. In most 

mammals studied thus far CpG sites have been found to contain an overrepresentation 

of mutations, ranging from 17% up to 26.8% of total genome-wide mutations (Venn 
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2014, Thomas 2018, Gao 2018), despite comprising less than 10% of the genome. 

Additionally, because these mutations are due to a chemical deamination process rather 

than biological replication errors, they are not correlated with parental age or generation 

time like the majority of mutations in the genome (Kim 2006, Pfeifer 2012, Thomas 2018). 

Gathering more direct, non-model mutation rate estimates will shed light on how these 

processes evolve. 

Recently there has been an increasing prevalence, power, and affordability of 

sequencing technologies and the number and quality of assembled genomes (Goodwin 

2016). With the increased ease and reduced costs of genome sequencing (Mardis 2017) it 

is now possible to obtain direct estimates of the mutation rate in non-model species 

(Smeds 2016, Feng 2017, Pfeifer 2017a, Martin 2018), a development that is expanding 

our understanding of the phylogenetic and genomic parameters by which mutation 

rates have evolved. Currently, the approach of 10x Genomics (Weisenfeld 2017) stands 

out as particularly useful for characterizing mutation rates as it simultaneously offers 

the high quality of short read data and the mapping and haplotype information 

normally associated with longer read lengths. The high-quality short reads provide 

confidence when calling individual variants, a crucial step to identifying de novo 

mutations and an overall mutation rate. Linking these short reads together improves the 

mapping quality of long reads to the genome which decreases the number of incorrectly 

mapped reads and improves sequence quality which is especially important in large and 
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repeat-rich genomes (Chaisson 2015). Additionally, the phasing information provided 

by linked reads allows for the imputation of the parent of origin through just two 

generations of sequencing. By knowing the sequence that surrounds the haplotype 

containing the mutation, we can assign that haplotype as either maternal or paternal.  

In this study, we combined 10x Genomics linked reads with current methods at 

the forefront of mutation rate estimation (Long 2016, Winter 2018) to accurately estimate 

the number of detectable sites. Further, we accounted for two sources of error in the 

inferred mutation rate - the uncertainty of the estimate itself and the potential error 

introduced by variant calling mistakes. 

Our study focuses on the gray mouse lemur, a member of a radiation of 

morphologically cryptic species distributed throughout Madagascar (Hotaling et al. 

2016). It is currently unclear which factors have contributed to the diversification in this 

clade, and in order to study this we need an accurate temporal context to correctly 

estimate speciation rates and to correlate speciation events with historical climatic 

events. Yet, given that there is no fossil record within the clade, or even within the larger 

outgroup lemuriform clade, it has been a challenge to estimate the age of speciation 

events. Several dating methods have been attempted: indirect phylogenetic methods 

have produced estimates of many millions of years (Yang & Yoder, 2003) and coalescent 

methods have yielded much more recent ages (Yoder et al., 2016). As a conservative first 

approach in prior work, species ages were estimated with mutation rate priors bounded 
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by mouse and human rate measures (dos Reis et al. 2015, Yoder et al. 2016). This 

statistically cautious approach was the best available at the time but yielded large 

uncertainties around speciation age estimates. By measuring the mutation rate directly, 

we simultaneously expand our knowledge of the rate of evolution generally and allow 

the estimation of divergence times within this radiation. 

Table 3: Mammalian Mutation Rates. Recent direct estimates of mammalian 
mutation rates a-Besenbacher 2019, b-Tatsumodo 2017, c-Jonsson 2017, d-Pfeiffer 2017, 

e-Thomas 2018, f-Uchimura 2015. 

Species Method Year Rate 

P. abelii Pedigree 2019a 1.66×10⁻⁸ 

P. troglodytes Pedigree 2017b 1.48×10⁻⁸ 

H. sapiens Pedigree/Large Scale 2017c 1.29×10⁻⁸ 

C. sabaeus Pedigree 2017d 9.4×10⁻⁸ 

A. nancymaae Population 2018e 8.1×10⁻⁸ 

M. musculus Pedigree/Experimentation 2015f 5.4×10⁻⁹ 

 

We deeply sequenced a family pedigree of gray mouse lemurs (Microcebus 

murinus, n=8), including a mother, father, and two offspring to accurately identify and 

count de novo germline mutations as well as to assign the parent-of-origin to de novo 

mutations. We use long-molecule technology for accurate haplotype reconstruction 

which increases call confidence and yields parent-of-origin information for most 

mutations. Via this estimation we aim to test several current theories of mutation rate 
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evolution generally and improve our ability to estimate species ages within Microcebus 

specifically. This work thus has the capacity to both improve our understanding of 

mutation rate across vertebrates and mammals and to provide insight into the 

evolutionary history of Microcebus and other endemic Malagasy primates. 

 

4.2 Methods and Materials 

4.2.1 Samples 

Eight individuals were selected from the DLC’s mouse lemur colony consisting 

of a focal family of four, two parents and two offspring from separate litters, an 

additional half-sibling to the offspring, and three other individuals in the maternal 

lineage. Four of the eight selected samples were colony founders, which had been 

transferred from the mouse lemur colony in Brunois, Paris, France in 2003. 

Blood and tissue samples were collected from these individuals during annual 

veterinary check-ups. High molecular weight DNA was extracted with the Qiagen 

MagAttract kit (Qiagen, Germantown, MD, USA) and 10X Genomics library preparation 

was performed at the Duke Molecular Genomics Core. 

4.2.2 Sequencing 

The eight individuals comprised nine independent sequencing samples; every 

individual was sequenced once, and the focal paternal sample was prepared twice and 

sequenced as two separate samples. Libraries were sequenced at the Duke Center for 
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Genomic Computational Biology (GCB) Sequencing and Genomic Technology Shared 

Resource across two flowcells (nine total lanes) of a HiSeq 4000. The run was 150 

basepairs, paired end with an average insert size of 554bp (range: 527-574bp). A single 

lane was run as a test of the 10x Genomics LongRanger analysis software and was 

analyzed to confirm successful indexing and preparation of the samples. After 

confirmation, the additional eight lanes (an entire flowcell) were run. All data was 

combined for downstream analyses (SRA accession number). 933,337,210,328 bases were 

generated across nine samples and nine lanes. 

4.2.3 10x Genomics Pipeline 

After sequencing the Illumina run folder, with basecall (.bcl) files intact, were 

obtained for demultiplexing and analysis in 10x Genomic's LongRanger v2.2.1 pipeline. 

933,337,210,328 bases were generated across nine samples and nine lanes. The number of 

bases passing filtering was 828,315,644,211. Average genomic coverage was 34.5x across 

nine samples. The LongRanger pipeline was implemented on the Duke Scalable 

Computing Resource. The alignment was conducted with respect to the latest gray 

mouse lemur genome (version 3.0, GCF_000165445.3) and variant calling was handled 

by the Genomic Analysis Toolkit (v3.8), implemented within LongRanger v2.2.1. 

Basecall (.bcl) files were demultiplexed and analysed using 10x Genomic's 

LongRanger v2.2.1 pipeline. Average genomic coverage after filtering was 34.5x across 

the nine samples. The LongRanger pipeline was run on the Duke Scalable Computing 
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Resource for approximately 2,000 hours (10 days of compute time per sample). 

Sequences were aligned to the latest gray mouse lemur genome assembly (version 3.0, 

GCF_000165445.3) and variant calling was handled by the Genomic Analysis Toolkit 

(v3.8), implemented within LongRanger v2.2.1 (Van der Auwera et al. 2013; Weisenfeld 

et al. 2017). The mean sample N50 scaffold length generated within the 10x Genomics 

LongRanger alignment pipeline was 1.18Mb. 

4.2.4 DeNovoGear 

LongRanger alignments were used to find de novo mutations within the two focal 

family offspring. Several methods were used to in finding mutations. First, the software 

package DeNovoGear (Ramu 2013) was used to analyze the LongRanger variant call 

files (.vcf) with default settings. As a follow-up, the software package VarScan2 was 

used with LongRanger binary alignment files (.bam) to confirm that the de novo 

mutations found with DeNovoGear could be confirmed.  

Finally, de novo mutation hits were confirmed by checking independently with 

each replicate of the sire. Hits were also checked for absence in all other pedigree 

individuals as well as additionally sequenced samples from a diversity panel of gray 

mouse lemurs. The final list of mutations were filtered for quality by offspring de novo 

quality (min DNQ of 100), offspring map quality (min MQ of 50), and depth of coverage 

(min coverage of 20) in the parents. 
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4.2.5 Detectable Mutation Test 

We conducted a test to determine the true number of sites at which a mutation 

would be detectable, hereafter referred to as an “allele drop test” (Long 2016, Winter et 

al 2018). This test increases the accuracy of the number of base pairs used in the 

denominator of the mutation rate calculation. It estimates the proportion of sites at 

which a de novo mutation would have been discoverable by our methods. This test 

consisted of adding 1,000 known false de novo mutations into the pedigree with the 

software BAMsurgeon (Lee 2018). These mutations were added as heterozygotes, by 

changing half the aligned bases in the bam file at a site to the non-reference allele. After 

this manipulation the same methods were used to find de novo mutations, and the results 

were mined for the 1,000 sites. By conducting this “allele drop” test we were able to 

estimate in which fraction of the genome de novo mutations would have been found, 

were they to have occurred. Going forward with this number as the denominator in the 

mutation rate calculation yields a more accurate measure of the rate than using total 

bases, total autosomal bases, or even calculations based on a minimum depth of 

coverage because it produces an accurate picture of where mutations can be found via 

our methods. 

4.2.6 Mutations at CpG sites 

CpG islands were identified by two independent methods and compared to 

measure the number of mutations within them. First, the software (EMBOSS:cpgplot, 
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Chojnacki 2017) was used on the latest gray mouse lemur genome (3.0, 

GCF_000165445.3) to identify regions that met the threshold of a CpG island (200 bp, 

over 50% CG content). Then, to confirm these annotations a fasta file of CpG-annotated 

regions of gray mouse lemur genome 2.0 (GCF_000165445.2) was downloaded from the 

UCSC genome browser. A blast (Altschul 1990) database of the latest gray mouse lemur 

genome (3.0, GCF_000165445.3) was created and the annotations were queried to 

determine the coordinates of the 2.0 CpG annotations in the 3.0 genome release used for 

mapping and assembly. While the concordance between these methods was over 95% 

out of an abundance of caution only the CpG islands (a total of 67,673 annotations) 

confirmed via both methods were used in the analyses. 

With these coordinates in-house bash scripts (see my github) were used to 

determine the location of each mutation with respect to CpG islands and coding regions. 

To measure distribution of mutations relative to the null expectation, a permutation test 

was conducted of the 1,000 false mutations generated for the allele drop test. A set of de 

novo mutations were randomly sampled, without replacement, to compare the distance 

to CpG islands with the true set. 

4.2.7 Parent of Origin 

Custom in-house bash scripts were used in combination with the phased variant 

call files produced by LongRanger to assign the mutations to a maternal or paternal 

chromosome. In brief, these methods took input of the three family individuals and a 
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mutation location. The surrounding haplotype that contained the mutation was directly 

compared to the parental haplotypes at the same location to determine a match. As these 

individuals are all related members of a colony, dam and sire often shared similar 

haplotypes. Caution was used when the mutation-bearing haplotype was found in both 

parents, resulting in less than 100% parent-of-origin assignment of mutations. 

 

4.2.8 BPP 

Using BPP (BPP 4.0, Yang 2015) we reran data from a past study (Yoder et al 

2016) to measure the effect of the directly estimated mutation rate on the phylogenetic 

tree of mouse lemurs. BPP ran on 3 chains for 20,000 cycles, and convergence was 

checked by plotting the resulting theta values from each chain. Using BPP’s output and 

the software bppr (dos Reis, https://github.com/dosreislab/bppr) we plotted the tree with 

the original mutation rate (a mouse and human-based prior) and the directly estimated 

mutation rate (calculated herein, with confidence intervals). While in the new version of 

BPP (v4.0) the theta prior has changed from a gamma distribution to an inverse-gamma 

distribution, the resulting tree has the same topology and branch lengths as the one 

originally produced for the previous publication. 
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4.3 Results 

4.3.1 Mutations 

To identify de novo mutations, we initially used denovogear (Ramu 2013), then 

checked the results with the 10x haplotype visualization software Loupe (Weisenfeld 

2017). Finally we confirmed the mutations this using an independent mutation 

identification analysis, VarScan2 (Koboldt et al 2009). In total, we assessed 4,542,770 

variants across eight related individuals to discover 134 total de novo mutations in two 

focal offspring (Omale & Ofemale). Of these, 125 were located on autosomes and 9 were 

located on the X chromosome. Across the two sequenced offspring, 71 mutations were 

found in Ofemale, with seven on the pair of X chromosomes, whereas 63 were found in 

Omale, with two on the single X chromosome. The average depth of coverage for the 134 

mutations was 170 reads (170.2, SD=79.95). 

Table 4: de novo Mutations. Number of de novo mutations and implied 
mutation rate of each focal individual, broken down by chromosomal location. 

    Chromosome Haplotype   
Focal 

Individual 
de novo 

Mutations Autosomes X Maternal Paternal Rate 

Ofemale 71 64 7 23 27 1.71×10⁻⁸ 

Omale 63 61 2 20 24 1.56×10⁻⁸ 
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Figure 15: Focal Family Quartet with Mutations. Focal family quartet with 
parents (P), offspring (labeled O) and sex (subscript m – male, or f – female). Lines 
represent familial relationships as in a traditional pedigree, with thickness and color 
reflecting the number and source of de novo mutations passed down (red is from 
male parent, blue from female parent, gray is undetermined origin). Line color 
represents source and shading represents destination (lighter shading to Om, darker to 
Of). Numbers within bars show mutation counts and the rate of each individual 
offspring is listed below (see Table 2).  

4.3.2 Mutation Rate and Spectrum 

We estimate that the mutation rate in this family quartet is 1.64x10-8 mutations 

per basepair per individual per generation or roughly 40 mutations contributed per 
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parent. This estimate is a weighted average of the rates on the autosomal and X 

chromosomes, with the total number of discovered mutations on each (autosome, n=125, 

and X chromosome, n=9) divided by the number of sites where a mutation was 

detectable given our methods (Long 2016, Winter 2018). To estimate the number of 

detectable sites, we artificially generated 1,000 mutations placed randomly across the 

entire genome within the offspring sequence data (on the autosomes, 801 of 952 

generated mutation were detected, whereas on the X chromosome, 39 of 48 were 

detected). Thus there is an expectation that it would be possible to discover a de novo 

mutation occurring at 840 of the total 1,000 randomly chosen sites, or roughly 84% of the 

gray mouse lemur genome. Extending this percentage to the entire genome yields 

roughly 2.1 billion total genomic sites where, if present, a de novo mutation could have 

been detected; 84.1% of the baes on autosomes and 81.3% of the bases on the X 

chromosome. 

To calculate the confidence interval around this estimate, we assume that the 

total number of mutations inherited by an offspring follows a Poisson distribution 

(Appendix D). Given that an average of 67 mutations were found in each of the focal 

offspring, the 95% credibility interval for the estimate is between 56.5 and 79.1 mutations 

per genome, which translates to an interval of 1.41x10-8 - 1.98x10-8 mutations per 

nucleotide site around the estimated rate. To calculate the expected number of false 

positive and false negative results we utilized the duplicated sample to estimate the 
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error rate based on variant presence and absence (Appendix E). These calculations 

yielded an expectation of 6.46 false positive de novo mutations and 37.51 false negative de 

novo mutations from the total of 134 de novo mutations and 1.968 billion potential 

mutation sites. 

The transition:transversion (Ti:Tv) was 1.03 with 68 transitions and 66 

transversions. The number of strong-to-weak (SW; C/G>A/T) and weak-to-strong (WS; 

A/T>C/G) were nearly identical (31 and 30, respectively). The most common two 

categories of de novo mutation type were G>A and C>T changes (Figure 14). 

 

Figure 16: Microcebus murinus mutation spectrum. De novo mutations 
displayed by type of base change (spectrum) and displayed by location with respect 
to CpG sites. The base changes have been collapsed by reverse complement for 
simplicity and in accordance with convention (Venn 2014, Thomas 2018). For example 
the A>C mutation column includes A>C and the reverse complement T>G. 
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Table 5: Mutation Rates in Gray Mouse Lemurs. Mutations rates in gray mouse 
lemurs, broken down by method. Rates measured broken down by chromosome type. 

Bases reflect total assembled basepairs, not denominator used for rate calculation. 

Method Chromosomes Bases 
  

Rate 
  

Measured Autosomes (n=33) 2,323,491,814 1.60×10⁻⁸ 

Measured X 146,735,467 2.52×10⁻⁸ 

Measured All 2,470,227,281 1.64×10⁻⁸ 

4.3.3 Effective Population Size and Mutation Rate 

Our estimate of the mouse lemur mutation rate falls above the mean of known 

mutation rates among the growing number of mammals that have been directly 

measured (5.4x10-9 – 1.66x10-8, mean value = 1.08x10-8), but within confidence intervals 

placed on prior estimates (Scally & Durbin 2012, Besenbacher 2019). Using an MSMC 

analysis, we estimated a harmonic for the effective population size of grey mouse lemur 

across the last 50,000 years to be approximately 41,000. At a broad scale, the mutation 

rate of mouse lemurs is in line with the theoretical expectations based on a relationship 

between effective population size and mutation rate (Figure 15) (Lynch 2010, Sung 2012). 

However, within primates, this relationship clearly does not hold, with the two species 

with largest Ne, orangutan and mouse lemur, also having the highest mutation rate. 
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Figure 17: Mutation Rate and Effective Population Size. The linear 
relationship between mutation rate and effective population size for animals with 
directly estimated mutation rates (for data see Table 4). Categories are identified by 
color. 
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Table 6: Animal Mutation Rates. Directly estimated animal mutation rates and 
effective population sizes (Ne) across animals in Figure 15. 

Directly Estimated Animal Mutation Rates 

Species Mutation Rate Ne Author Year Category 

Human 1.20X108 1.00X104 Many 2017 Primate 

Chimp 1.27X108 1.10X104 Besenbacher 2019 Primate 

Gorilla 1.13X108 3.00X104 Besenbacher 2019 Primate 

Orangutan 1.66X108 2.68X104 Besenbacher 2019 Primate 

Green Monkey 9.40X109 1.20X104 Pfeifer 2017 Primate 

Mouse Lemur 1.64X108 4.10X104 This Study 2019 Primate 

Mouse 5.40X109 7.50X104 Uchimara 2015 Rodent 

Platypus 7.00X109 2.00X104 Martin 2018 Monotreme 

Cow 9.70X109 3.70X104 Harland 2017 Bovid 

Flycatcher 4.60X109 3.00X105 Smeds 2016 Bird 

Herring 2.00X109 4.00X105 Feng 2017 Fish 

Bee 6.80X109 4.73X105 Yang 2015 Insect 

Butterfly 2.90X109 2.00X106 Keightley 2015 Insect 

Fly 2.80X109 1.40X106 Keightley 2014 Insect 

 

4.3.4 CpG Sites 

As expected none of the 134 de novo mutations were found within CpG islands, 

which constitute roughly 4% of the Microcebus murinus genome. This lower rate matches 

findings in methylated regions of other mammalian genomes. There were six total 

mutations found at CG dinucleotide sites constituting 4.5% of all de novo mutations. This 

is roughly double the randomly expected hit rate of 1.9% of the genome consisting of CG 

sites and is a significant departure from random allotment, as determined via a 

permutation test (Figure 16). However, this was well below the rate previously 

cataloged among other studied mammals. In those studies anywhere from 15-25% of de 
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novo mutations occur at CpG sites, a 10-50x increase from the similar 2% of the genome 

consisting of CG sites (Hwang 2004). 

 

Figure 18: Mutations at CpG Sites. Permutation test results for the number of 
randomly placed mutations that occur at CG dinucleotides (from 840 discovered allele 
drops only). Black line is the true number of mutations found at CG sites (6). Most 
randomly drawn sets of 134 mutations showed less than or equal number of 
mutations within CG sites with two mutations being most common, p < 0.05. 

4.3.5 Parental Origin of Mutations 

Using the haplotypes produced as a result of 10x Genomics linked-read 

sequencing we were able to assign parental origin for 94 out of 134 (70%) de novo 

mutations. Among those assigned mutations, 54% (n=51) were found on the offspring’s 

paternal haplotype while the remaining 46% (n=43) were found on the offspring’s 

maternal haplotype. Based on this data we find no evidence for a significant sex bias in 

mutations among the focal family. 
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4.3.6 Improved Timetree 

Using the directly estimated mutation rate, we have recalculated the most recent 

genus-level timetree (i.e., age-calibrated phylogeny). Applying the newly estimated rate 

of 1.64x10-8 mutations per generation significantly reduces the uncertainty in age 

estimates around the speciation nodes (Table 7). The faster rate also has a pronounced 

effect on the divergence times, placing them in the more recent past (Fig 17). 

Table 7: Improved Divergence Time Estimation. Ancestral effective population 
size (Ne) and estimated divergence times as determined by BPP and bppr. Table 

includes results for the previous estimate (Yoder 2016) and the directly measure rate, 
with node labels corresponding to Figure 17. 

Directly Estimated Rate 

Node Ne (✕103) 95% CI Divergence 
Time (ka) 95% CI 

E 155 129, 182 275 198, 357 

D 10.8 5.29, 14.5 157 117, 201 

A 39.8 25.9, 53.1 26.4 4.79, 54.8 

C 2.01 1.19, 2.67 146 107, 187 

B 44.5 30.8, 57.7 8.84 0.30, 26.0 

Previous Rate Estimate 

Node Ne (✕103) 95% CI Divergence 
Time (ka) 95% CI 

E 307 200, 427 545 321, 796 

D 21.5 8.56, 34.5 313 188, 452 

A 79 42.3, 118 52.4 7.42, 112 

C 3.98 1.92, 6.14 290 174, 421 

B 88.4 51.5, 130 17.5 0.51, 52.1 
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Figure 19: Mutation Rate’s Impact on Phylogeny. Densitree plot of trees from 
BPP analysis and bppr plot of previously published mouse lemur RADseq data. 
Divergence times estimated with either the previous rate estimate (red) or the directly 
measured rate (blue). Data is also displayed in Table 4, matched by node labels (A-E). 

4.4 Discussion 

We have estimated the mutation rate of the grey mouse lemur at 1.64x10-8 

mutations per generation, which is in line previous findings among primates 

(Besenbacher 2019) and, at a broad scale, with expectations from the drift-barrier 

hypothesis linking mutation rate and effective population size (Figure 15). We 

categorized the mutation spectrum, which matched that found in other mammals, 

determined the ratio of transitions to transversions (Ti:Tv) and the balance of strong-to-

weak (SW; C/G>A/T) and weak-to-strong (WS; A/T>C/G) mutations to both be near one. 

In inspecting the genomic context of mutations among this quartet we an elevated rate 

of mutations at CpG sites (4.5%) relative to the genome-wide, null expectation. After 
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using the long phasing blocks generated by the 10X Genomics linked-read method we 

were able to determine the parent of origin for a majority of mutations and found a 

roughly equivalent contribution of mutations by male and female parents to offspring. 

Finally, the estimated mutation rate and 95% confidence intervals allowed the 

reexamination of the timing of species relationships across the genus, and in concert 

with previously analyzed data we found that the species were younger than previously 

thought, including a reduction of some species ages to within 20-50kya. 

4.4.1 Mutation rate differences across species 

Our estimate is among the highest among direct estimates for mammals, being 

very close to the recent estimate in Orangutans (Besenbacher 2019). Our estimated 

mutation rate corroborates the recent finding that non-human primates show higher 

mutation rates than humans (Besenbacher 2019). More generally, within primates, there 

does not appear to be a strong negative correlation between the effective population size 

and the mutation rate, as would be predicted by the drift barrier hypothesis (Lynch 

2010, Sung et al 2012). Nevertheless, across a broader phylogenetic scale, this negative 

relationship is clear (Figure 15). Without a doubt primates have been oversampled 

relative to other groups, so our own selection and focal biases could be responsible for 

the distinction between primates and other groups. There is also the distinct possibility 

that the drift-barrier hypothesis and the limitation that effective population size has on 

mutation rate acts so slow as to only appear across large timescales and population size 
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changes. Moreover, given that the mouse lemur is the smallest living primate, with the 

shortest generation time within the primate clade, this result is a clear violation of recent 

interpretations of the correlation between these life-history characteristics and 

spontaneous mutation rates (Thomas et al., 2018) 

4.4.2 Novel Mutation Rate Characteristics 

Though our study has provided evidence in support of several widely held 

theories of mutation rate evolution, there is also evidence that runs counter to other 

longstanding findings. The abundance of mutations at CpG sites matches earlier 

mammalian findings. Though we did find an elevated rate of mutations at CpG sites 

(4.5%) relative to genome-wide abundance of said sites (1.9%), this increase was far 

lower than expected (Gao 2018, Thomas 2018, Venn 2014, Besenbacher 2019) and 

represents the most striking finding of this study. The ratio of transitions to 

transversions (Ti:Tv) was 1.03, lower than in other animals (Venn 2014, Smed 2017, 

Besenbacher 2019). A similar difference was found in the balance of strong-to-weak (SW; 

C/G>A/T) and weak-to-strong (WS; A/T>C/G) mutations. While prior studies have found 

that more mutations occur away from C’s and G’s. These trends are linked by a shared 

impact on the overall mutation spectrum, it is difficult to measure a change in the Ti:Tv 

ratio without impacting the strong-weak ratio. We also found a roughly equivalent 

contribution of mutations by male and female parents, which differs from the typical 

male bias found among primates (Gao 2018, Thomas 2018, Venn 2014, Besenbacher 
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2019). It is conceivable that the changes in mutation spectrum are all mediated, in part, 

by the differences in mutations occurring at CpG sites. Additionally, the lack of CpG 

mutations in tandem with the relatively rapid generation time of mouse lemurs is a 

conceivable explanation for the parentally balanced sourcing of these mutations. All of 

these discrepancies could be the cause, or the effect, of a greater mechanism that 

deserves more thorough examination, both to understand the evolution of the mutation 

rate and the downstream affects that it may have on other genomic processes such as A-

to-I RNA editing (An 2019). 

Mouse lemurs differ from other tested species in a number of ways which all 

provide possible causative factors for the discrepancy in rate and genomic pattern of the 

mutations. In the mouse lemur genome, CpG islands are in greater proximity to genes 

than in other primates (humans and chimpanzees) or mice (Figure 18). Because CpG 

islands are significantly closer to genes in mouse lemurs there may be more direct 

interaction with gene function, leading to more constraint on CpG islands and even at 

CpG sites that are no longer within the protective cover afforded by CpG islands. 

Further, the individuals here characterized come from a breeding colony consisting of 

many closely related animals, which is not uncommon for laboratory populations such 

as mice, but provides a contrast with the same measurements in humans. Further, 

mouse lemurs have the shortest time to breeding age and therefore the shortest 

generation time among primates, unique life history traits among the other censused 
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species. Finally, they are the only strepsirrhines currently measured and are, 

conservatively, at least 50 million years diverged from other primates. Any or all of 

these factors could be causes for the different rate, location, and spectrum of de novo 

mutations, though further measurement of the mutation rate across primates and related 

mammals is needed to further identify potentially confounding variables. 

 

Figure 20: Violin plot of CpG Island and Gene Proximity. Violin plot of the 
log(distance) from each CpG island to nearest gene for gray mouse lemur (Mmur), 
human (Hsap), chimp (Ptro), and mouse (Mmus). Gray mouse lemurs have a lower 
max, 75th percentile, median and 25th percentile than any of the other species. 
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4.4.3 Diversification rates in mouse lemurs 

Beyond the broad goal of shedding light on the evolution of mutation rates, the 

direct estimation from mouse lemur pedigree data allows for more accurate estimates of 

species divergence dates than was previously possible in this or other lemuriform 

species. Notably, the measured rate is higher than the rate previously estimated for use 

in phylogenetic reconstruction and divergence time estimation, which considerably 

reduces the estimated time to most recent common ancestor (TMRCA) in mouse lemurs.  

Direct and indirect methods of mutation rate estimation often yield different 

results, with most cases the direct estimation of the mutation rate being higher than the 

indirect, phylogenetic, rate. Knowing both serves two main, related, purposes. It can 

help elucidate the pattern of differences across the tree of life between the direct and 

indirect rates, which could eventually provide useful information to solve this problem. 

Work towards those goals is already underway among the most heavily sampled taxa 

such as apes (Besenbacher 2019). Knowing both rates helps provide the best estimate of 

past biological events and generate more accurate predictions of past species. 

More accurate timetrees will help us better understand mouse lemur 

diversification, a desirable goal given that the genus Microcebus is one of the most 

species-rich clades among all primates (Weisrock 2010). Specifically, this enables 

investigators to more accurately correlate past climate and geological data with species 

ages for better understanding the impact of ecological change on speciation rates, as well 
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as for interpreting the impacts of human arrival on the native fauna and flora 

(Vorontsova 2016). Given the critical and endangered status of these and other 

lemuriform species, these developments may help motivate conservation efforts and 

improve the decisions made regarding these policies (Brown 2015). 

4.4.4 Methodology and caveats 

These findings not only underscore the importance of measuring mutation rate 

in a variety of species, but also for doing so with linked-read sequencing technology that 

increases mapping confidence, provides haplotypes for determining sex-biases and 

overall aids placing the mutation rate in genomic context. By eliminating potentially 

spurious sites of the genome by depth of coverage and allele drop simulations, we are 

confident that this calculation therefore provides a more conservative denominator for 

mutation rate calculations. The use of a replicated sample also contributes to the 

conservative nature of this estimate, by requiring that the mutations identified were 

present regardless of which replicate was analyzed. Despite our best efforts to develop 

an accurate and conservative method for determining the de novo mutation rate, our 

results are not immune to problems presented by small sample sizes. The overall rate 

and genomic distribution of mutations is stable across the sequenced offspring and 

duplicated paternal individual, conferring confidence in these measurements and 

conclusions. In contrast, the mutation spectrum was variable across individuals 

indicating that these results should be interpreted with more caution. 
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The methods described here can be utilized to study the evolution of mutation 

rate throughout the tree of life. Via the construction of de facto long reads, the 10x 

technology produces sufficient haplotype data to prevent the need for multiple 

generations of sequencing. The same technology makes genome assembly feasible with 

relatively low coverage (60-fold), which in turn enables assembly of a high-quality 

genome and direct estimation of mutation rate in a single study. Though mutation rates 

have already been estimated for a number of model organisms, progress in 

understanding mutation rate evolution depend on estimates from a wide range of 

species across the tree of life, which will necessary include many non-model organisms. 

It is our hope that the details of our study will provide an encouraging pathway for that 

work. 
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5. Rates of Sperm Gene Evolution Across Microcebus 

Although mouse lemurs have been the recent focus of next generation 

sequencing methods, the initial applications of these data have been centered around 

understanding the relationships among and between the species rather than the 

mechanisms that underlie the diversification of the species radiation and/or maintain 

species boundaries. Herein I compare the rates of positive selection within sperm 

fertilization-related genes, sperm construction-related genes, and a set of randomly 

drawn genes to determine if the former are under more selective pressure than the latter. 

As the null hypothesis, I would expect the sperm-mediating genes to be under more 

intense positive selection with the assumption that they are directly related to 

reproductive success, and thus directly relevant to fitness. These comparisons show that 

there is higher dN/dS (a measure of positive selection) in sperm fertilization-related 

genes relative to sperm construction-related genes and random genes. These results 

provide molecular data that support our current understanding of the behavior and 

lifestyles of these primates. They also highlight what could be an underlying mechanism 

of speciation among these highly speciose primates of Madagascar. Ultimately this 

represents a step towards understanding the evolution of lemurs by applying genomic 

data to answer the how and why of speciation in this clade of primates. 
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5.1 Background 

Among the mouse lemur’s life history traits are several signs of rapid speciation. 

Mouse lemurs are spread across a large, ecologically diverse landscape which, in 

combination with their limited home ranges, may allow for the buildup of genetic 

differences that often lead to speciation as seen in other organisms (Coyne & Orr 2004, 

Thorpe et al. 2008, Crispo et al. 2006, Wang et al. 2013, Safran et al. 2016). Beyond being 

speciose, mouse lemurs exhibit life history traits that are potentially consistent with 

selection working to simultaneously increase the likelihood of genomic incompatibilities 

and thus accelerate the speciation process. 

In natural populations, mouse lemurs have been documented to display highly 

promiscuous male behavior, low paternal care, and female philopatry (Radespiel et al. 

2000). In primates generally, these behaviors are consistent with multiple male 

copulations with a single female. Because the species are female philopatric (or 

matrilocal) and the males do not contribute to offspring care, the males of the species 

typically move between multiple female groups and likely copulate with a number of 

females in a single breeding season. The males with the most fit sperm have the highest 

likelihood of fathering the highest number of offspring, behavior that leads to high 

levels of sperm competition (Balshine et al. 2001, Nascimento et al. 2007, Firman et al. 

2011). Among mouse lemurs in captivity it is common husbandry practice to expose 

reproductively-receptive females to two male suitors to promote a successful courtship 
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(Yoder, pers comm). This behavior would suggest that in the wild females are 

accustomed to multiple male copulations, and that it may even be required for 

successful mating. Additionally, in the wild and in captivity the males of the species 

show exceptionally enlarged testes during breeding season, another sign of sperm 

competition (Schumacher et al. 2014). Indeed, relative to their body weight, mouse 

lemurs show among the highest ratio of testes size within primates (Harcourt et al. 1995, 

Kappeler et al. 1997).  

These life history traits are consistent with high levels of sperm competition 

among males and it would follow that certain sperm genes within mouse lemurs are 

rapidly evolving. These sperm genes are likely under pervasive sexual selection (Dorus 

et al. 2004, Ramm et al. 2007, Martin-Coello et al. 2009). Genes involved in mating, such 

as sperm genes, are commonly a source of genetic incompatibilities that lead to the 

formation of novel species because of the intimate relationship between these genes and 

the ability to produce viable offspring. (Howard et al. 1999, Coyne & Orr 2004, Palumbi 

et al. 2009) If mouse lemur sperm genes are indeed rapidly evolving as a result of male 

competition this could offer a mechanistic explanation for the speciose nature of the 

genus. Sperm protein changes can rapidly create genetic incompatibilities and are an 

often cited as a reinforcement of allopatric speciation (Wade et al. 1994, Rieseberg et al. 

1995, Howard et al. 1999, Gavrilets et al. 2000, reviewed in Ritchie 2007, Manier et al. 

2013, Baack et al. 2015). Among primates post-mating, or fertilization-related, sperm 
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genes show higher levels of positive selection in polygamous species than monogamous 

ones (Schumacher et al. 2014). 

Due to the previous lack of a thoroughly assembled genome and high-quality 

gene annotation for the mouse lemur clade, these hypotheses have yet to be tested with 

genetic data. While genetic data has been generated for several species within the genus 

Microcebus these data have primarily been used to date current species divergences 

(Yang and Yoder, 2003), describe new ones (Hotaling et al., 2016), and reconstruct the 

phylogenetic relationships among species (e.g., Yoder et al., 2000; Weisrock et al., 2010; 

Yoder et al., 2016).  

With the dropping cost and increasing quality of next generation sequencing and 

improving quality of genome assembly and annotation methods, it is now feasible to ask 

genic questions of non-model species. We can use the annotated mouse lemur genome 

(Larsen et al., 2017), in combination with several genomes assembled with moderate 

coverage, to assess selection in a family of genes across the entire clade of mouse lemurs. 

The progress into gene-function genomics is novel within this clade and is crucial to 

gaining a deeper understanding of how evolution acts on the process of lineage 

diversification within the mouse lemur clade. 

Here we used the sequenced, assembled, and annotated genomes of six species 

of mouse lemurs to assess the patterns of change in sperm genes of two general 

categories: fertilization and sperm-construction. Inferring the degree of selection 



 

119 

occurring across these genes will give us a better understanding of how these primates 

diverged within Madagascar and why they have formed and maintained so many novel 

species. It will also provide a genetic confirmation of known life history traits in 

Microcebus. Ultimately this study illustrates how genomics can be used to test biological 

questions across the tree of life. 

5.2 Methods 

5.2.1 Gene Identification 

Using the annotated, chromosome-level assembly of M. murinus 

(GCF_000165445.3) the exons of all genes that had previously been established as sperm-

related were extracted for the analysis, a list of genes originally published in similar 

primate work (Schumacher et al. 2014). The majority of these genes also appear in the M. 

murinus genome (129 of 169) and are used in this analysis. These sperm genes (n=129), 

consist of 2,824 exons and ranged in length from 975-230,082 basepairs. 

These genes are further categorized as being related to the construction of sperm 

(pre-mating or hereafter “construction-related” genes, n = 78) or the fertilization of the 

egg by the sperm (post-mating, or hereafter “fertilization-related” genes, n = 51). 

An equal number of genes was randomly chosen from the mouse lemur genome 

(n=129, hereafter “random genes”). To make the comparison between gene sets as 

accurate as possible each paired random gene was drawn from all genes within 50% of 

the length and exon count of each sperm gene. By following this method, each sperm 
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gene has a matched pair within the analysis, and the underlying distribution of length 

and exon density matches between the gene sets. 

5.2.2 Genome Assembly and Annotation 

Among ongoing work in the lab to improve the genomic resources for mouse 

lemurs and answer several specific questions, including this one, genomes of Microcebus 

griseorufus, M. mittermeieri, M. johani, M. ravelobensis, M. tavaratra, and Mirza zaza 

(outgroup) were sequenced. Tissue biopsies were taken from wild individuals in 

Madagascar from 1997-2015. For these five species DNA was extracted following 

manufacturer instructions using the Qiagen DNeasy Blood and Tissue kit (Qiagen, 

Germantown, MD, USA). 

The genomes of Microcebus griseorufus, M. mittermeieri, M. johani, M. tavaratra, and 

Mirza zaza were sequenced to 30-fold coverage as approximately 400bp insert libraries 

on a single lane of an Illumina HiSeq 3000 with paired-end 150bp reads. We sequenced 

the Microcebus ravelobensis genome from two libraries, one with an average insert size of 

570bp on the Illumina HiSeq 2500 and the other with a 500bp insert library on 5.5% of 

both lanes of an Illumina NovaSeq. Genomes were assembled using MaSuRCA v3.2.2 

(Zimin et al. 2013). We assumed an insert size standard deviation of 15%. Scaffolds were 

obtained from SSPACE (Boetzer et al. 2010), which also attempted to correct assembly 

errors and extend contigs from MaSuRCA. The average contig N50 for these assemblies 

was 30,176bp (range: 15,313-69,531bp).  
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Gene annotations were trained by RNAseq data (Peng et al. 2014) used in concert 

with the gray mouse lemur genome. RNAseq libraries from multiple tissues and 

replicates were used to assemble a single transcriptome with TRINITY v2.2.0 (Haas et al. 

2013). Assembled transcripts and homologous protein evidence from closely-related 

species were used as direct evidence for gene annotations as well as for training the ab 

initiogene predictor SNAP (Korf et al. 2004) with MAKER v2.31.9 (Cantarel et al. 2008) 

for the Microcebus murinus3.0 assembly (GCF_000165445.3). For an independently 

trained gene predictor, we optimized the AUGUSTUS v3.3 (Stanke et al. 2006) human 

parameters with the M. murinus 3.0 assembly using BUSCO v3.0.2 (Simão et al. 2015). 

Final annotations for all five genomes were estimated with a single MAKER run using a 

combination of transcriptome and homologous protein alignment as well as gene 

predictions. From BUSCO v3.0.2 these assemblies average 54% (range: 46.2-68.3%) of 

complete BUSCO (Benchmarking Universal Single-Copy Orthologs) transcripts (4,104 

common mammalian transcripts). On average 35% of BUSCO transcripts were 

fragmented (range: 26.4-40.6%) and only 11% were missing (range: 5.3-14.5%).  

As M. johnani is a novel species, currently being described (Schüßler, in prep) the 

coding regions from the assembly and annotation process were used to create a tree 

among the seven species involved in this analysis, M. murinus and six newly assembled 

genomes (Figure 19). 
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Figure 21: Species Phylogeny from Assembly Data. A maximum likelihood 
tree generated from the coding regions of all seven species included in this analysis. 
The tree confirms the Microcebus relationships seen in other data (RADseq, mtDNA) 
and the novel species M. johani is on the opposite side of the tree from M. murinus 
and M. griseorufus, and is sister taxa to M. tavaratra. It also shows that within nuclear 
data there is some uncertainty regarding the placement of M. ravelobensis. 

5.2.3 BLAST and Alignment 

BLAST (Altschul et al. 1990) databases were created from the transcriptomes of 

the six species. All six databases were searched for all exonic sequences. From the output 

of the BLAST search multiple hits to the same exon were discarded and the highest 

match, by e-score, was kept. Samtools (Li et al. 2009) was used to both index the 

transcript fasta files and extract the sequence from the source transcript fast that 

matched the hit returned by the BLAST search. The sequence from the highest BLAST 

hit of each species were aligned to the M. murinus exon using PRANK (Loytynoja et al. 

2014). 
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The alignment was considered successful if one or more species returned an exon 

BLAST hit that subsequently aligned back to the M. murinus exon. Successful alignments 

were analyzed for selection with respect to the reference sequence, M. murinus, as well 

as three other species, M. griseorufus, M. tavaratra, and M. johani, using the software 

package KaKs_calculator (Wang et al. 2010). KaKs_Calculator identified synonymous 

and non-synonymous sites and counted synonymous and non-synonymous 

substitutions under the “NG” model (Nei and Gojobori 1986).  

KaKs_Calculator was used to calculated the dN/dS ratio (synonymous rate to 

non-synonymous rate) where possible as well as GC content for both the entire sequence 

and all three codon positions. Analysis on the output from KaKs_Calculator was 

conducted in R (RC Team 2013) and RStudio (RS Team 2015). 

Two separate significance tests were performed to measure the differences in 

dN/dS between gene categories across several sets of species. A T-test was used to 

compare the logarithm-adjusted means of the non-zero dN/dS values between gene sets. 

Taking the logarithm of the values transformed the skewed distribution of dN/dS into a 

more normal distribution. A Kruskal-Wallis test was used to compare the distributions 

without any transformation, though random sampling was used to match distribution 

sizes and meet the requirement that each set within a comparison have an equal number 

of data points. 
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5.3 Results and Discussion 

5.3.1 Gene Selection 

One hundred and twenty-nine random genes were chosen from the mouse lemur 

genome (n=129, hereafter “random genes”). Each gene was randomly drawn from all 

genes matching each individual sperm gene’s length (plus or minus 50%) and exon 

count (plus or minus 50%). Such that a paired set of randomly drawn genes of equal 

number and matching in length and exon content was established (Figure 20). 

 

Figure 22: Gene Exon Number versus Gene Length. The randomly selected 
genes and sperm genes plotted by exon count and gene length. The matched random 
draw produced sets of genes with similar characteristics. 

5.3.2 Exon Alignment 

On average 1,949 exons (range: 1,827-2,170) and at least some part of 210 genes 

(range: 202-216) were successfully mapped across the species, from a total of 6,211 

individual exons across 242 genes. The overall average dN/dS, for all exons in all genes 
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and all species was 0.266 with 95.1% of values falling below a dN/dS of 1 and 85.6% 

falling below a dN/dS of 0.50. 

Within the genus Microcebus there is, unsurprisingly, a strong correlation (r = 

0.836, p = 0.078) between the assembly quality of a species’ genome, measured by contig 

N50, and the percent of exons with successfully aligned sequence. As expected, the 

outgroup, M. zaza, has average to low gene alignment percentages which reflect its 

evolutionary distance from the reference sequence (Figure 21). This is despite being the 

best assembly, with the highest contig N50. Though there are some differences between 

the number of exons that were successfully mapped, there were relatively few 

differences among species when measured at the gene level (Figure 21) with the 

exception of M. mittermeiri. This species stood out as having below 80% of fertilization-

related genes align, which was lower than the outgroup M. zaza. Additionally, the exons 

that aligned successfully for M. mittermeiri had a different GC content than the other 

species (Figure 22). Given these anomalous results, that are almost certainly related to 

genome quality rather than biological reality, and given that this species can be 

considered redundant within the Microcebus species tree, we have dropped this species 

from further analyses. 
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Figure 23: Assembly Quality and Gene Mapping. Percent of genes with 
aligned sequences, denoted by gene category and species, plotted against the contig 
N50 of the species’ assembly. The species with the lowest contig N50 and below 
average percent of genes aligning, M. mittermeiri, was dropped from further analyses. 
Though there is a slightly linear trend, where long contigs results in a higher percent 
of genes found, the difference between the remaining species is less than 5%. 
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Figure 24: Exon GC content broken down by species. Excluding the outgroup, 
Mirza zaza, all of the exons across Microcebus have similar GC content except for M. 
mittermeiri. 

5.3.3 Pairwise dN/dS  

Given the high quality of the M. murinus reference, this species was fundamental 

for identifying relevant genes across the genus Microcebus. The M. murinus assembly was 

utilized in every step of the methods except for the actual sequencing of the additional 

species. It was used as an assembly guide, RNAseq data from this species was used to in 

gene annotation, and then the focal genes were found by comparing these same 

annotations back to M. murinus genes. Due to the frequent use of this single genome 

assembly, it is possible that gene sequences within other species were, in fact, simply M. 

murinus genes, mistakenly attributed to the novel species. If this was the case, however, 

the effected pairwise comparison of exonic sequence would appear to be identical, and 
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the resulting measure of dN/dS would accordingly be zero. In an attempt to account for 

this possibility, and to remove any potential bias from the methods, we measured the 

dN/dS values of exons with at least one sequence change from the M. murinus reference. 

By this method the mean value of dN/dS was calculated for each group of species across 

each gene category (Figure 23). 

 

Figure 25: dN/dS by Gene Category. Breaking down the average dN/dS across 
gene category. The category “Sperm” contains all genes in both “Const”, construction-
related, and “Fert”, fertilization-related. The genes in the fertilization category have 
the highest dN/dS when comparing M. murinus to all other Microcebus species. 
Comparison to the outgroup, Mirza zaza, provided for reference. 

Additionally, a weighted average of the dN/dS ratio was measured, calculated 

by weighting each exon’s dN/dS ratio by the basepair length of the exon itself (Figure 

24). This takes each basepair as an equal weight to reduce the outsize effect of small 

exons on the average. As has been shown in other genome-wide studies of dN/dS the 
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denominator can heavily impact dN/dS calculations (Wolf 2009), and indeed there is a 

strong correlation between sequence length and dN/dS in these data (Figure 25). This is 

the most likely cause of the dN/dS fluctuations by category in M. zaza. There are fewer 

exons aligned within the fertilization gene category (Table 1) and the longest of those 

exons (1,317bp) is roughly half the maximum length of the exons aligned to each of the 

Microcebus samples (2,307bp). The longer exons have both an outsized effect on the 

weighted dN/dS calculation and are more likely to have low dN/dS values. Additionally 

the sample size of M. zaza (n=105) fertilization-related sperm genes is much smaller than 

that of the combined set of Microcebus samples (n=634). To confirm this pattern with 

additional statistical measures, particularly those less susceptible to outliers, the dN/dS 

values were also visualized by percentile. The same patterns present in the mean of 

dN/dS were consistently present at the 80th percentile of the dN/dS values (Figure 26). 
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Figure 26: dN/dS by Gene Category. Breaking down the weighted average 
dN/dS across gene category. The category “Sperm” contains all genes in both “Const”, 
construction-related, and “Fert”, fertilization-related. The genes in the fertilization 
category have the highest dN/dS when comparing M. murinus to all other Microcebus 
species. Comparison to the outgroup, Mirza zaza, provided for reference. 
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Figure 27: Exon dN/dS versus Exon Length. Longer exons have lower values of 
dN/dS, which is as expected. Each category of gene is represented across the 
distribution of both of these variables. 

 

Figure 28: The 80th Percentile of dN/dS Values by Gene Category. The 80th 
percentile of dN/dS values, as a comparison that is more robust to non-normal 
distributions than the mean. The patterns seen in the mean and weighted mean, high 
dN/dS among fertilization-related sperm genes, hold up in this metric. 
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In averages (0.322), weighted averages (0.246), and percentile comparisons (80th 

percentile = 0.306), fertilization-related sperm genes had higher dN/dS than 

construction-related sperm genes (non-weighted = 0.235, weighted = 0.132, 80th 

percentile = 0.302) and roughly equal or higher dN/dS than the random set of genes 

(non-weighted = 0.270, weighted = 0.251, 80th percentile = 0.334, Table 8 & Table 9).  

There are significant differences in the log-adjusted dN/dS values between fertilization-

related sperm genes and construction-related sperm genes in M. tavaratra, across all 

three “distant” Microcebus species, and across the combined means of all the species 

tested. There are significant differences in the log-adjusted dN/dS values between 

fertilization-related sperm genes and random genes in M. johani, M. tavaratra, across all 

three “distant” Microcebus species, and across the combined means of all the species 

tested. There is higher dN/dS in random genes when M. murinus is compared to Mirza 

zaza, but as discussed earlier this is likely due to sample size. Finally, there are 

significant differences in both the log-adjusted dN/dS values and the distributions of 

fertilization-related sperm genes and construction-related sperm genes between M. 

griseorufus and M. murinus, though these differences show a contrasting, lower rate of 

dN/dS among fertilization-related genes (Figure 27). Overall there is more evidence of 

positive selection, when compared back to M. murinus, among fertilization-related 

sperm genes then among construction-related sperm genes. 
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Figure 29: dN/dS Comparisons and Significance by Gene Category. A 
summary of the dN/dS comparisons made with a simple phylogenetic tree for 
reference. The color of the row indicates which gene category is being summarized 
(construction-related = yellow, fertilization-related = green, random = blue). Boxes 
indicate significance, red indicates significance in both T and Kruskal-Wallis tests 
while pink indicated significance in T-test only. Phylogenetic tree indicates the 
relationship of the species being comparison, with respect to M. murinus - the focal 
species, and is not to scale. 
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Table 8: T-Test Results. Results of T-tests of the distributions of log-adjusted 
dN/dS values across species by gene category. Set of genes within comparison is 

abbreviated as: F – fertilization-related sperm, C – construction related sperm, R – 
random. 

Species Comparison 
Difference 
in Means 

Difference 
in 

log(Means) 
T-Test 
Stat 

T-Test p 
value 

T-Test 
Sig. 

All F-C 0.221 0.260 3.22 1.36E-03 Sig 

Mgri F-C -0.404 -0.368 -1.55 1.27E-01 NS 

Mrav F-C -0.100 -0.116 -0.55 5.81E-01 NS 

Mjoh F-C 0.835 0.322 1.47 1.46E-01 NS 

Mtav F-C 0.319 0.707 5.96 2.01E-08 Sig 

allMcebus F-C 0.284 0.342 3.70 2.48E-04 Sig 

distMcebus F-C 0.396 0.459 4.60 5.89E-06 Sig 

Mzaz F-C 0.210 0.335 1.43 1.58E-01 NS 

All F-R 0.279 0.249 3.36 8.52E-04 Sig 

Mgri F-R -0.003 -0.003 -0.01 9.88E-01 NS 

Mrav F-R 0.096 -0.056 -0.32 7.52E-01 NS 

Mjoh F-R 0.940 0.603 2.91 4.80E-03 Sig 

Mtav F-R 0.204 0.574 4.44 1.53E-05 Sig 

allMcebus F-R 0.317 0.327 3.78 1.85E-04 Sig 

distMcebus F-R 0.362 0.384 4.02 7.33E-05 Sig 

Mzaz F-R 0.339 0.440 2.11 4.12E-02 Sig 

All R-C -0.058 0.011 0.18 8.53E-01 NS 

Mgri R-C -0.401 -0.365 -2.19 3.10E-02 Sig 

Mrav R-C -0.196 -0.061 -0.40 6.92E-01 NS 

Mjoh R-C -0.105 -0.281 -1.95 5.23E-02 NS 

Mtav R-C 0.115 0.133 1.36 1.75E-01 NS 

allMcebus R-C -0.033 0.015 0.23 8.17E-01 NS 

distMcebus R-C 0.034 0.074 1.02 3.07E-01 NS 

Mzaz R-C -0.129 -0.105 -0.63 5.32E-01 NS 
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Table 9: Kruskal-Wallis Test Results. Results of Kruskal-Wallis tests of the 
distributions of dN/dS values across species by gene category. Set of genes within 

comparison is abbreviated as: F – fertilization-related sperm, C – construction related 
sperm, R – random. 

Species Comparison 
Difference in 

Means 

Kruskal-
Wallis Test 

Stat 

Kruskal-
Wallis p 

value 
Kruskal-

Wallis Sig. 
All F-C 0.221 164.13 3.09E-01 NS 

Mgri F-C -0.404 26.29 2.51E-02 Sig 
Mrav F-C -0.100 28.93 2.72E-01 NS 
Mjoh F-C 0.835 41.90 5.32E-01 NS 
Mtav F-C 0.319 66.41 7.09E-01 NS 

allMcebus F-C 0.284 115.32 6.00E-01 NS 
distMcebus F-C 0.396 120.47 8.89E-01 NS 

Mzaz F-C 0.210 10.69 5.96E-01 NS 
All F-R 0.279 225.22 5.98E-01 NS 

Mgri F-R -0.003 27.59 8.73E-01 NS 
Mrav F-R 0.096 50.33 3.97E-01 NS 
Mjoh F-R 0.940 37.59 6.46E-01 NS 
Mtav F-R 0.204 87.35 4.95E-01 NS 

allMcebus F-R 0.317 194.69 2.89E-01 NS 
distMcebus F-R 0.362 138.45 5.24E-01 NS 

Mzaz F-R 0.339 33.91 1.09E-01 NS 
All R-C -0.058 136.09 2.04E-01 NS 

Mgri R-C -0.401 20.64 8.47E-02 NS 
Mrav R-C -0.196 24.91 1.58E-01 NS 
Mjoh R-C -0.105 24.46 6.04E-01 NS 
Mtav R-C 0.115 58.26 5.21E-02 NS 

allMcebus R-C -0.033 129.00 4.43E-01 NS 
distMcebus R-C 0.034 110.44 2.33E-01 NS 

Mzaz R-C -0.129 8.12 3.36E-01 NS 
 

5.3.4 Multispecies dN/dS  

As dN/dS is a paired metric, it makes sense to also break out these comparisons 

by evolutionary distance to the focal M. murinus. Doing so highlights a stark pattern in 
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the data. M. griseorufus, which is the closest relative to the reference genome, M. murinus, 

shows a lower dN/dS than the other Microcebus included who are all an equal 

evolutionary distance away (Figure 28). M. ravelobensis was not considered in this 

analysis as its phylogenetic position is problematic, likely due to issues of long-branch 

attraction (Tiley, pers comm, Figure 19). Though the direction of the M. murinus-M. 

griseorufus pattern relationship reverses when comparing the weighted means, the fact 

that the amount of non-synonymous change between fertilization-related genes is lower 

when comparing M. murinus and M. griserufus remains unchanged (Figure 29). To check 

for the possibility of data bias, the number and length of fertilization-related exons 

mapping to M. griseorufus was confirmed and no significant differences were found 

(Table 10). 

 

Figure 30: dN/dS by Gene Category. Breaking down the average dN/dS across 
gene category. The category “Sperm” contains all genes in both “Const”, construction-
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related, and “Fert”, fertilization-related. “distMcebus” contains M. johani and M. 
tavaratra. The genes in the fertilization category have the highest dN/dS when 
comparing M. murinus to distant Microcebus species, but the lowest when compared 
to M. griseorufus. 

 

Figure 31: dN/dS by Gene Category. Breaking down the weighted average 
dN/dS across gene category. category. The category “Sperm” contains all genes in 
both “Const”, construction-related, and “Fert”, fertilization-related. “distMcebus” 
contains M. johani and M. tavaratra. The genes in the fertilization category have the 
highest dN/dS when comparing M. murinus to distant Microcebus species. Though the 
fertilization-related genes have a higher weighted average than construction-related 
they are still lower than the fertilization genes in the comparison with other 
Microcebus species. 

Table 10: Summary of fertilization-related gene data across all six species. *M. 
mittermeiri was excluded from the analyses. 

Species Exons 
Aligned 

Exons with 
Substitutions 

Average 
Length 

Average 
dN/dS 

Longest 
Exon 

M. griseorufus 283 133 161.9 0.119 2307 

M. ravelobensis 288 157 171.6 0.276 2307 

M. johani 332 140 148.1 0.574 2307 

M. mittermeiri* 243 120 150.6 0.419 2307 
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M. tavatratra 330 204 164.4 0.267 2307 

Mirza zaza 300 105 117.8 0.311 1317 

 

Two steps were taken to confirm the patterns from the dN/dS calculations of M. 

murinus alignments. First, we changed the focal species of the alignment to M. griseorufus 

which confirmed the findings with a similar pattern seen in the M. murinus-focal data: 

there was less change in fertilization-related genes when compared within the M. 

murinus-M. griseorufus pair than when compared across to more distant species. 

To test the dN/dS values found in M. griseorufus-M. murinus relationship with 

values from species pairs of a matching evolutionary distance, we turned to the M. 

tavatratra and M. johani species. Comparisons where these two species are focal show a 

high rate of change among fertilization-related genes in both directions within the pair 

and a more mixed result when compared back to M. murinus-M. griseorufus (Figure 30). 
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Figure 32: dN/dS by Gene Category and Evolutionary Distance. Breaking 
down the average dN/dS across gene category and multiple evolutionary distances. The 
category “Sperm” contains all genes in both “Const”, construction-related, and “Fert”, 
fertilization-related. The top of each plots shows the focal species for the dN/dS test, 
with the categories being “Close”, neighboring single species, “Distant”, species pair 
across the Microcebus genus, or “Outgroup”, M. zaza. The simple phylogenetic tree 
beneath each plot shows the focal species for the dN/dS test (blue) and the species 
included in the close, distant, and outgroup comparisons (red). The genes in the 
fertilization category have the high dN/dS when comparing M. johani and M. 
tavaratra to each other (the “Close” category). 

5.4 Conclusions 

The clear signal shown in the results of these direct genome comparisons across 

species indicates that this method for detecting signatures of selection was successful. 

This is in large part due to the phylogenetic proximity of the species being compared. 

Whereas sufficient evolutionary time has elapsed for meaningful substitutions to 

accumulate within exon sequences, the phylogenetic distance is not so great that 

multiple substitutions are likely to obscure the biological patterns of interest. Rather, the 
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main predictors of gene search and alignment success were both assembly quality and 

evolutionary distance as would be expected. Additionally, the dN/dS values that were 

recovered from the search match those in similar searches of other primate genomes 

(e.g., Schumacher 2014, construction median dN/dS = 0.08 & fertilization median dN/dS 

= 0.23). Genomes that have been built with single runs of next generation sequencing 

data, assembled with de novo software and annotated with the help of gene transcripts 

can be used for preliminary tests of selection, with the appropriate controls and 

techniques. 

The overall increase in the dN/dS rate of mouse lemur sperm fertilization-related 

genes, compared to random and sperm construction-related genes, is indicative of 

positive selection acting on sperm fertilization within the genus. Given that the life 

history traits of mouse lemurs are strongly indicative of the presence of sperm 

competition, it is possible that sexual selection is also playing a role, in addition to 

positive Darwinian selection. The signatures of selection in these genes match those of 

other primates that have promiscuous behavior, such as multiple male copulations 

(Schumacher 2014). Further, these genomic results are compatible with both field and 

captive observations of mouse lemur behavior. Sperm fertilization proteins, like those 

found to be changing in this study, have been theorized, modeled, and recognized as 

reinforcing allopatric speciation in many other taxa (Wade 1994, Rieseberg 1995, 

Howard 1999, Gavrilets 2000, reviewed in Ritchie 2007, Manier 2013, Baack 2015). 
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While on the whole the data suggest that across the entire genus fertilization-

related sperm genes are changing more rapidly than other sperm genes, comparisons 

between M. griseorufus and M. murinus provide a clear outlier. We have field evidence of 

their range and captive evidence suggesting that they exhibit behavior consistent with 

multiple male matings. Additionally, many precautions have been taken to account for 

biases in the data and analysis process. These results have been shown to be robust to 

several different tests and the underlying data do not appear to harbor any significant 

biases. Though the data generated by this study is insufficient to determine why this 

particular species pair shows discrepancy in dN/dS among fertilization-related sperm 

genes, the overall pattern confirms our hypotheses regarding mouse lemur life history 

via similar genic changes that occur in other male polygamous primates. 

This implementation of genomic data shows the relative ease with which it can 

be applied to non-model systems. Though the M. murinus genome was generated only 

recently (Larsen et al., 2017), the vast majority of proteins cited in prior work 

(Schumacher 2014) were annotated, easily found, and confirmed. When a genome of this 

quality is paired with additional genomes, even of draft quality, as was the case here, 

many diverse questions about the underlying biology of the system can be investigated. 

Studies such as this one are but a small step in the process of learning about the gene 

function of non-model species. 
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Genomic research outside model systems has become increasingly more 

common, allowing for the investigation of evolutionary patterns across the tree of life. 

The methods presented are among many possible techniques for the application of 

genomic data to fascinating questions in non-model systems. These results are the first 

steps in a full exploration of the adaptive radiation of mouse lemurs, which is a uniquely 

powerful system for the study of primate speciation, even among the diverse fauna of 

Madagascar. 

 

 

 

6. Conclusion 

We have demonstrated with an integrative approach to speciation genomics that 

Madagascar's mouse lemurs offer an ideal system in which to study speciation in natural 

populations. When paired with the recent genomic revolution and the new tools it has 

introduced we can move towards an understanding of the speciation dynamics of 

mouse lemurs, the underlying rules of speciation, and ultimately provide a roadmap for 

future investigations of speciation in natural populations of other non-model systems. 

We first used a thorough, genomic approach to construct the phylogeography of 

both past and present species whose distributions are key to understanding natural 

habitat fragmentation in the Central Highland plateau of Madagascar. These results 
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were utilized to test hypotheses concerning the ecology and distribution of 

Madagascar's grasslands in the distant past, before the arrival of humans. The species 

relationships and past distributions inferred from the information in current mouse 

lemur genomes indicate that island-wide dispersal was possible up until approximately 

500,000 years ago. Subsequently, the populations diverged, giving way to an array of 

living species now found in the central plateau and the eastern rainforests. However, the 

accuracy of the species age estimates from genetic data were initially limited by our 

understanding of the mutation generation process in this non-model species. 

To improve the accuracy of the species age estimates we generated linked-read 

sequence data that was used to estimate the generational mutation rate of grey mouse 

lemurs (Microcebus murinus). We sequenced a family pedigree (n=8), finding 134 de novo 

mutations across two focal offspring, which yielded a mutation rate estimate of 1.64x10-8 

mutations per basepair per generation. This estimate is higher than nearly all mammals 

that have been previously characterized. As this estimate is crucial to the estimate of 

species ages we re-analyzed the previous findings to discover a considerably more 

recent divergence time across the species. 

Lastly, we employed mouse lemur genome annotations to investigate the 

putative functional underpinnings of speciation across the genus Microcebus. Due to the 

novelty of the genome assembly, this area of research in mouse lemurs is relatively 

unexplored. Most prior analyses of species differences have focused on understanding 
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the phylogenetic relationships among the species rather than the mechanisms that 

underlie their diversification. To assess functionality, we compared the rates of 

substitution within sperm genes and a set of randomly drawn genes to look for the 

presence of positive selection. These comparisons reveal an elevated dN/dS, and thus 

evidence for positive selection, in sperm fertilization-related genes relative to sperm 

construction-related genes and a similarly-sized set of randomly-drawn genes. This 

provides genomic data that lend credence to existing observations of the behavior and 

natural history of these primates, highlighting what could be genomic mechanism of 

speciation among these Malagasy primates. In doing so we hope to have shown that 

detailed questions relating to both the extrinsic (e.g., inter- and intra-population and 

ecological interactions) and intrinsic (e.g., genome content and architecture) forces that 

drive speciation can be asked and answered, especially in non-model species. 

We have now reached a point wherein the field of speciation research is rapidly 

expanding outward from model species and is revealing the complex genomic 

underpinnings of speciation in a growing array of species. As genomic tools have been 

extended to an increasing number of species, more mechanisms of speciation are being 

described in non-model species and natural populations. With the field undergoing 

these advances, our view of speciation is accordingly becoming richer and more 

nuanced. The interactions between underlying genomic features, species distributions, 

processes of speciation, and the ecological surroundings of species will continue to 
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emerge as knowledge and resources of non-model genomics are established. 

Accordingly, the field of speciation genomics will push ever further toward insights into 

natural, non-model populations with complex speciation stories - it is thus our ultimate 

hope that work like that presented in this dissertation is only the beginning of that 

progress.
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Appendix A: State-of-the-Art Genomic Approaches 

Since high throughput (also called next-generation or second-generation) 

sequencing technologies opened up the possibility of genomic characterization any 

organism in 2005, reference genomes have been assembled for hundreds of non-model 

organisms (Figure 2), and with ever-decreasing sequencing costs, whole-genome 

resequencing projects using population samples have now become commonplace. 

Besides simply determining the DNA sequence, second-generation sequencing 

technology has also been widely adopted to identify DNA-protein interactions (Chip-

seq), methylation patterns (BS-seq), and to quantify gene expression (RNA-seq). The 

latter, in particular, is a powerful tool for speciation researchers, since transcriptomic 

data improves genome annotation (Li et al., 2011; Trapnell et al., 2010) and can be an 

alternative or complement to genome scans for identifying barrier loci (Jeukens et al., 

2010; Poelstra et al., 2014; Rafati et al., 2018; Ritchie et al., 2015; Wang, Gerstein & 

Snyder, 2009), which may also themselves represent regulatory divergence (Mack & 

Nachman, 2017). 

 

Short read lengths are a key shortcoming of second-generation sequencing, 

which has for example made it difficult to assemble repetitive regions, characterize 

structural variants, and directly observe haplotypes. Third-generation technologies are 

serving to overcome this limitation by directly sequencing long reads (5-15 kbp both for 
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Pacific Biosciences Single-molecule Real Time (SMRT) sequencing and Oxford Nanopore 

Technologies Nanopore Sequencing), or by using novel mapping technologies such as 

the optical mapping system of BioNano Genomics (Servin et al., 2013), the Hi-C 

approach by Dovetail Genomics (Lieberman-Aiden et al., 2009), and the linked read 

approach by 10X Genomics (Greer et al., 2017; Yeo et al., 2017) for an overview of third-

generation approaches (see Lee et al., 2016), and for Genome Research on sequencing 

assembly advances (Phillippy, 2017). 

 

Access to a larger and better characterized regions of the genome and 

segregating variation therein will be beneficial for all genomics projects, yet the 

relevance of the advances that third-generation technologies offer to speciation 

genomics is still to be fully realized. With longer contigs and high-quality assemblies, 

genomic subtleties with potentially profound impacts on speciation are likely to be 

revealed. Structural variation such as duplications and inversions may 

disproportionately affect speciation, whereas haplotypic information will aid in the 

inference of gene flow and selection to reconstruct speciation histories and identify 

barrier loci. In addition, improved assembly of highly repetitive, heterochromatic 

regions such as centromeres (e.g. Ichikawa et al., 2017; Larsen et al., 2017), may be 

important since a significant number of hitherto identified hybrid incompatibility genes 

encode proteins that interact with heterochromatin (Bayes & Malik, 2009; Brideau et al., 

2006; Thomae et al., 2013; Ting et al., 1998), likely due to the high concentration of selfish 
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elements there (Castillo & Barbash, 2017). Repeats themselves have also been identified 

as the focal incompatibility locus (Ferree & Barbash, 2009). Furthermore, centromeres 

have been linked to speciation also outside of the context of postzygotic 

incompatibilities, due to their tendency to have to have particularly low recombination 

rates (Carneiro et al., 2009; Noor et al., 2009; Stump et al., 2005). 

Appendix B: “Messy Speciation” and Genealogical 

Variation Across the Genome 

Genomic approaches have clarified many phylogenetic relationships that were 

previously unclear or controversial, and have provided an enormous increase in 

resolution and precision to delimit species and population structure within species. This 

is because the limited information present in single gene fragments and the high 

variance of the coalescence process necessitates a multitude of independent loci (“gene 

trees”) to accurately infer the underlying genealogy (“species tree”). However, the high 

variance and stochasticity of the coalescence process can create extensive genealogical 

variation across the genome, such that genealogies underlying traits of interest are not 

always likely to follow the inferred species tree – a phenomenon originally called 

hemiplasy (Avise, Robinson & Kubatko, 2008). Hemiplasy is more likely under precisely 

some of the patterns in speciation that genomic approaches have helped to uncover, and 

will thus be necessary to take into account, especially in analyses of trait evolution 

(Hahn & Nakhleh, 2016; Wu et al., 2017). More generally, relying on a single bifurcating 
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tree for species delimitation, phylogenetic hypotheses, and subsequent comparative 

analyses may not always be appropriate given the often multifaceted nature of 

speciation and the complexities of gene-tree/species-tree reconstruction. 

 

These “messy” aspects of speciation include, first, gene flow during and after 

speciation, which produces additional variance in genealogies, and is now believed to be 

widespread phenomenon. Second, multiple speciation events that happen in rapid 

succession, or even simultaneously (Bolnick, 2006; Kautt, Machado-Schiaffino & Meyer, 

2016), such as in rapid radiations, result in high proportions of incomplete lineage 

sorting, the second source of genealogical discordance. Third, in a number of intriguing 

instances of incipient speciation, strong discordance was found between overall genomic 

ancestry clines and clines for phenotypes that are thought to represent major isolating 

barriers (Harris et al., 2017; Poelstra et al., 2014; Semenov et al., 2017; Vijay et al., 2016). 

In such cases, counter-intuitive patterns that may be uncovered by genomic approaches 

can certainly complicate attempts at species delimitation, and once again, have 

demonstrated the inherent complexity of speciation. 

 

Appendix C: Genetic Incompatibilities and Rules of 
Speciation 

Genetic incompatibilities reduce or nullify hybrid fertility and viability. Given 

that they tend to be slow to develop, and during hybridization events act after other 
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barriers to gene flow, they may in many taxa not be as important as prezygotic barriers. 

Even so, they are the only barriers held to be irreversible. The Dobzhansky-Muller (DM) 

model posits that interactions between two or more loci that each diverged between two 

populations are responsible for genetic incompatibilities, which circumvents the need to 

invoke negative effects of these allelic changes when they occurred within each 

population. "Haldane's Rule" and the "Large X-effect", have been described as "the most 

consistent empirical patterns in speciation genetics" (Demuth, 2014), (Delph & Demuth, 

2016; Irwin, 2018) (see also Delph & Demuth 2016, Irwin 2018) and are both related to 

DM incompatibilities. They also both involve sex chromosomes (see e.g. Irwin, 2018; 

Johnson & Lachance, 2012) (see e.g. Johnson & Lachane 2012, Irwin 2018), underlining 

the role of chromosome-level peculiarities in speciation, which has long been recognized 

(Coluzzi et al., 1977). 

  

In the earliest descriptions of hybrid sterility, Haldane (1922) observed that it 

was typical for the heterogametic sex to be the one to manifest hybrid sterility as 

observed in mammalian males (XY) and avian females (ZW). In a related phenomenon, 

it has been observed that X-chromosome genes in Drosophila and most other animals 

cause infertility in hybrid males at a far greater rate than autosomal genes (Presgraves, 

2010), with 60 percent of X-chromosome genes causing infertility in hybrid males versus 

the 18 percent for all the non-sex chromosomes (Masly & Presgraves, 2007). Not 
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surprisingly, sex chromosomes have been implicated for harboring an excess of genes 

with sex-biased expression and thus predisposing features for facilitating speciation 

(Yoshida et al., 2014). This theory has recently been investigated, and supported, to an 

extremely granular level in mice (Larson et al., 2016). The view across the eukaryotic tree 

of life suggests that speciation rates are lower in lineages without differentiated sex 

chromosomes (Phillips & Edmands, 2012), presumably correlated with the lower levels 

of postzygotic isolation in organisms without sex chromosomes, even when levels of 

overall genetic divergence are similar (Lima, 2014). 

Appendix D: The uncertainty of the mutation rate 
estimate from pedigree-sequencing studies  

Let	λm and λp be the maternal and paternal mutation rates per genome. The total 

mutation rate is λ	=	λm +	λp. For example, if we expect an offspring to inherit 30 and 40 

mutations form their mother and father respectively, then λm =	30, λp =	40, and λ	=	70. If 

we assume that the mutations inherited form the mother and father have a Poisson 

distribution, then the total number of mutations inherited also follows a Poisson 

distribution.  

Let xi be the total number of mutations observed in an individual, and suppose 

we observe mutations in n individuals. We can use the Bayesian method to estimate the 

mutation rate, λ. Note that the gamma distribution is the conjugate prior of the Poisson, 
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and thus we use a gamma prior on λ	with parameters α	(shape) and β	(rate). The 

posterior distribution is  

 

Thus, the posterior of λ	is a gamma distribution with parameters α	+	Σxi (shape) 

and β	+	n (rate). 

In the mouse lemur pedigree-sequencing results, we see 71 and 63 mutations in 

two individuals respectively (Table 4). Let the prior on λ	be gamma with α	=	2 and β	=	

0.02. This is a diffuse prior with mean α/β	=	100 mutations. Thus the estimate of λ	is 

gamma distributed with shape 2 +	71 +	63 =	136 and rate 0.02 +	2 =	2.02. Thus the 

posterior mean is !" =	67.3, posterior standard deviation #̃ =	√136	/	2.02 =	5.77. Note this 

estimate of λ	is given as mutations per genome. To get the rate per nucleotide site, we 

simply divide by the diploid genome size, g. For example, assuming this is g =	4x109 in 

mouse lemurs, we get !" =1.68x10-8 and #̃ =1.44x10-9. The 95% credibility interval for the 

estimate between 56.5 and 79.1 mutations per genome, or between 1.41x10-8 and 1.98x10-

8 mutations per nucleotide site. 
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Appendix E: Variant Calling’s Effect on de novo Mutation 
Rate Estimation 

An attempt to, given a duplicate sample providing a known variant call error 

rate, quantify the effects of incorrect variant calls on the estimation of de novo 

mutations. 

Our knowns are as follows, the number of sites in the genome with sufficient 

coverage to make de novo calls (sites, s), the number of variants (variants, v) in the 

entire pedigree (vp), the mother’s sample (vm), the father’s sample (vf), and the offspring 

sample (vo). Also the number of unique variants (unique variants, w) in the entire 

pedigree (wp), the mother’s sample (wm), the father’s sample (wf), and the offspring 

sample (wo). We also know the error rate of the replicated sample, presented here as a 

fraction of variants called (called error rate, c). This is an average rate of variants that are 

present in one replicate and absent in the other. We also assume the transmission 

probability of any given site is 0.5 (transmission probability, t).  

Finally we’ll add a single unknown variable (e), which is the fraction of 

erroneous variant calls that are false positives. This variable ranges from 0 to 1, with 1 

representing the scenario where all erroneous calls are false positives. We have no 

reason to expect that this fraction differs across the replicates. This variable will allow us 

to explore a range of possible error effects. It will also allow us to be conservative (taking 

the value of e that yields the most error) when reaching a final conclusion regarding 

error rates.  
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The probability that a de novo mutation call is a false positive is simply the 

probability of a false positive variant within the offspring that is not already a variant in 

the pedigree or a parental false negative at a site that is unique to the individual and 

transmitted.  

 

 

 

 

So, substituting the these into the original equation:  

 

 

The probability that a genomic site with sufficient coverage is an uncalled false 

negative de novo mutation call is essentially the converse of the false positive. It is the 

probability of a false negative within the offspring that is not already a variant in the 

pedigree or a parental false positive at a site that is unique to the individual and 

transmitted.  
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So, substituting the these into the original equation:  

 

 

 

Using as known values the following rough estimates:  

 

 

 

 

 

 

The probabilites of false negative and false positives are as follows:  

 

 

Given 134 de novo mutations from 1,968,000,000 sites of sufficient coverage, we 

expect:  
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