
1

2 Review

4 Integrating phylogenetics, phylogeography and population genetics
5 through genomes and evolutionary theory

6

7

8 Asher D. Cutter ⇑Q1

9 Department of Ecology & Evolutionary Biology, University of Toronto, 25 Willcocks St., Toronto, ON M5S 3B2, CanadaQ2

1011
12

1 4
a r t i c l e i n f o

15 Article history:
16 Received 6 April 2013
17 Revised 6 June 2013
18 Accepted 12 June 2013
19 Available online xxxx

20 Keywords:
21 Phylogeography
22 Species trees
23 Speciation
24 Genome evolution
25 Coalescent theory
26

2 7
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28Evolutionary theory is primed to synthesize microevolutionary processes with macroevolutionary diver-
29gence by taking advantage of multilocus multispecies genomic data in the molecular evolutionary anal-
30ysis of biodiversity. While coalescent theory bridges across timescales to facilitate this integration, it is
31important to appreciate the assumptions, caveats, and recent theoretical advances so as to most effec-
32tively exploit genomic analysis. Here I outline the connections between population processes and phylog-
33eny, with special attention to how genomic features play into underlying predictions. I discuss empirical
34and theoretical complications, and solutions, relating to recombination and multifurcating genealogical
35processes, predictions about how genome structure affects gene tree heterogeneity, and practical choices
36in genome sequencing and analysis. I illustrate the conceptual implications and practical benefits of how
37genomic features generate predictable patterns of discordance of gene trees and species trees along gen-
38omes, for example, as a consequence of how regions of low recombination and sex linkage interact with
39natural selection and with the accumulation of reproductive incompatibilities in speciation. Moreover,
40treating population genetic parameters as characters to be mapped onto phylogenies offers a new way
41to understand the evolutionary drivers of diversity within and differentiation between populations.
42Despite a number of challenges conferred by genomic information, the melding of phylogenetics,
43phylogeography and population genetics into integrative molecular evolution is poised to improve our
44understanding of biodiversity at all levels.
45� 2013 Elsevier Inc. All rights reserved.
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78 1. Introduction

79 Students of molecular phylogenetics, phylogeography and pop-
80 ulation genetics are broadly interested in understanding the same
81 thing: evolutionary change of genomes and the organisms that
82 host them. Where they differ is in emphasis, whether trying to
83 draw inference about biodiversity from the interspecies genealog-
84 ical histories of organisms, explicitly seeking to explain the demo-
85 graphic history of populations, or to characterize how natural
86 selection gets recorded in DNA sequences – despite the evolution-
87 ary intercalation of phylogeny, demographic history, and natural
88 selection. The generality of their common dependence on molecu-
89 lar sequence data provides a clear means of unifying phylogenetics,
90 phylogeography and population genetics in a view of integrative
91 molecular evolution. Recent and ongoing attempts have partially
92 harmonized these subdisciplines (Edwards, 2009; Knowles,
93 2009). With renewed urgency, technical advances in DNA sequenc-
94 ing bring this integration to the fore (Carstens et al., 2012; McCor-
95 mack et al., 2013): it is clear that ‘phylogenomics’ and ‘population
96 genomics’ are the new standard for analysis. This is well exempli-
97 fied by the impressive integrative work on our own species into
98 how selection, demography and speciation history all interact
99 throughout human and primate genomes (McVicker et al., 2009;

100 Campbell and Tishkoff, 2010; The 1000 Genomes Project Consor-
101 tium, 2012). The infiltration of genomics into these disciplines
102 means that we can accelerate our understanding of biodiversity
103 from micro- to macro-evolutionary scales. The genomic data itself
104 provides the raw material to do so, exposing the predictable fea-
105 tures of genome structure that must be accounted for, ripe for
106 exploitation by researchers, provided that we more fully appreci-
107 ate and incorporate the empirical and theoretical complexities that
108 genomes help reveal.
109 My aim here is to raise attention to the key conceptual molec-
110 ular evolutionary issues that bridge across phylogenetics, phylo-
111 geography and population genetics, with particular emphasis on
112 recent progress in molecular population genetics and genomics
113 that will prove valuable in the analysis and interpretation of phy-
114 logeography and phylogeny. In this review, I begin by introduc-
115 ing the special importance of gene tree heterogeneity and non-
116 genealogical summaries to genome-scale studies (Section 2). I
117 then describe how genome structure varies in predictable ways
118 to affect gene tree heterogeneity, and its implications and poten-
119 tial to be exploited for understanding evolutionary history (Sec-
120 tion 3). This is followed by empirical and theoretical caveats
121 about genealogical coalescence, with emphasis on recent ad-
122 vances (Section 4), and about how to integrate evolutionary
123 views of time across studies of differing depths of divergence
124 (Section 5). I then outline practical genomic approaches to
125 addressing problems in phylogenetics, phylogeography and pop-
126 ulation genetics (Section 6) before offering a view to ways in
127 which integrative genomic analysis can span these subdisciplines
128 (Section 7), with some cautions and areas of promise for future
129 discoveries (Section 8).

1302. Gene genealogies and gene summaries

131The importance of considering many loci in phylogenetics, phy-
132logeography and population genetics is now well-accepted. But
133there are different perspectives on how to integrate multi-locus
134data for inference. Gene trees provide a superb visual and quanti-
135tative way to consider the evolutionary process, but genome-scale
136data shines a bright light on some inherent, well-known challenges
137to this way of summarizing the evolution of populations. Non-
138genealogical summaries of molecular evolution provide comple-
139mentary and alternative methods for some applications. In this
140section, to set the stage for more detailed issues, I outline some
141fundamental attributes of using gene trees and non-genealogical
142population genetic metrics for evaluating the many trajectories
143of evolution that get recorded across the genome.

1442.1. Gene tree heterogeneity

145The independent genealogical realizations of distinct loci pro-
146vides a powerful way of determining the phylogeny of species rela-
147tionships even when the genealogies of many or most loci do not
148reflect the true branching of speciation events in history (Edwards
149et al., 2007; Degnan and Rosenberg, 2009; Kubatko et al., 2009; Sal-
150ichos and Rokas, 2013). In the face of speciation events clustered
151close in time or in the very recent past, different genes can differ
152in branch lengths or topology owing to heterogeneity in how or
153if allelic variation of a given locus in the species’ common ancestor
154passes to the descendant lineages (Pamilo and Nei, 1988; Maddi-
155son, 1997), creating so-called ‘anomalous gene trees’ (Degnan
156and Rosenberg, 2006; Degnan and Rosenberg, 2009). The preva-
157lence of gene tree heterogeneity depends on the time between spe-
158ciation events relative to ancestral population sizes, with large
159ancestral population sizes and gene flow between incipient species
160near the time of ancestral nodes exacerbating such effects (Kubat-
161ko and Degnan, 2007; Eckert and Carstens, 2008).
162Incorporating this heterogeneity in coalescence among loci can
163remove misleading inferences that could result from concatenation
164of loci and helps reveal the true ‘species tree’ in the face of both re-
165cent and ancient radiations (Knowles and Maddison, 2002; Ed-
166wards et al., 2007; Kubatko and Degnan, 2007; Edwards, 2009;
167Salichos and Rokas, 2013). This requires collecting data for many
168loci from multiple individuals in each species (or population), ide-
169ally, weighted by information content (Heled and Drummond,
1702010; Lanier and Knowles, 2012; Salichos and Rokas, 2013). Just
171as coalescent theory has proved powerful in understanding evolu-
172tion within populations (Hein et al., 2004; Wakeley, 2009), the
173‘multispecies coalescent’ process has emerged as an important par-
174adigm in understanding divergence between species (Degnan and
175Rosenberg, 2009; Edwards, 2009). This view simply makes explicit
176the idea that genealogies are a property of evolving populations
177that, owing to the stochasticity of genetic drift and recombination
178among their constituent individuals, can differ from locus to locus
179despite sharing an identical population history of speciation. This
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