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a b s t r a c t
Morris Goodman was a revolutionary. Together with a mere handful of like-minded scientists, Morris
established himself as a leader in the molecular phylogenetic revolution of the 1960s. The effects of this
revolution are most evident in this journal, which he founded in 1992. Happily for lemur biologists, one of
Morris Goodman’s primary interests was in reconstructing the phylogeny of the primates, including the
tooth-combed Lorisifomes of Africa and Asia, and the Lemuriformes of Madagascar (collectively referred
to as the suborder Strepsirrhini). This paper traces the development of molecular phylogenetic and evolutionary genetic trends and methods over the 50-year expanse of Morris Goodman’s career, particularly
as they apply to our understanding of lemuriform phylogeny, biogeography, and biology. Notably, this
perspective reveals that the lemuriform genome is sufﬁciently rich in phylogenetic signal such that the
very earliest molecular phylogenetic studies – many of which were conducted by Goodman himself –
have been validated by contemporary studies that have exploited advanced computational methods
applied to phylogenomic scale data; studies that were beyond imagining in the earliest days of phylogeny
reconstruction. Nonetheless, the frontier still beckons. New technologies for gathering and analyzing
genomic data will allow investigators to build upon what can now be considered a nearly-known phylogeny of the Lemuriformes in order to ask innovative questions about the evolutionary mechanisms that
generate and maintain the extraordinary breadth and depth of biological diversity within this remarkable
clade of primates.
Ó 2012 Elsevier Inc. All rights reserved.

Where you work and where you play
Where you lay your money down
What you do and what you say
The revolution starts now
STEVE EARLE – THE REVOLUTION STARTS NOW LYRICS

1. Introduction
Phylogeneticists of all stripes glory in the fact that Darwin chose
to illustrate a phylogeny as the sole ﬁgure in The Origin of Species. It
is also well established that Darwin ended his days without ever
knowing what is the biological mechanism of heritable variability
(though see a very thoughtful essay by Charlesworth and Charlesworth, 2009 on what Darwin did and did not surmise about heritability). Copious books, essays, and empirical accounts have been
written on the ﬁrst meeting of Mendelian genetics and macroevolutionary thought, yielding the great evolutionary synthesis of the
1930s and 1940s. It was then, ﬁnally, that Darwinian perspectives
on phylogeny began to take an indelible hold on biological thought.
E-mail address: anne.yoder@duke.edu
1055-7903/$ - see front matter Ó 2012 Elsevier Inc. All rights reserved.
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From that moment onwards, it has been the unrelenting goal of
phylogeneticists to assemble this grand Tree of Life.
Beginning in the 1950s with protein electrophoresis, molecular
biologists started to tinker with the idea that measures of genetic
distance among and between organisms could be interpreted as a
proxy for their evolutionary relatedness. The obvious thought was
that organisms that share the most recent ancestry will show the
greatest similarity of genetic material. Pioneering work by Walter
Fitch, Emile Zuckerkandl, and Linus Pauling laid the groundwork
for the molecular phylogenetic revolution, led principally by Allan
Wilson, and by Morris Goodman, to whom this special volume is
dedicated. Although the ﬁrst decade or so of this revolution relied
upon indirect measures of genetic distance such as DNA–DNA
hybridization, numerous breakthroughs in our understanding of
evolutionary relationships were achieved, such as the (very controversial, at the time) ﬁnding that chimpanzees are more closely related to humans than to gorillas (Sibley and Ahlquist, 1984).
Several authors took exception to these results in particular, both
in terms of the obvious incongruence with the morphological details shared by chimpanzees and gorillas (reviewed in Holmquist
et al., 1988), but also due to various subtleties of statistical analysis
(Farris, 1985; Templeton, 1985).
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1992), the progress of the past few years is truly astounding. Table
1, which is a tabulation of basic information from each year of the
journal, clearly illustrates this progress. Whereas studies of
20 years ago tended to rely on parsimony or distance-based analysis of small subsets of genetic data and OTUs (operational taxonomic units), there has been a steadily increasing trend towards
more loci, more OTUs, and increasingly sophisticated statistical
analysis of the data (Table 2). Most notably, the journal has had
to increase the number of published papers by more than a factor
of ten to keep up with the outpouring of empirical and methodological studies. Clearly, each technological advance in data generation has been quickly followed by studies with increasing amounts
of data, which in turn have necessitated analytical methods and
tools of increasing statistical and computational power. We see a
version of the Red Queen Hypothesis played out in the pages of
Molecular Phylogenetics and Evolution.
With the advent of ‘‘next generation’’ sequencing methods ﬁrst
introduced in 2005 (see Egan et al., 2012 for a detailed history of
these technologies), it is now possible to generate millions of bases
at a fraction of the cost of traditional Sanger methods. Accordingly,
the ﬁeld is starting to move rapidly in the direction of whole genome sequencing, not only for the purposes of resolving evolutionary relationships, but for any conceivable application of genomic
data to ﬁelds as disparate as molecular ecology and cancer biology.
Happily, Morris Goodman not only lived to see these advances, he
was fully immersed in their applications (Goodman and Sterner,
2010; Goodman et al., 2009, 2010; Jameson et al., 2011; Sterner
et al., 2010).

The dispute was for many settled decisively by Felsenstein
(1987) who employed a maximum likelihood mixed model analysis of variance method to show that there was indeed signiﬁcant
support for the human-chimp clade contained within the DNA–
DNA hybridization data published by Sibley and Ahlquist, 1984.
Felsenstein pursued the matter further by exploring the question
of just how many base pairs of DNA sequence data would convey
the same degree of statistical power as the vast amount of genetic
material being compared by hybridizing the single-copy regions of
whole genomes. His answer was very precise: 4472 base pairs of
DNA sequence data would convey equivalent power. This result
would have come as no surprise to Morris Goodman and the other
molecular phylogenetic revolutionaries who had long been utilizing amino acid sequence data for resolving questions of evolutionary relatedness (Goodman et al., 1972, 1974; Matsuda et al., 1973;
Moore et al., 1973).
The molecular phylogenetics ﬁeld moved rapidly and nearly
uniformly to the analysis of DNA sequence data coincident with
the PCR revolution launched by Kary Mullis (Mullis et al., 1986),
and for many years, the ﬁeld has been driven nearly exclusively
by PCR and Sanger sequencing based methods. Studies have
evolved from sampling strategies in which only a few taxa were sequenced for only one organellar or nuclear locus, to combined
analysis of representative loci from both genomes, to whole mitochondria (i.e., mitogenomics) to large-scale samples of nuclear
loci (i.e., phylogenomics). Founded by Morris Goodman in 1992,
the journal Molecular Phylogenetics and Evolution was created speciﬁcally to ‘‘disseminate the results of these molecular studies’’
(Goodman, 1992). This dream has been more than fulﬁlled, and
indeed, a backwards glance at the content of the journal can be
viewed as a mirror of the developing molecular phylogenetic ﬁeld
(Table 1) which is today undergoing its latest and perhaps greatest
revolution. Although in the year of its founding, the ﬁeld was comprised by phylogenetic information that was ‘‘miniscule compared
to the huge reservoirs that remain[ed] to be tapped’’ (Goodman,

2. Phylogeny of the lemurs: Nearly known
Lemurs have been the focus of molecular phylogenetic study
from the earliest days of the ﬁeld’s emergence. The suborder
Lemuriformes is comprised entirely of primate species endemic

Table 1
MPE publication trends.
Year

1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

Data

# of OTUs

Phylogenetic analysis

Journal statistics

organell
only
(mtDNA
or
cpDNA)

nDNA
only

Organelle
& nDNA

Whole
mtDNA
genomes

Minimum
#

Maximum#

Mean
#

Parsimony

Distance

Likelihood

Bayesian

# of
volumes

# of
issues

# of
papers

7
2
6
5
3
6
4
6
4
7
7
8
6
4
5
3
3
0
1
0
1

3
8
3
3
6
3
5
4
5
0
2
1
4
2
1
1
3
2
3
1
3

0
0
0
2
0
1
1
0
1
3
1
1
0
3
3
5
3
7
6
8
6

0
0
0
0
1
0
0
0
0
0
0
0
0
1
1
1
1
1
0
1
0

5
4
5
7
8
8
10
7
14
14
12
13
20
21
13
15
23
22
42
18
8

14
47
36
56
34
42
60
49
49
67
78
165
100
142
834
76
136
161
102
282
241

10
23
15
21
20
25
28
28
31
37
39
45
46
66
131
42
70
78
69
88
98

7
5
6
8
8
9
9
9
9
10
10
10
9
8
8
9
9
7
5
6
5

3
8
4
8
5
8
8
8
5
6
3
1
1
3
2
1
3
1
1
1
2

3
1
0
3
2
1
3
6
6
10
4
7
6
8
6
5
4
4
3
7
8

0
0
0
0
0
0
0
0
0
0
0
1
6
8
8
5
8
8
9
8
8

1
1
1
1
2
2
2
3
4
4
4
4
4
4
4
4
4
4
4
4
TBD

4
4
4
4
6
6
6
9
12
12
12
12
12
12
12
12
12
12
12
12
TBD

31
35
40
43
84
72
101
123
167
166
162
189
332
234
276
345
387
297
431
248
TBD

Represents sample of ﬁrst 10 empirical studies (regardless of organismal focus) from each journal year. Data type, # of OTUs and phylogenetic methods were tabulated from
empirical studies only (i.e., simulation or method development studies were not considered); symposium proceedings were also not considered in tabulation of these
statistics due to potential bias; the majority of empirical studies used multiple optimality criteria, and thus do not sum to 10; # of papers does not include editorial remarks,
book reviews or eratta. The author does not claim precise accuracy of the data, but stands by the observable trends described in the body of the paper.
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Table 2
Phylogenetic software employed in studies referenced in Table 1.
Year

Phylogenetic software

1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012

PAUP (4); HENNING86 (1); PHYLIP (4); other (1)
PAUP (5); PHYLIP (3); MUST (1); MEGA (1); GCG (2); other (1)
PAUP (6); PHYLIP (4); MUST (1); HENNING86 (1)
PAUP (7); HENNING86 (1); PHYLIP (7); MEGA (2)
PAUP (6); PHYLIP (4);MEGA (3)
PAUP (5); PHYLIP (3); MEGA (5); MUST (1)
PAUP (8); PAUP⁄ (2); PHYLIP (3); MEGA (2); TREECON (1)
PAUP (6); PAUP⁄ (3); PHYLIP (5); PUZZLE (1); MOLPHY (1); MEGA (2); fastDNAML (1)
PAUP (4); PAUP⁄ (5); PHYLIP (2); MUST (1); PUZZLE (1)
PAUP (3); PAUP⁄ (7); PHYLIP (2); MEGA (1); PUZZLE (3)
PAUP (1); PAUP⁄ (7); PHYLIP (1); MEGA (1); HENNING86 (1); PUZZLE (1)
PAUP (1); PAUP⁄ (9); MrBayes (1); PHYLIP (1); PUZZLE (1)
PAUP⁄ (9); MrBayes (6); MEGA (1)
PAUP⁄ (9); MrBayes (8); PHYLIP (2); MEGA (1)
PAUP⁄ (8); MrBayes (8); PHYML (1); MEGA (1); POY (1)
PAUP⁄ (10); MrBayes (5)
PAUP⁄ (8); MrBayes (8); GARLI (1); NONA (1); Other (1)
PAUP⁄ (7);MrBayes (9); GARLI (1); PHYML (2); TNT (1)
PAUP⁄ (6); MrBayes (9); GARLI (3)
PAUP⁄ (5); MrBayes (8); RAxML (4); MEGA (2); TreeFinder (1)
PAUP⁄ (4); MrBayes (8); RAxML (5); PHYML (1); GARLI (2); MEGA (1); TNT (1)

Software employed for the purpose of phylogeny estimation is represented; software employed for other purpuses
such as sequence alignment, suitability for concatenation; molecular evolutionary statistics (such as tests for positive
selection), model testing or divergence time estimation is not referenced; ‘‘other’’ indicates software designed by the
authors and singularly employed in their studies. Numbers in parentheses indicate the number of papers in which
the programs were employed. Given that the majority of studies employ multiple programs and optimality criteria,
the numbers per year do not sum to ten.

to the island of Madagascar. Given that Madagascar has been separated from the rest of the world and surrounded by a formidable
ocean barrier for at least the past 88 million years (Agrawal et al.,
1992; De Wit, 2003; Rabinowitz et al., 1983), and that the oldest
plausible age estimates of the primate clade are considerably
younger (e.g., Dos Reis et al., 2012), how lemurs came to occupy
their island home has been a continuing puzzle. Although their unique ﬁdelity to Madagascar has long served to create the sense that
they must be a unique evolutionary lineage, this intuition has been
frequently challenged. Indeed, in the early to mid-1980s, nearly all
primate classiﬁcations (Fleagle, 1988; Schwartz, 1986; Szalay and
Delson, 1979) placed one of the lemuriform groups, the dwarf
and mouse lemurs (family, Cheirogaleidae), into the Lorisiformes
due to their shared and otherwise unique condition of the cranial
blood supply (Cartmill, 1975; Szalay and Katz, 1973). Similarly,
the bizarre morphological specializations of the aye–aye (genus,
Daubentonia) have inspired widespread speculation about its
placement in streprirrhine primate phylogeny (Groves, 1989;
Oxnard, 1981; Pocock, 1918). In both cases, that of the dwarf
lemurs and of the aye–aye, a paraphyletic Lemuriformes would
necessitate at least two crossings of the Mozambique Channel
(Yoder, 1996; Yoder et al., 1996a).

car. Simultaneously, Yves Rumpler began his pioneering quest to
decipher evolutionary relationships from karyotypic patterns
while integrative biologists and paleontologists such as Robert
Martin, Elwyn Simons and Alan Walker sought to frame the morphological characteristics of lemurs in an evolutionary context.
Molecular phylogenetic analysis of lemurs and lorises enters the
picture in the 1970s, producing results that have withstood the test
of time (Dene et al., 1980, 1976). Although focused on measures of
genetic distance via immunodiffusion analysis, the results of these
studies are remarkably congruent with the DNA sequence studies
that have come in subsequent years, many of which have employed multiple loci and sophisticated methods of phylogenetic
analysis. Early immunodiffusion analysis showed clear support
for the monophyly of the lemuriforms, including both the dwarf
and mouse lemur clade, as well as the enigmatic aye–aye (Dene
et al., 1976, p. 53, Fig. 2). Succeeding years have been rich with detailed molecular phylogenetic investigation of the evolutionary
relationships among lemurs, and their close relatives, the lorises.
As seen in Fig. 1 (linked to Table 3), these studies have essentially
served to conﬁrm the ﬁndings of the ﬁrst forays into molecular
phylogenetic analysis of lemurs.
2.2. The PCR revolution

2.1. The early years (1900–1990)
A surprising amount was known about lemur diversity and evolutionary relations as early as the ﬁrst part of the 20th Century (e.g.,
Beddard, 1908; Gregory, 1915; Major, 1896; Pocock, 1916, 1918;
Smith, 1907; Standing, 1907, 1908). Focus on areas of lemur biology such as behavior and ecology became prominent in the
1960s and 1970s with the vanguard of specialists such as Alison
Jolly, Jean Jaques Petter, Alison Richard, Robert Sussman and Ian
Tattersall leading the charge. A second wave of long-term ﬁeld
studies in Madagascar began in the 1980s led by behavioral ecologists, including Joerg Ganzhorn, Peter Kapeller, and Patricia Wright.
All of these remarkable biologists have dedicated years of their
lives to the study and protection of lemurs in their native Madagas-

Molecular phylogenetic analysis of lemurs (and virtually all
organismal groups) enjoyed a remarkable boost in activity as a
consequence of the relative ease in collecting DNA sequence data
subsequent to the development of the Polymerase Chain Reaction.
Within less than a decade post-PCR, molecular phylogenetic analyses of the lemurs and other primates began to emerge with
increasing frequency. The earliest PCR-based studies tended to
focus on mitochondrial loci (e.g., Adkins and Honeycutt, 1994;
Delpero et al., 1995, 2001; Pastorini, 2000; Pastorini et al., 2000,
2001a,b, 2002, 2003; Stanger-Hall and Cunningham, 1998; Wyner
et al., 2000; Yoder, 1994; Yoder and Irwin, 1999; Yoder et al.,
1996b), though the Goodman lab was leading the way in investigation of nuclear loci, particularly those associated with the
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Fig. 1. Composite phylogeny of the Lemuriformes summarizing more than 35 years of molecular phylogenetic research. Numbered nodes on tree refer to references in Table
3. Each referenced study pertains to the clade identiﬁed by the node number. Species level taxonomy is not exhaustive. Nomenclature follows Mittermeier et al. (2010) where
possible.

hemoglobin complex (Goodman et al., 1994, 1998; Koop et al.,
1989b; Porter et al., 1997, 1995; Stanhope et al., 1996). Indeed,
the remarkable power of PCR allowed investigators for the ﬁrst
time to examine and compare mitochondrial loci from the extinct
subfossil lemurs along with homologous material from living lemurs (Karanth et al., 2005; Orlando et al., 2008; Yoder, 2001; Yoder
et al., 1999). Though only tangentially related to the PCR revolution, Rumpler and colleagues have all along been contributing signiﬁcant results using karyotype data (Rumpler, 2002; Rumpler
et al., 2004, 2011, 2008; Warter et al., 2000). Others have tried their
hand at genomic character-state data such as SINEs (McLain et al.,
2012; Roos et al., 2004; Zietkiewicz et al., 1998) and restriction
fragment data (Crovella et al., 1993, 1995; Jung et al., 1992;
Montagnon et al., 1993; Razaﬁndraibe et al., 1997), the latter with
somewhat mixed results.
2.3. Nuclear DNA and phylogenomics
The most recent trend to emerge in lemur molecular phylogenetics has been the steady increase in investigations that are

generating nuclear data for analysis. Though the ﬁrst few studies
tend to focus on single (or only a few) nuclear loci, often in conjunction with mitochondrial markers (Delpero et al., 2006; Goodman et al., 1994; Heckman et al., 2007; Porter et al., 1997; Poux
and Douzery, 2004; Rumpler et al., 2011; Yoder and Irwin, 1999),
emerging technologies have rapidly transformed the ﬁeld of
molecular phylogenetics into a sampling framework typically referred to as ‘‘phylogenomics’’, with an explicit focus on generating
megabases of nuclear DNA rather than kilobases. Lemuriform phylogenetics have reaped the beneﬁts (Horvath et al., 2008; Horvath
and Willard, 2007; Jameson et al., 2011; Liu et al., 2009; Matsui
et al., 2009; Perelman et al., 2011), and accordingly, we have
now reached the position where we can reﬂect back over the progressive development of molecular phylogentic studies of lemurs,
and ask ‘‘Are we there yet?’’. The most honest answer is ‘‘nearly’’.
Although the combination of data diversity and congruence has
yielded what might be called a nearly-known phylogeny of lemurs,
there are two regions of the lemuriform evolutionary tree that remain problematic; one with regard to understanding the number
of species in the mouse (genus Microcebus) and sportive (genus
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Table 3
Molecular phylogenetic studies.
Node 1:
Lemuriform
Monophyly

Node 2: Lepilemur
plus Cheirogaleidae

Node 3:
Lemuridae plus
Indriidae

Node 4:
Cheirogaleidae

Node 5:
Lemuridae

Node 6: Microcebus
(species diversity)

Node 7: Lepilemur
(species diversity)

Node 8:
Indriidae

Dene et al. (1976)

DelPero et al. (2006)
Horvath et al. (2008)

Pastorini et al.
(2001b)
Hapke et al.
(2005)

Crovella
et al. (1993)
Yoder &
Irwin,
(1999)
Wyner
et al. (2000)

Yoder et al. (2000)

Adkins &
Honeycutt
(1994)
Yoder (1994),
Yoder et al.
(1996a)
Porter et al. (1995),
(1997)
Stanger-Hall &
Cunningham
(1998)
DelPero et al.
(2001), (2006)
Rumpler (2002)
Pastorini et al.
(2003)
Roos et al. (2004)
Poux & Douzery
(2004)
Horvath et al.
(2008)
Perelman et al.
(2011)
McLain et al.
(2012)

DelPero et al.
(2001)
McLain et al.
(2012)

Rumpler et al.
(2001)
Ravaoarimanana
et al. (2004)

Razaﬁndraibe
et al. (1997)
Warter et al.
(2000)

Heckman et al.
(2007)

Andriaholinirina
et al. (2006)

Pastorini et al.
(2001a)

Olivieri et al. (2007)

Craul et al. (2007)

Rumpler et al.
(2004), (2011)

Weisrock et al.
(2010), (2012)

Rumpler et al.
(2008)

Perelman et al.
(2011)

Groeneveld et al.
(2009), (2010)

McLain et al. (2012)

Weisrock et al.
(2012)

Pastorini
et al. (2000)
McLain
et al. (2012)

Louis et al. (2006)

Molecular phylogenetic studies that bear directly on the node numbering system in Fig. 1. References are representative, though not exhaustive.

Lepilemur) lemurs and their patterns of hierarchical divergence
(Weisrock et al., 2012), and the other regarding the hierarchical
ordering of the deepest internal nodes of the phylogeny, namely,
the interrelationships of the lemurid, cheirogaleid, indriid, and
lepilemurid lineages. Some progress has recently been made in this
regard – namely, a study reporting the use of Alu insertions as phylogenetic markers (McLain et al., 2012). This study ﬁnds sistergroup relationships between the indriid and lemurid lineages,
and the cheirogaleid and lepilemurid lineages, respectively. With
regard to the latter result, it is therefore in accord with the two
other studies that have employed broadly dispersed loci from
across the genome to address lemuriform interrelationships
(Horvath et al., 2008; Perelman et al., 2011). As the ﬁeld moves
forward, with ever increasing species-level sampling and genome-wide sampling of loci, we can hope that both the deep and
the shallow nodes of the phylogeny will gain statistical conﬁdence.
In both cases, however, it will be the combination of more data
analyzed with appropriate methods (e.g., those that explicitly consider the complexities of the coalescent process) (Rannala and
Yang, 2003) that offer the greatest hope for conﬁdent resolution.

activity (Mittermeier et al., 2008) as well as an enhanced appreciation for the biodiversity among the several radiations of nocturnal
and ‘‘cryptic’’ lemuriform lineages, primarily the genus Lepilemur
(Andriaholinirina et al., 2006; Craul et al., 2007; Mendez-Cardenas
et al., 2008; Ravaoarimanana et al., 2004; Rumpler et al., 2001) and
the dwarf and mouse lemurs, family Cheirogaleidae (Groeneveld
et al., 2010, 2011, 2009; Louis et al., 2006; Olivieri et al., 2007;
Rasoloarison et al., 2000; Schmid and Kappeler, 1994; Weisrock
et al., 2010; Yoder et al., 2000; Zimmermann et al., 1998).
The puzzle of lemuriform evolution thus becomes bewitching.
Knowing, as we do, that Madagascar was geographically isolated
before primates evolved, we are compelled to question how lemurs
came to inhabit Madagascar. Where did their ancestors originate?
When did they arrive? How did they get there? And given their
extraordinary diversity, what have been the ecological, behavioral
and climatological forces that have driven their diversiﬁcation?
Molecular phylogenetic approaches can help answer all of these
questions, and more.

3. Why should we care?

The mode and timing of lemuriform origins have been
repeatedly questioned over the years (reviewed in Martin, 2000;
Tattersall, 2006), though it now seems that sufﬁcient data have
accumulated to conclusively support the Dene et al. (1976) ﬁnding
of lemuriform monophyly. The tree topology illustrated in Fig. 1
makes it clear that the breadth and depth of lemuriform diversity
originate from a common ancestral lineage, thus implying that lemurs colonized Madagascar only once. Moreover, the well-deﬁned
sistergroup relationship to the Afro-Asian lorisiforms indicates that
Africa was almost certainly the ancestral home of the stem lemuriform lineage (Yoder and Nowak, 2006). In order to ask how lemurs
arrived in Madagascar, however, we ﬁrst need to understand when.

Lemurs are recognized as one of the most remarkably diverse
radiations of primates alive today (Kamilar and Muldoon, 2010;
Kamilar et al., 2012; Martin, 1972, 2000; Thalmann, 2007; Vences
et al., 2009). Over the course of the past two decades, the number
of recognized species has increased from slightly more than 30
(Mittermeier et al., 1994) to more than 100 (Mittermeier et al.,
2010). Though this breathtaking inﬂation in recognized species
numbers has rightly called for circumspection (Markolf et al.,
2011; Tattersall, 2007), it can nonetheless be said that the explosion in numbers primarily mirrors the result of increased ﬁeld

3.1. Lemuriform biogeography
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Given that Madagascar has been surrounded by an oceanic barrier for at least 88 my, we must conclude that dispersal, not vicariance, would have been the mode of their arrival. This leaves
two potential mechanisms of dispersal: either lemurs and other
Malagasy mammals were able to exploit subaerial (and thus, partially terrestrial) routes, or they must have endured overwater dispersal via what G.G. Simpson referred to as ‘‘sweepstakes’’
mechanisms. The plausibility of subaerial exposures connecting
Madagascar to South America and/or India via Antarctica have
periodically been suggested via the Gunnerus Ridge and Kerguelen
Plateau, both on geological and conjectural grounds, though recent
palaeogeographical modeling appears to have soundly refuted this
idea (Ali and Krause, 2011). Similarly, it has been suggested that an
island chain spanning the distance from Africa to Madagascar via
the Davie Ridge may have offered opportunities for at least partially-terrestrial dispersal routes (Mccall, 1997). The temporal window for this putative island chain was quite explicit, however, and
has been found to be inconsistent with molecular phylogenetic
hypotheses of lemuriform (and Malagasy carnivoran) origins
(Yoder et al., 2003). With these terrestrial routes rejected, we are
left with one remaining alternative: implausible as it may seem
(Stankiewicz et al., 2006), lemurs must have dispersed via rafting
across a formidable oceanic barrier, perhaps aided by an ancestral
capacity for heterothermia (Kappeler, 2000).
The estimated timing of such an event is of increasing relevance
to the debate. A recent study to employ palaeogeographic reconstructions and palaeo-oceanographic modeling concludes that for
the period spanning the early-Eocene through the mid-Miocene,
ocean currents would have ﬂowed from west to east (in contrast
to their present-day east to west ﬂow) and at periodically high
rates, thus strongly promoting the overwater dispersal of smallbodied mammals from Africa to Madagascar (Ali and Huber,
2010; Samonds et al., 2012) thus yielding a pattern wherein obligate rafters show a decrease in the probability of transoceanic dispersal from the Paleocene onward, reaching the lowest levels after
the mid-Miocene (Samonds et al., 2012). This is precisely the same
pattern favored by molecular phylogenetic studies of divergence
times in lemurs and in other endemic Malagasy mammals (Poux
et al., 2005; Yoder et al., 2003; Yoder and Yang, 2004).
3.2. Timing is everything
The previous section illustrates the importance of placing phylogenetic results within a temporal framework in order to move
beyond pattern to explore process. Divergence time estimation is
far from a trivial process, however, and for every advance made
in theory and methodology, new studies emerge that either support or refute the results of the work that has come before. In
the case of lemuriform phylogeny reconstruction, it is actually
rather remarkable that the most recent phylogenomic studies can
in some ways be seen as merely conﬁrmatory of the immunodiffusion work of 35 years ago. Such agreement is not the case with the
recent literature focused on estimating the timing of the lemuriform radiation. Estimated ages range from the late-Cretaceous
(Arnason et al., 2008), to the early- to middle-Paleocene (Perelman
et al., 2011; Roos et al., 2004; Yoder et al., 2003, 1996a; Yoder and
Yang, 2004) to the early- to middle-Eocene (Dos Reis et al., 2012;
Yoder et al., 1996a). Thus, these estimates encompass a range of
more than 30 million years, a geological period that spans one of
the most dynamic and revolutionary events to ever affect the earth,
the Cretaceous/Tertiary (K–T) boundary. It is not a trivial matter,
therefore, to determine when in this geological period of global upheaval the origin of lemurs occurred. But how do we decide which
estimate is best supported?
The answer is not at all obvious. The perennial obstacle in divergence time estimation is the fact that phylogenetic branch lengths
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(which are the currency by which divergence times are estimated)
are the product of evolutionary rate and time. They are inextricably
linked, and in order to know one, you must know (or have a good
approximation of) the other. Copious literature exists on the
subject of rate/time interdependence (succinctly articulated in
Thorne et al., 1998)), though it is beyond the scope of this review
to summarize the relevant issues, which also include routine violations of a molecular clock, the necessity to incorporate realistic
models of genetic change over time, the problematic nature of
the fossil record for purposes of calibration, and the need for adequate amounts of data. These issues are universally challenging. In
the speciﬁc case of lemurs, however, the issues of rate calculation
and temporal calibration are especially daunting. The terrestrial
fossil record for the Tertiary of Madagascar is a vacuum (Krause
et al., 1997), and thus there are no known fossil lemurs, and of
all primate groups, issues of rate calculation are particularly problematic in the Strepsirrhini.
Our ﬁrst glimpse of the potential oddities of molecular rate
behavior in lemurs came in 1980 with the report from DNA–DNA
hybridization data that the rate of ‘‘evolution of DNA of primates
from Madagascar is signiﬁcantly less than that of all other groups
of living primates’’ (Bonner et al., 1980), including the sistergroup
to the lemurs, the lorisiform primates. This initial observation was
further elaborated in subsequent studies measuring degrees of
immunological cross-reaction of protein antigens (Schreiber and
Bauer, 1998) and in more targeted genetic regions such as globin
genes (Koop et al., 1989a; Porter et al., 1995). Most recently, genomic-scale studies have veriﬁed the observation of slow evolutionary rates relative to other primates (Perry et al., 2012b).
Fluctuations in rate variation across and within lineages is not a
new problem, and indeed, such violations of the molecular clock
have spurred many of the most important methodological developments in the ﬁeld of divergence time estimation (Drummond
et al., 2006; Heath et al., 2012; Ho et al., 2007; Kishino et al.,
2001; Rannala and Yang, 2007; Sanderson, 2002; Thorne and
Kishino, 2002; Thorne et al., 1998; Yang and Rannala, 2006). Nonetheless, the observation that rates of molecular evolution appear to
be markedly different between the lorisiform and lemuriform lineages is bound to create challenges for even the most sophisticated
methods of analysis. The difﬁculty intensiﬁes with the possibility
that molecular evolutionary rates change not only across phylogenetic lineages, but also within them though time, a phenomenon
sometimes referred to as heterotachy. The so-called ‘‘hominoid
rate slowdown’’ is a classic example of this hypothesized phenomenon (Sarich and Wilson, 1973). Most recently, convergent heterotachy across the primate phylogeny has been evoked to explain
primate divergence times that are estimated to be considerably
more recent than those found in previous molecular phylogenetic
studies (Steiper and Seiffert, 2012). Compound this problem with
the fact that although there are some remarkable fossils within
the lorisiform lineage for purposes of calibration (Seiffert et al.,
2003), there are none within the lemuriform portion of the
phylogeny.
The challenges for divergence time estimation notwithstanding,
the anomalies of rate variation within the strepsirrhine primates
are of interest in and of themselves. For example, lemurs have been
suggested to manifest the lowest mitochondrial transition rate of
any primate (Hasegawa et al., 1990), though this result was later
overturned via increased species sampling within the lemuriforms
(Yang and Yoder, 1999). Copious theories postulating the causes
for rate variation among lineages have been erected (often to be
promptly torn down) in the general literature. These include differential generation times, selection pressures, body size, metabolic
rates, ancestral population size, climate, social organization, and
diversiﬁcation rates, to name only a subset (Bromham and Leys,
2005; Bromham and Woolﬁt, 2004; Gillooly et al., 2005; Lanfear
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et al., 2007, 2010; Martin and Palumbi, 1993; Mooers and Harvey,
1994; Ohta, 1972; Sarich and Wilson, 1973; Tsantes and Steiper,
2009). Thus, despite the problematic nature of rate variation for
divergence time estimation (and for phylogeny reconstruction),
these theories present fascinating hypotheses to be tested empirically. Putatively, given the extraordinary range of biological and
life-history diversity across the lemuriform clade, we should be
able to directly test the idea that a small mammal with a rapid generation time (e.g., a mouse lemur) will show higher rates of molecular evolution than a larger mammal with longer generation times
(e.g., the indri). At present, existing molecular data within lemurs
do not support a generation-time effect, though this could relate
more to limited data than to lack of biological actuality. This is
one of the many areas in which the opportunities offered by
‘‘next-generation’’ sequencing technologies offer promise.
4. The lemur revolution starts now
The latest revolution in molecular evolutionary studies has been
enabled by what most investigators refer to as ‘‘next-generation’’
sequencing technologies. The designation is a bit misleading in
that rather than refer to a single technology, next-generation
methods actually represent an array of technologies that yield
the same essential result: massive amounts of DNA sequence data
that can be rapidly generated in a fraction of the time and at a fraction of the cost of traditional Sanger sequencing methods. For the
most part, these technologies generate a very large number of
sequencing reads, though virtually all of them quite short (6
400 bp, depending upon the sequencing platform). Despite the
indisputable advantage of being able to generate hundreds of thousands of nucleotide sequences in a single run, new technologies
bring with them new challenges. In the case of ‘‘next-gen’’ methods, the overlap among sequences tends to be very short, making
assembly problematic, and the error rate is typically much higher
than with Sanger methods (for superb reviews of the various
short-read ‘‘next-generation’’ technologies, see Egan et al. (2012)
and Ekblom and Galindo (2011). Perhaps most challenging of all
will be ‘‘keeping researchers from drowning in this data ﬂood’’
(Ekblom and Galindo, 2011). The need to keep aﬂoat will become
even more challenging as we move into what is sometimes referred to as 3rd-generation technologies wherein single molecules
are sequenced and the need for DNA ampliﬁcation obviated during
the sequencing reaction. These technologies offer the promise of
even more rapid and less expensive data generation, making the
$1000 genome (Mardis, 2006) – something that not long ago
seemed like science ﬁction – a reality.
4.1. Phylogenomics: only the beginning
An implicit message in the increasing number of phylogenetic
studies to employ a megabase ‘‘phylogenomic’’ approach is that
due to the sheer volume of data, and the fact that these data are
generated from across the breadth of the genome, there is safety
in numbers. That is, phylogeneticists have to some degree been
‘‘mesmerized’’ by the idea that whole genome representation in
phylogenetic studies will be the sole solution to problems of incongruence and uncertainty (Philippe et al., 2011). Although phylogenetic analysis of multi-megabase datasets is still in its infancy,
cautionary ﬂags are already going up (e.g., Jeffroy et al., 2006;
Philippe et al., 2011; Philippe and Roure, 2011; Yang and Rannala,
2012). The majority of phylogenomic studies aim to sample as
broadly as possible across the genome, with an increased reliance
on data that are available in public databases. This approach is certainly well justiﬁed, yet due to the fact that the amount of data and
degree of orthology will vary widely among taxa, the maximal data

approach will lead to inevitable gaps in data representation when
species sampling is broad. In other words, whereas some taxa will
have enormous amounts of data, others will have only a subset of
those data. The discussion relating to the difﬁculties incurred by
missing data in phylogenetic analysis is ongoing (Camargo et al.,
2012; Crawley and Hilu, 2012; Nabhan and Sarkar, 2012) with consensus yet to be reached. Moreover, with the very enormity of genetic loci in a given study, many investigators are either reluctant
or ill-equipped to employ the models of nucleotide substitution
that have proven to be of such tremendous value to phylogenetic
analysis (Felsenstein, 2004; Yang, 2006). This is due both to the
computational expense of models, as well as to potential uncertainty as how best to partition the data for model ﬁtting. The fear
therefore is that so-called ‘‘supermatrix’’ approaches to phylogenetic analysis are proving to be somewhat anachronistic and
descriptive in their computational approach. The challenge moving
forward will be to handle analysis of these enormous data sets
with the same degree of statistical sophistication that has rightfully become standard for smaller, more tractable data sets.
4.2. Revolutionary opportunities for understanding lemur biology
Though resolving the Tree of Life remains a consummate goal,
the power of new sequencing and gene-expression technologies
goes far beyond the promise of phylogenetic resolution. New technologies offer the power to connect genotype to phenotype in nonmodel organisms (such as lemurs) in ways that were beyond imagining even a few years ago. Until recently, if one’s study organism
was only distantly related to organisms for which genomic scale
data were available, and/or was an organism unsuited for terminal
or invasive experimentation, studies were by necessity limited to
descriptive genetic or observational experimentation. This for the
most part has meant that explorations of gene expression and regulation as they relate to phenotype were beyond reach. Now, however, the comparison of multiple whole genomes of known
evolutionary relationships offers an enormous step forward for
addressing the difﬁculties of connecting genotypes to phenotypes.
These comparisons can be deployed for phenotype discovery most
easily at the cellular level, especially for biochemical and physiological characteristics, given that the pathways from gene changes
to cellular changes are more direct than those from gene to the
whole organism (Preuss, 2012). For example, an early transcriptome study has revealed tantalizing suggestions of a substantial
enrichment of peroxisomal genes likely to have evolved under
directional selection in the ancestral primate lineage (Perry et al.,
2012a). And increasingly, comparative genomics – especially
among primates – is having direct impacts on our understanding
of human health. As put succinctly by Ganten and Nesse (2012):
‘‘Evolution comes to medicine, genomics comes to evolution’’.
For example, within the past year alone, one study was able to
non-invasively examine the effects of social status on patterns of
gene regulation in macaques, ﬁnding that expression patterns in
a suite of immune system genes could be tracked closely enough
to observe the effect of dominance rank over the lifetime of single
individuals (Tung et al., 2012). And as a tour de force example of
the power of comparative genomic methods to reveal phenotypic
effects, three studies were simultaneously published, all showing
strong genomic correlations to the autism phenotype in humans
(Neale, 2012; O’Roak, 2012; Sanders, 2012). In one of these studies,
the authors were even able to pinpoint speciﬁc paternal effects on
the expression of de novo point mutations associated with autism
risk factors in offspring (O’Roak, 2012).
The studies above succeeded because of a well-characterized
organism-speciﬁc genome sequence. Such data are not yet available for lemurs, but the time draws ever closer when these
non-model primates will be richly characterized at the genome
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level. With the increasing richness of genomic resources among
the phylogenetically and phenotypically diverse species that comprise the lemuriform clade, investigators will be able to conduct
studies of increasing depth and biological illumination. As an
example from another organismal group, a recent study employed comparative population genomic data to identify probable
mechanisms driving speciation among freshwater and marine
sticklebacks by detecting areas of the genome involved in parallel
adaptation to their respective aquatic environments (Jones et al.,
2012). The comparison of whole genomes among closely related
species and/or individuals can also reveal surprising patterns of
the interrelatedness of genes, irrespective of the species phylogeny (Gibbs and Rogers, 2012; Scally et al., 2012). Mechanisms
such as introgression via hybridization and/or incomplete lineage
sorting can produce patterns wherein two orthologous genes can
be either more or less-closely related than the species that carry
them. Within the realm of population ecology and conservation
genetics, we will thus be able to identify the geographic regions
in Madagascar that harbor the most genetically robust as well
as the most threatened populations of lemurs, and moreover, to
identify those regions of the genome that most succinctly reveal
the deleterious effects of inbreeding.
As of this writing, the mouse lemur (Microcebus murinus) genome has been sequenced to 100 coverage at the Baylor College
of Medicine genome center, using the Illumina Hi-Seq platform
(J. Rogers, pers. comm.). Assembly, annotation and analysis of this
genome are anticipated in the coming months, soon giving lemur
biologists access to a draft genome that will serve as a valuable resource for subsequent genetic and genomic analyses, and an
important new tool for a variety of studies that build on that information. Other members of the lemuriform radiation have been
characterized at courser levels, which will be of increasing beneﬁt
to the nascent ﬁeld of lemur comparative genomics (e.g., Perry
et al., 2012b). Thus, we can at last begin to ask speciﬁc questions
about the genetic mechanisms driving and maintaining species
boundaries among those groups of lemurs such as mouse and
sportive lemurs who appear to have undergone remarkable and recent episodes of rapid diversiﬁcation. Those of us who have long
desired to understand the genetic mechanisms governing the
expression of extreme phenotypes in lemurs (e.g., hibernation in
dwarf and mouse lemurs; cyanide resistance in Hapalemur; exquisite neuromotor control in sifakas; ecolocation abilities in aye–ayes
– the list goes on and on) will ﬁnally have our day. And perhaps
most fundamentally, with regard to the origins of this extraordinary group of primates, we can begin to explore what might have
been the speciﬁc adaptive advantage that allowed lemurs to endure what must have been a treacherous journey from Africa to
Madagascar, and potentially, the genetic advantages that allowed
them to cement their survival and diversiﬁcation upon arrival.
These are questions of longstanding interest and illusive appeal.
At last, the time has arrived for answering them.
Acknowledgments
This paper is dedicated to Morris Goodman who personiﬁed the
characteristics of generosity, curiosity, creativity, and passion for
science. I will be forever grateful that he took an interest in lemurs,
and consequently, in my work. I also thank the lemurs and the people of the Duke Lemur Center for enduring inspiration, and the National Science Foundation for continuing ﬁnancial support over the
years. The manuscript was vastly improved thanks to comments
from two anonymous reviewers. And ﬁnally, I thank Ziheng Yang
for allowing me the opportunity to be a postdoc again. This paper
would otherwise not exist. This is Duke Lemur Center publication
#1231.

449

References
Adkins, R.M., Honeycutt, R.L., 1994. Evolution of the primate cytochrome c oxidase
subunit II gene. J. Mol. Evol. 38, 215–231.
Agrawal, P.K., Pandey, O.P., Negi, J.G., 1992. Madagascar: a continental fragment of
the paleo-super Dharwar craton of India. Geology 20, 543–546.
Ali, J.R., Huber, M., 2010. Mammalian biodiversity on Madagascar controlled by
ocean currents. Nature 463, 653-U680.
Ali, J.R., Krause, D.W., 2011. Late Cretaceous bioconnections between IndoMadagascar and Antarctica: refutation of the Gunnerus Ridge causeway
hypothesis. J. Biogeog. 38, 1855–1872.
Andriaholinirina, N., Fausser, J.L., et al., 2006. Molecular phylogeny and taxonomic
revision of the sportive lemurs (Lepilemur, Primates). Bmc Evol. Biol. 6.
Arnason, U., Adegoke, J.A., Gullberg, A., Harley, E.H., Janke, A., Kullberg, M., 2008.
Mitogenomic relationships of placental mammals and molecular estimates of
their divergences. Gene 421, 37–51.
Beddard, F.E., 1908. Some notes upon the anatomy of Chiromys madagascariensis,
with reference to other Lemurs. Proc. Zool. Soc. Lond. 1908, 694–702.
Bonner, T.I., Heinemann, R., Todaro, G.J., 1980. Evolution of DNA sequences has been
retarded in Malagasy primates. Nature 286, 420–423.
Bromham, L., Leys, R., 2005. Sociality and the rate of molecular evolution. Mol. Biol.
Evol. 22, 1393–1402.
Bromham, L., Woolﬁt, M., 2004. Explosive radiations and the reliability of molecular
clocks: island endemic radiations as a test case. Syst. Biol. 53, 758–766.
Camargo, A., Avila, L.J., Morando, M., Sites, J.W., 2012. Accuracy and precision of
species trees: effects of locus, individual, and base pair sampling on inference of
species trees in lizards of the Liolaemus darwinii Group (Squamata,
Liolaemidae). Syst. Biol. 61, 272–288.
Cartmill, M., 1975. Strepsirhine basicranial structures and the afﬁnities of the
Cheirogaleidae. In: Luckett, W.P., Szalay, F. (Eds.), Phylogeny of the Primates: A
Multidisciplinary Approach. Plenum Press, New York, pp. 313–354.
Charlesworth, B., Charlesworth, D., 2009. Darwin and genetics. Genetics 183, 757–
766.
Craul, M., Zimmermann, E., Rasoloharijaona, S., Randrianambinina, B., Radespiel, U.,
2007. Unexpected species diversity of Malagasy primates (Lepilemur spp.) in the
same biogeographical zone: a morphological and molecular approach with the
description of two new species. Bmc Evol. Biol. 7.
Crawley, S.S., Hilu, K.W., 2012. Impact of missing data, gene choice, and taxon
sampling on phylogenetic reconstruction: the Caryophyllales (angiosperms).
Plant Syst. Evol. 298, 297–312.
Crovella, S., Montagnon, D., Rumpler, Y., 1993. Highly repeated dna analysis and
systematics of the Lemuridae, a family of Malagasy Prosimians. Primates 34, 61–
69.
Crovella, S., Montagnon, D., Rumpler, Y., 1995. Highly repeated DNA sequences and
systematics of malagasy primates. Human Evol. 10, 35–44.
de Wit, M., 2003. Madagascar: heads it’s a continent, tails its an island. Ann. Rev.
Earth Planet Sci. 31, 213–248.
Delpero, M., Crovella, S., Cervella, P., Ardito, G., Rumpler, Y., 1995. Phylogeneticrelationships among Malagasy Lemurs as revealed by mitochondrial-DNA
sequence-analysis. Primates 36, 431–440.
Delpero, M., Masters, J.C., Cervella, P., Crovella, S., Ardito, G., Rumpler, Y., 2001.
Phylogenetic relationships among the Malagasy lemuriforms (Primates:
Strepsirrhini) as indicated by mitochondrial sequence data from the 12S rRNA
gene. Zool. J. Linn. Soc. 133, 83–103.
DelPero, M., Pozzi, L., Masters, J.C., 2006. A composite molecular phylogeny of living
lemuroid primates. Folia Primatol. 77, 434–445.
Dene, H., Goodman, M., Prychodko, W., 1980. Immunodiffusion systematics of the
primates. IV: lemuriformes. Mammalia 44, 211–223.
Dene, H., Goodman, M., Prychodko, W., Moore, G.W., 1976. Immunodiffusion
systematics of the primates: the Strepsirhini. Folia Primatol. 25, 35–61.
dos Reis, M., Inoue, J., Hasegawa, M., Asher, R.J., Donoghue, P.C.J., Yang, Z., 2012.
Phylogenomic datasets provide both precision and accuracy in estimating the
timescale of placental mammal phylogeny. Proc. R. Soc. B 279, 3491–3500.
Drummond, A.J., Ho, S.Y.W., Phillips, M.J., Rambaut, A., 2006. Relaxed phylogenetics
and dating with conﬁdence. PLoS Biol. 4, e88.
Egan, A.N., Schlueter, J., Spooner, D.M., 2012. Applications of Next-Generation
Sequencing in Plant Biology. Am. J. Bot. 99, 175–185.
Ekblom, R., Galindo, J., 2011. Applications of next generation sequencing in
molecular ecology of non-model organisms. Heredity 107, 1–15.
Farris, J.S., 1985. Distance data revisited. Cladistics 1, 67–85.
Felsenstein, J., 1987. Estimation of Hominoid Phylogeny from a DNA Hybridization
Data Set. J. Mol. Evol. 26, 123–131.
Felsenstein, J., 2004. Inferring Phylogenies. Sinauer.
Fleagle, J.G., 1988. Primate Adaptation and Evolution. Academic Press, New York.
Ganten, D., Nesse, R., 2012. The evolution of evolutionary molecular medicine:
genomics are transforming evolutionary biology into a science with new
importance for modern medicine. J. Mol. Med. 90, 467–470.
Gibbs, R.A., Rogers, A.R., 2012. Gorilla gorilla gorilla. Nature 483, 164–165.
Gillooly, J.F., Allen, A.P., West, G.B., Brown, J.H., 2005. The rate of DNA evolution:
effects of body size and temperature on the molecular clock. Proc. Natl. Acad.
Sci. USA 102, 140–145.
Goodman, M., 1992. Editorial. Mol. Phys. Evol. 1, 1–2.
Goodman, M., Bailey, W.J., Hayasaka, K., Stanhope, M.J., Slighthom, J., Czelusniak, J.,
1994. Molecular evidence on primate phylogeny from DNA sequences. Am. J.
Phys. Anthropol. 94, 3–24.

450

A.D. Yoder / Molecular Phylogenetics and Evolution 66 (2013) 442–452

Goodman, M., Barnabas, J., Moore, G.W., 1972. Rates of Molecular Evolution in
Primate Phylogeny. Am. J. Phys. Anthropol. 37, 437.
Goodman, M., Moore, G.W., Barnabas, J., Matsuda, G., 1974. Phylogeny of human
globin genes investigated by maximum parsimony method. J. Mol. Evol. 3, 1–48.
Goodman, M., Porter, C.A., Czelusniak, J., Page, S.L., Schneider, H., Shoshani, J.,
Gunnell, G., Groves, C.P., 1998. Toward a phylogenetic classiﬁcation of primates
based on DNA evidence complemented by fossil evidence. Mol. Phys. Evol. 9,
585–598.
Goodman, M., Sterner, K.N., 2010. Phylogenomic evidence of adaptive evolution in
the ancestry of humans. Proc. Natl. Acad. Sci. USA 107, 8918–8923.
Goodman, M., Sterner, K.N., et al., 2009. Phylogenomic analyses reveal convergent
patterns of adaptive evolution in elephant and human ancestries. Proc. Natl.
Acad. Sci. USA 106, 20824–20829.
Goodman, M., Sterner, K.N., et al., 2010. Phylogenomic analyses reveal convergent
patterns of adaptive evolution in elephant and human ancestries (vol 106, pg
20824, 2009). Proc. Natl. Acad. Sci. USA 107, 8498.
Gregory, W.K., 1915. On the classiﬁcation and phylogeny of the Lemuroidea. Bull.
Geol. Soc. Am. 26, 426–446.
Groeneveld, L.F., Blanco, M.B., Raharison, J.L., Rahalinarivo, V., Rasoloarison, R.M.,
Kappeler, P.M., Godfrey, L.R., Irwin, M.T., 2010. MtDNA and nDNA corroborate
existence of sympatric dwarf lemur species at Tsinjoarivo, eastern Madagascar.
Mol. Phys. Evol. 55, 833–845.
Groeneveld, L.F., Rasoloarison, R.M., Kappeler, P.M., 2011. Morphometrics conﬁrm
taxonomic deﬂation in dwarf lemurs (Primates: Cheirogaleidae), as suggested
by genetics. Zool. J. Linn. Soc. 161, 229–244.
Groeneveld, L.F., Weisrock, D.W., Rasoloarison, R.M., Yoder, A.D., Kappeler, P.M.,
2009. Species delimitation in lemurs: multiple genetic loci reveal low levels of
species diversity in the genus Cheirogaleus. Bmc Evol. Biol. 9.
Groves, C.P., 1989. A Theory of Human and Primate Evolution. Oxford University
Press, London.
Hapke, A., Fietz, J., Nash, S.D., Rakotondravony, D., Rakotosamimanana, B.,
Ramanamanjato, J.B., Randria, G.F.N., Zischler, H., 2005. Biogeography of
dwarf lemurs: genetic evidence for unexpected patterns in southeastern
Madagascar. Int. J. Primatol. 26, 873–901.
Hasegawa, M., Kishino, H., Hayasaka, K., Horai, S., 1990. Mitochondrial DNA
evolution in primates: transition rate has been extremely low in the lemur. J.
Mol. Evol. 31, 113–121.
Heath, T.A., Holder, M.T., Huelsenbeck, J.P., 2012. A dirichlet process prior
for estimating lineage-speciﬁc substitution rates. Mol. Biol. Evol. 29,
939–955.
Heckman, K.L., Mariani, C.L., Rasoloarison, R., Yoder, A.D., 2007. Multiple nuclear loci
reveal patterns of incomplete lineage sorting and complex species history
within western mouse lemurs (Microcebus). Mol. Phys. Evol. 43, 353–367.
Ho, S.Y.W., Shapiro, B., Phillips, M.J., Cooper, A., Drummond, A.J., 2007. Evidence for
time dependency of molecular rate estimates. Syst. Biol. 56, 515–522.
Holmquist, R., Miyamoto, M.M., Goodman, M., 1988. Higerh-primate phylogeny –
why we can’t decide. Mol. Biol. Evol. 5, 201–216.
Horvath, J.E., Weisrock, D.W., Embry, S.L., Fiorentino, I., Balhoff, J.P., Kappeler, P.,
Wray, G.A., Willard, H.F., Yoder, A.D., 2008. Development and application of a
phylogenomic toolkit: resolving the evolutionary history of Madagascar’s
lemurs. Genome Res. 18, 489–499.
Horvath, J.E., Willard, H.F., 2007. Primate comparative genomics: lemur biology and
evolution. Trends Genet. 23, 173–182.
Jameson, N.M., Hou, Z.C., Sterner, K.N., Weckle, A., Goodman, M., Steiper, M.E.,
Wildman, D.E., 2011. Genomic data reject the hypothesis of a prosimian primate
clade. J. Hum. Evol. 61, 295–305.
Jeffroy, O., Brinkmann, H., Delsuc, F., Philippe, H., 2006. Phylogenomics: the
beginning of incongruence? Trends Genet. 22, 225–231.
Jones, F.C., Grabherr, M.G., et al., 2012. The genomic basis of adaptive evolution in
three spine sticklebacks. Nature 484, 55–61.
Jung, K.Y., Crovella, S., Rumpler, Y., 1992. Phylogenetic-relationships among
lemuriform species determined from restriction genomic DNA bandingpatterns. Folia Primatol. 58, 224–229.
Kamilar, J.M., Muldoon, K.M., 2010. the climatic niche diversity of Malagasy
primates: a phylogenetic perspective. Plos One 5.
Kamilar, J.M., Muldoon, K.M., Lehman, S.M., Herrera, J.P., 2012. Testing Bergmann’s
rule and the resource seasonality hypothesis in Malagasy primates using GISbased climate data. Am. J. Phys. Anthropol. 147, 401–408.
Kappeler, P.M., 2000. Lemur origins: rafting by groups of hibernators? Folia
Primatol. 71, 422–425.
Karanth, K.P., Delefosse, T., Rakotosamimanana, B., Parsons, T.J., Yoder, A.D., 2005.
Ancient DNA from giant extinct lemurs conﬁrms single origin of Malagasy
primates. Proc. Natl. Acad. Sci. USA 102, 5090–5095.
Kishino, H., Thorne, J.L., Bruno, W.J., 2001. Performance of a divergence time
estimation method under a probabilistic model of rate evolution. Mol. Biol. Evol.
18, 352–361.
Koop, B.F., Siemaniak, D., Slightom, J.L., Goodman, M., Dunbart, J., Wright, P., Simons,
E., 1989a. Tarsius delta- and beta-globin genes: conversions, evolution, and
systematic implications. J. Biol. Chem 264, 68–79.
Koop, B.F., Tagle, D.A., Goodman, M., Slightom, J.L., 1989b. A molecular view of
primate phylogeny and important systematic and evolutionary questions. Mol.
Biol. Evol. 6, 580–612.
Krause, D.W., Hartman, J.H., Wells, N.A., 1997. Late Cretaceous vertebrates from
Madagascar: implications for biotic change in deep time. In: Goodman, S.M.,
Patterson, B.D. (Eds.), Natural Change and Human Impact in Madagascar.
Smithsonian Institution Press, Washington, D.C, pp. 3–43.

Lanfear, R., Thomas, J.A., Welch, J.J., Brey, T., Bromham, L., 2007. Metabolic rate does
not calibrate the molecular clock. Proc. Natl. Acad. Sci. USA 104, 15388–15393.
Lanfear, R., Welch, J.J., Bromham, L., 2010. Watching the clock: studying variation in
rates of molecular evolution between species. Trends Ecol. Evol. 25, 495–503.
Liu, G.E., Alkan, C., Jiang, L., Zhao, S.Y., Eichler, E.E., 2009. Comparative analysis of Alu
repeats in primate genomes. Genome Res. 19, 876–885.
Louis, E.E., Coles, M.S., Andriantompohavana, R., Sommer, J.A., Engberg, S.E.,
Zaonarivelo, J.R., Mayor, M.I., Brenneman, R.A., 2006. Revision of the mouse
lemurs (Microcebus) of eastern Madagascar. Int. J. Primatol. 27, 347–389.
Major, C.I.F., 1896. Preliminary notice on fossil monkeys from Madagascar. Geol.
Mag. 3, 433–436.
Mardis, E.R., 2006. Anticipating the $1,000 genome. Genome Biol. 7.
Markolf, M., Brameier, M., Kappeler, P.M., 2011. On species delimitation: yet
another lemur species or just genetic variation? Bmc Evol. Biol. 11.
Martin, A.P., Palumbi, S.R., 1993. Body size, metabolic rate, generation time, and the
molecular clock. Proc. Natl. Acad. 90, 4087–4091.
Martin, R.D., 1972. Adaptive radiation and behaviour of Malagasy lemurs. Phil.
Trans. R. Soc. Lond. B 264, 295–352.
Martin, R.D., 2000. Origins, diversity, and relationships of lemurs. Int. J. Primatol. 21,
1021–1049.
Matsuda, G., Maita, T., Watanabe, B., Araya, A., Morokuma, K., Ota, Y., Goodman, M.,
Barnabas, J., Prychodk., W., 1973. Amino-acid sequences of alpha-polypeptide
and beta-polypeptide chains of adult hemoglobin of Capuchin Monkey (CebusApella). Hoppe-Seylers Z. Physiol. Chem. 354, 1513–1516.
Matsui, A., Rakotondraparany, F., Munechika, I., Hasegawa, M., Horai, S., 2009.
Molecular phylogeny and evolution of prosimians based on complete sequences
of mitochondrial DNAs. Gene 441, 53–66.
McCall, R., 1997. A bridge to Madagascar. Discover 18, 26.
McLain, A.T., Meyer, T.J., Faulk, C., Herke, S.W., Oldenburg, J.M., Bourgeois, M.G.,
Abshire, C.F., Roos, C., Batzer, M.A., in press. An Alu-based phylogeny of lemurs
(infraorder: Lemuriformes). PLoS ONE.
Mendez-Cardenas, M., Randrianambinina, B., Rabesandratana, A., Rasoloharijaona,
S., Zimmermann, E., 2008. Geographic variation in loud calls of sportive lemurs
(Lepilemur ssp.) and their implications for conservation. Am. J. Primatol. 70,
828–838.
Mittermeier, R., Ganzhorn, J., et al., 2008. Lemur diversity in Madagascar. Int. J.
Primatol. 29, 1607–1656.
Mittermeier, R.A., Louis, E.E., Richardson, M., Schwitzer, C., Langrand, O., Rylands,
A.B., Hawkins, F., Rajaobelina, S. et al., 2010. Lemurs of Madagascar. 3rd ed.
Conservation International.
Mittermeier, R.A., Tattersall, I., Konstant, W.R., Meyers, D.M., Mast, R.B., 1994.
Lemurs of Madagascar. 1st ed. Conservation International, Washington, DC
Montagnon, D., Crovella, S., Rumpler, Y., 1993. Comparison of highly repeated DNAsequences in some Lemuridae and taxonomic implications. Cytogenet. Cell
Genet. 63, 131–134.
Mooers, A.O., Harvey, P.H., 1994. Metabolic rate, generation time, and the rate of
molecular evolution in birds. Mol. Phys. Evol. 3, 344–350.
Moore, G.W., Barnabas, J., Goodman, M., 1973. Method for constructing maximum
parsimony ancestral amino-acid sequences on a given network. J. Theor. Biol.
38, 459–485.
Mullis, K., Faloona, F., Scharf, S., Saiki, R., Horn, G., Erlich, H., 1986. Speciﬁc
enzymatic ampliﬁcation of dna invitro – the polymerase chain-reaction. Cold
Spring Harb. Symp. Quant. Biol. 51, 263–273.
Nabhan, A.R., Sarkar, I.N., 2012. The impact of taxon sampling on phylogenetic
inference. a review of two decades of controversy. Brieﬁngs Bioinform. 13, 122–
134.
Neale, B.M., 2012. Patterns and rates of exonic de novo mutations in autism
spectrum disorders. Nature 485.
O’Roak, B.J.e.a., 2012. Sporadic autism exomes reveal a highly interconnected
protein network of de novo mutations. Nature 485, 246–252.
Ohta, T., 1972. Population Size and Rate of Evolution. J. Mol. Evol. 1, 305.
Olivieri, G., Zimmermann, E., Randrianambinina, B., Rasoloharijaona, S.,
Rakotondravony, D., Guschanski, K., Radespiel, U., 2007. The ever-increasing
diversity in mouse lemurs: three new species in north and northwestern
Madagascar. Mol. Phys. Evol. 43, 309–327.
Orlando, L., Calvignac, S., Schnebelen, C., Douady, C.J., Godfrey, L.R., Hanni, C., 2008.
DNA from extinct giant lemurs links archaeolemurids to extant indriids. Bmc
Evol. Biol. 8.
Oxnard, C.E., 1981. The uniqueness of Daubentonia. Am. J. Phys. Anthropol. 54, 1–
21.
Pastorini, J., 2000. Molecular Systematics of Lemurs. Ph.D. Universität Zürich,
Zurich.
Pastorini, J., Forstner, M.R., Martin, R.D., 2000. Relationships among brown lemurs
(Eulemur fulvus) based on mitochondrial DNA sequences. Mol. Phylogenet.
Evol. 16, 418–429.
Pastorini, J., Forstner, M.R.J., Martin, R.D., 2001a. Phylogenetic history of sifakas
(Propithecus: Lemuriformes) derived from mtDNA sequences. Am. J. Primatol.
53, 1–17.
Pastorini, J., Forstner, M.R.J., Martin, R.D., 2002. Phylogenetic relationships of gentle
lemurs (Hapalemur). Evol. Anth. Suppl. 1, 150–154.
Pastorini, J., Martin, R.D., Ehresmann, P., Zimmermann, E., Forstner, M.R.J., 2001b.
Molecular phylogeny of the lemur family cheirogaleidae (primates) based on
mitochondrial DNA sequences. Mol. Phys. Evol. 19, 45–56.
Pastorini, J., Thalmann, U., Martin, R.D., 2003. A molecular approach to comparative
phylogeography of extant Malagasy lemurs. Proc. Nat. Acad. Sci. 100, 5879–
5884.

A.D. Yoder / Molecular Phylogenetics and Evolution 66 (2013) 442–452
Perelman, P., Johnson, W.E., et al., 2011. A molecular phylogeny of living primates.
Plos Genet. 7.
Perry, G.H., Melsted, P., et al., 2012a. Comparative RNA sequencing reveals
substantial genetic variation in endangered primates. Genome research.
Perry, G.H., Reeves, D., et al., 2012b. A genome sequence resource for the aye–aye
(Daubentonia madagascariensis), a nocturnal lemur from Madagascar. Genom.
Biol. Evol. 4, 126–135.
Philippe, H., Brinkmann, H., Lavrov, D.V., Littlewood, D.T.J., Manuel, M., Worheide,
G., Baurain, D., 2011. Resolving difﬁcult phylogenetic questions: why more
sequences are not enough. Plos Biol. 9.
Philippe, H., Roure, B., 2011. Difﬁcult phylogenetic questions: more data, maybe;
better methods, certainly. Bmc Biol. 9.
Pocock, R.I., 1916. On the course of the internal carotid artery and the foramina
connected therewith in the skulls of the Felidae and Viverridae (Carnivores
Fissipedes). Ann. Mag. Nat. Hist. Ser. 8 (17), 261–269.
Pocock, R.I., 1918. On the external characters of the lemurs and of Tarsius. Proc.
Zool. Soc. Lond. 1918, 19–53.
Porter, C.A., Page, S.L., Czelusniak, J., Schneider, H., Schneider, M.P.C., Sampio, I.,
Goodman, M., 1997. Phylogeny and evolution of selected primates as
determined by sequences of the e-globin locus and 5’ ﬂanking regions. Int. J.
Primatol. 18, 261–295.
Porter, C.A., Sampaio, I., Schneider, H., Schneider, M.P.C., Czelusniak, J., Goodman,
M., 1995. Evidence on primate phylogeny from epsilon–globin gene-sequences
and ﬂanking regions. J. Mol. Evol. 40, 30–55.
Poux, C., Douzery, E.J.P., 2004. Primate phylogeny, evolutionary rate variations, and
divergence times: a contribution from the nuclear Gene IRBP. Am. J. Phys.
Anthropol. 124, 1–16.
Poux, C., Madsen, O., Marquard, E., Vieites, D.R., de Jong, W.W., Vences, M., 2005.
Asynchronous colonization of Madagascar by the four endemic clades of
primates, tenrecs, carnivores, and rodents as inferred from nuclear genes. Syst.
Biol. 54, 719–730.
Preuss, T.M., 2012. Human brain evolution: from gene discovery to phenotype
discovery. Proc. Nat. Acad. Sci. 109, 10709–10716.
Rabinowitz, P.D., Cofﬁn, M.F., Falvey, D., 1983. The separation of Madagascar and
Africa. Science 220, 67–69.
Rannala, B., Yang, Z.H., 2003. Bayes estimation of species divergence times and
ancestral population sizes using DNA sequences from multiple loci. Genetics
164, 1645–1656.
Rannala, B., Yang, Z.H., 2007. Inferring speciation times under an episodic molecular
clock. Syst. Biol. 56, 453–466.
Rasoloarison, R.M., Goodman, S.M., Ganzhorn, J.U., 2000. Taxonomic revision of
mouse lemurs (Microcebus) in the western portions of Madagascar. Int. J.
Primatol. 21, 963–1019.
Ravaoarimanana, I.B., Tiedemann, R., Montagnon, D., Rumpler, Y., 2004. Molecular
and cytogenetic evidence for cryptic speciation within a rare endemic Malagasy
lemur, the Northern Sportive Lemur (Lepilemur septentrionalis). Mol. Phys.
Evol. 31, 440–448.
Razaﬁndraibe, H., Montagnon, D., Rumpler, Y., 1997. Phylogenetic relationships
among Indriidae (Primates, Strepsirhini) inferred from highly repeated DNA
band patterns. Comp. Rendus Acad. Sci. Serie Iii – Sci. Vie-Life Sci. 320, 469–475.
Roos, C., Schmitz, J., Zischler, H., 2004. Primate jumping genes elucidate
strepsirrhine phylogeny. Proc. Natl. Acad. Sci. USA 101, 10650–10654.
Rumpler, Y., 2002. Chromosomal and molecular primatology. Evol. Anth. 11, 145–
149.
Rumpler, Y., Andriaholinirina, N., Warter, S., Hauwy, M., Rumpler, Y., 2004.
Phylogenetic history of the Sifakas (Propithecus: Lemuriformes) derived from
cytogenetic studies. Chromosome Res. 12, 453–463.
Rumpler, Y., Hauwy, M., Fausser, J.L., Roos, C., Zaramody, A., Andriaholinirina, N.,
Zinner, D., 2011. Comparing chromosomal and mitochondrial phylogenies of
the Indriidae (Primates, Lemuriformes). Chromosome Res. 19, 209–224.
Rumpler, Y., Ravaoarimanana, B., Hauwy, M., Warter, S., 2001. Cytogenetic
arguments in favour of a taxonomic revision of Lepilemur septentrionalis.
Folia Primatol. 72, 308–315.
Rumpler, Y., Warter, S., Hauwy, M., Fausser, J.L., Roos, C., Zinner, D., 2008.
Comparing chromosomal and mitochondrial phylogenies of sportive lemurs
(Genus Lepilemur, Primates). Chromosome Res. 16, 1143–1158.
Samonds, K.E., Godfrey, L.R., Ali, J.R., Goodmand, S.M., Vences, M., Sutherland, M.R.,
Irwin, M.T., Krause, D.W., 2012. Spatial and temporal arrival patterns of
Madagascar’s vertebrate fauna explained by distance, ocean currents, and
ancestor type. Proc. Natl. Acad. Sci. USA 109, 5352–5357.
Sanders, S.J.e.a., 2012. De novo mutations revealed by whole-exome sequencing are
strongly associated with autism. Nature 485, 237–241.
Sanderson, M.J., 2002. Estimating absolute rates of molecular evolution and
divergence times: a penalized likelihood approach. Mol. Biol. Evol. 19, 101–109.
Sarich, V.M., Wilson, A.C., 1973. Generation Time and Genomic Evolution in
Primates. Science 179, 1144–1147.
Scally, A., Dutheil, J.Y., et al., 2012. Insights into hominid evolution from the gorilla
genome sequence. Nature 483, 169–175.
Schmid, J., Kappeler, P.M., 1994. Sympatric mouse lemurs (Microcebus spp.) in
western Madagascar. Folia Primatol. 63, 162–170.
Schreiber, A., Bauer, K., in press. Strepsirhine dichotomy from a human perspective.
J. Zool. Syst. Evol. Res.
Schwartz, J.H. 1986. Primate systematics and a classiﬁcation of the order. In:
Swindler, D.R., Erwin, J. (Eds.), Comp. Pri. Biol. Alan R. Liss, New York, pp. 1–42.
Seiffert, E.R., Simons, E.L., A, 2003. Fossil evidence for an ancient divergence of
lorises and galagos. Nature 422, 421–424.

451

Sibley, C.G., Ahlquist, J.E., 1984. The Phylogeny of the Hominoid Primates, as
Indicated by DNA–DNA Hybridization. J. Mol. Evol. 20, 2–15.
Smith, C.E., 1907. On the relationship of lemurs and apes. Nature 76, 7–8.
Standing, H.F., 1907. The relationship of lemurs and apes. Nature 76, 55.
Standing, H.F., 1908. On recently discovered subfossil primates from Madagascar.
Trans. Zool. Soc. Lond. 18, 69–162.
Stanger-Hall, K., Cunningham, C.W., 1998. Support for a monophyletic
lemuriformes: overcoming incongruence between data partitions. Mol. Biol.
Evol. 15, 1572–1577.
Stanhope, M.J., Smith, M.R., Waddell, V.G., Porter, C.A., Shivji, M.S., Goodman, M.,
1996. Mammalian evolution and the interphotoreceptor retinoid binding
protein (IRBP) gene: convincing evidence for several superordinal clades. J.
Mol. Evol. 43, 83–92.
Stankiewicz, J., Thiart, C., Masters, J.C., de Wit, M.J., 2006. Did lemurs have
sweepstake tickets? An exploration of Simpson’s model for the colonization of
Madagascar by mammals. J. Biogeog. 33, 221–235.
Steiper, M.E., Seiffert, E.R., 2012. Evidence for a convergent slowdown in primate
molecular rates and its implications for the timing of early primate evolution.
Proceedings of the National Academy of Sciences PNAS Early Edition.
Sterner, K.N., Boddy, A.M., et al., 2010. Functional genomic signatures of human
brain growth and development. Am. J. Phys. Anthr., 223.
Szalay, F.S., Delson, E., 1979. Evolutionary History of the Primates. Academic Press,
New York.
Szalay, F.S., Katz, C.C., 1973. Phylogeny of lemurs, galagos and lorises. Folia Primatol.
19, 88–103.
Tattersall, I., 2006. Historical biogeography of the strepsirhine primates of
Madagascar. Folia Primatol. 77, 477–487.
Tattersall, I., 2007. Madagascar’s lemurs: cryptic diversity or taxonomic inﬂation?
Evol. Anth. 16, 12–23.
Templeton, A.R., 1985. The phylogeny of the hominoid primates – a statisticalanalysis of the DNA–DNA hybridization data. Mol. Biol. Evol. 2, 420–433.
Thalmann, U., 2007. Biodiversity, phylogeography, biogeography and conservation:
lemurs as an example. Folia Primatol. 78, 420–443.
Thorne, J.L., Kishino, H., 2002. Divergence time and evolutionary rate estimation
with multilocus data. Syst. Biol. 51, 689–702.
Thorne, J.L., Kishino, H., Painter, I.S., 1998. Estimating the rate of evolution of the
rate of evolution. Mol. Biol. Evol. 15, 1647–1657.
Tsantes, C., Steiper, M.E., 2009. Age at ﬁrst reproduction explains rate variation in
the strepsirrhine molecular clock. Proc. Natl. Acad. Sci. USA 106, 18165–18170.
Tung, J., Barreiro, L.B., Johnson, Z.P., Hansen, K.D., Michopoulos, V., Toufexis, D.,
Michelini, K., Wilson, M.E., Gilad, Y., 2012. Social environment is associated with
gene regulatory variation in the rhesus macaque immune system. Proc. Natl.
Acad. Sci. USA 109, 6490–6495.
Vences, M., Wollenberg, K.C., Vieites, D.R., Lees, D.C., 2009. Madagascar as a model
region of species diversiﬁcation. Trends Ecol. Evol. 24, 456–465.
Warter, S., Hauwy, M., Rumpler, Y., 2000. Chromosome painting technique
contributes to constructions of evolutionary trees of lemurs. Int. J. Primatol.
21, 905–913.
Weisrock, D.W., Rasoloarison, R.M., Fiorentino, I., Ralison, J.M., Goodman, S.M.,
Kappeler, P.M., Yoder, A.D., 2010. Delimiting Species without Nuclear
Monophyly in Madagascar’s Mouse Lemurs. Plos One 5.
Weisrock, D.W., Smith, S.D., Chan, L.M., Biebouw, K., Kappeler, P.M., Yoder, A.D.,
2012. Concatenation and concordance in the reconstruction of mouse lemur
phylogeny: an empirical demonstration of the effect of allele sampling in
phylogenetics. Mol. Biol. Evol. (access 12.01.12).
Wyner, Y., DeSalle, R., Absher, R., 2000. Phylogeny and character behavior in the
family Lemuridae. Mol. Phys. Evol. 15, 124–134.
Yang, Z., 2006. Computational Molecular Evolution. Oxford Press, Oxford, U.K.
Yang, Z., Rannala, B., 2012. Molecular phylogenetics: principles and practice. Nat.
Rev. Genet. 13, 303–314.
Yang, Z., Yoder, A.D., 1999. Estimation of the transition/transversion rate bias and
species sampling. J. Mol. Evol. 48, 274–283.
Yang, Z.H., Rannala, B., 2006. Bayesian estimation of species divergence times under
a molecular clock using multiple fossil calibrations with soft bounds. Mol. Biol.
Evol. 23, 212–226.
Yoder, A.D., 1994. Relative position of the Cheirogaleidae in strepsirhine phylogeny:
a comparison of morphological and molecular methods and results. Am. J. Phys.
Anthropol. 94, 25–46.
Yoder, A.D., 1996. The use of phylogeny for reconstructing lemuriform
biogeography. In: Lourenço, W.R. (Ed.), Biogéographie de Madagascar.
Editions de l’ORSTOM, Paris, pp. 245–258.
Yoder, A.D., 2001. Ancient DNA from Megaladapis edwardsi. Folia Primatol. (Basel)
72, 342–344.
Yoder, A.D., Burns, M.M., Zehr, S., Delefosse, T., Veron, G., Goodman, S.M., Flynn, J.J.,
2003. Single origin of Malagasy Carnivora from an African ancestor. Nature 421,
734–737.
Yoder, A.D., Cartmill, M., Ruvolo, M., Smith, K., Vilgalys, R., 1996a. Ancient single
origin of Malagasy primates. Proc. Nat. Acad. Sci. 93, 5122–5126.
Yoder, A.D., Irwin, J.A., 1999. Phylogeny of the Lemuridae: effects of character and
taxon sampling on resolution of species relationships within Eulemur.
Cladistics 15, 351–361.
Yoder, A.D., Nowak, M., 2006. Has vicariance or dispersal been the predominant
biogeographic force in Madagascar? only time will tell. Ann. Rev. Ecol. Evol.
Syst. 37, 405–431.
Yoder, A.D., Rakotosamimanana, B., Parsons, T.J., 1999. Ancient DNA in subfossil
lemurs: methodological challenges and their solutions. In: Rakotosamimanana,

452

A.D. Yoder / Molecular Phylogenetics and Evolution 66 (2013) 442–452

B., Rasaminanana, H., Ganzhorn, J., Goodman, S. (Eds.), New Directions in Lemur
Studies. Plenum Press, New York, pp. 1–17.
Yoder, A.D., Rasoloarison, R.M., Goodman, S.M., Irwin, J.A., Atsalis, S., Ravosa, M.J.,
Ganzhorn, J.U., 2000. Remarkable species diversity in Malagasy mouse lemurs
(primates, Microcebus). Proc. Natl. Acad. Sci. USA 97, 11325–11330.
Yoder, A.D., Ruvolo, M., Vilgalys, R., 1996b. Molecular evolutionary dynamics of
cytochrome b in strepsirrhine primates: the phylogenetic signiﬁcance of third
position transversions. Mol. Biol. Evol. 13, 1339–1350.

Yoder, A.D., Yang, Z.H., 2004. Divergence dates for Malagasy lemurs estimated from
multiple gene loci: geological and evolutionary context. Mol. Ecol. 13, 757–773.
Zietkiewicz, E., Richer, C., Sinnett, D., Labuda, D., 1998. Monophyletic origin of Alu
elements in primates. J. Mol. Evol. 47, 172–182.
Zimmermann, E., Cepok, S., Rakotoarison, N., Zietemann, V., Radespiel, U., 1998.
Sympatric mouse lemurs in north-west Madagascar: a new rufous mouse lemur
species (Microcebus ravelobensis). Folia Primatol. 69, 106–114.

