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Abstract

The systematics and speciation literature is rich with discussion relating to the potential for gene tree/species tree dis-
cordance. Numerous mechanisms have been proposed to generate discordance, including differential selection, long-
branch attraction, gene duplication, genetic introgression, and/or incomplete lineage sorting. For speciose clades in
which divergence has occurred recently and rapidly, recovering the true species tree can be particularly problematic
due to incomplete lineage sorting. Unfortunately, the availability of multilocus or “phylogenomic” data sets does not
simply solve the problem, particularly when the data are analyzed with standard concatenation techniques. In our study,
we conduct a phylogenetic study for a nearly complete species sample of the dwarf and mouse lemur clade, Cheiro-
galeidae. Mouse lemurs (genus, Microcebus) have been intensively studied over the past decade for reasons relating to
their high level of cryptic species diversity, and although there has been emerging consensus regarding the evolutionary
diversity contained within the genus, there is no agreement as to the inter-specific relationships within the group. We at-
tempt to resolve cheirogaleid phylogeny, focusing especially on the mouse lemurs, by employing a large multilocus data
set. We compare the results of Bayesian concordance methods with those of standard gene concatenation, finding that
though concatenation yields the strongest results as measured by statistical support, these results are found to be highly
misleading. By employing an approach where individual alleles are treated as operational taxonomic units, we show
that phylogenetic results are substantially influenced by the selection of alleles in the concatenation process.

Keywords: allele, concatenation, concordance, gene tree, phylogenetic analysis, lemur

Phylogenetic analysis of concatenated sequence data has  sult in strongly supported, but inaccurate, trees (Kubatko

remained the standard in multilocus systematic studies, de-
spite growing awareness of the processes that can lead to
discordance among unlinked gene trees (Maddison 1997;
Degnan and Rosenberg 2009) and the increased availabil-
ity of species tree reconstruction methods that consider the
overall distribution of gene trees (e.g., Ané et al. 2007; Liu
et al. 2008; Kubatko et al. 2009; Heled and Drummond
2010). The continued use of concatenated phylogenetics
may have its merits given the demonstration that the ad-
dition of gene sequence data into a single matrix can in-
crease the probability of phylogenetic accuracy (Gadagkar
et al. 2005; Rokas and Carroll 2005), as well as the find-
ings of genome-level studies where the concatenated tree
is similar to the tree preferred by species tree methods that
consider the reconstruction of individual gene trees (e.g.,
Rokas et al. 2003; Cranston et al. 2009). Still, simulation
work has shown that the concatenation of sequence data
drawn from loci with highly conflicting gene trees can re-

and Degnan 2007), and empirical studies have questioned
the high degree of certainty in concatenated phylogenetic
estimates in light of largely uncertain results provided by
species tree reconstruction methods (Belfiore et al. 2008).

The difference between these two perspectives may
result from discrepancies in species tree branch lengths,
where longer branches lead to less gene tree discordance
and greater convergence between concatenated and
species tree analyses, on the one hand, or to the preva-
lence of introgressive hybridization, which will tend to in-
crease gene tree discordance (Leache 2009), on the other.
However, in practice, empiricists will not know the ac-
tual lengths of branches in the species tree and will have
trouble making judgments about the underlying source
of strong branch support in concatenated trees. Coupling
concatenated phylogenetic analyses with methods that
quantify the degree of gene tree concordance will be use-
ful in interpreting concatenated results.
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Figure 1. A figurative demonstration of the effect of allele choice or sampling on the inference of the species tree from a single nuclear gene. (A) The
full gene tree will contain two alleles (or gene copies) from each individual chosen to represent a species (or higher taxon). For heterozygous individ-
uals, the two different alleles may coalesce at a point in the past (dots on nodes) that is deeper than the speciation events that gave rise to them. (B)
Four possible different trees (out of many), resulting from choosing a single allele from each heterozygous individual depicted in (A). The overall fig-
ure is meant to convey the possible variation in the information content of a concatenated matrix when multiple loci are used that contain heterozy-

gous individuals.

One major, but often unconsidered, challenge to the im-
plementation of concatenated analysis of nuclear data is
the choice of alleles across loci. In concatenated analyses,
an individual is the operational taxonomic unit (OTU) in a
tree, even if it is a representative of a lineage. If an individ-
ual OTU is heterozygous at multiple loci, the choice of al-
leles for building a concatenated matrix is far from obvi-
ous and simply selecting a single allele at given loci will
not necessarily solve the problem. In the case of incom-
plete lineage sorting, heterozygous alleles can have gene
tree coalescences that are deeper than their actual species
divergence (e.g., Figure 1A) and the individual gene tree re-
lationships among individuals (or species) can vary accord-
ing to which allele is sampled (assuming accurate gene tree
reconstruction) (Figure 1B). From a concatenated perspec-

tive, the result is that the “phylogenetic information” con-
tained within a multilocus data matrix can vary depend-
ing on which alleles are chosen across loci. Many species
tree methods of analysis circumvent this problem by mak-
ing the species the focal OTU in the analysis and using the
many alleles (or gene copies) within species (and individu-
als) to make inferences about ancestral history (e.g., Liu et
al. 2008; Heled and Drummond 2010). The subsampling
of alleles within OTUs in coalescent-based species tree
analysis has been shown to efficiently yield accurate recon-
struction (Hird et al. 2010; Ence and Carstens 2011). How-
ever, of the many studies employing concatenated analyses
of multilocus data, we are unaware of any that have inves-
tigated the effect of subsampling alleles within individuals
on their concatenated phylogenetic estimates.
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Mouse lemurs are one of the most diverse species-level
clades among all of the primates and are a lineage within
the family Cheirogaleidae, a clade of nocturnal lemurs that
all feature diminutive body sizes. At least 16 species-level
lineages of Microcebus have been diagnosed on the basis
of mitochondrial DNA (mtDNA) and a four-gene nuclear
data set using phylogenetic and population genetic crite-
ria (Weisrock et al. 2010) though there has been little res-
olution of the phylogenetic relationships among lineages.
Phylogenetic evidence thus far suggests that Microcebus is
a recently diverged group (Yoder et al. 2000; Yang and Yo-
der 2003) and that incomplete lineage sorting is expected
to be a dominant pattern among gene trees reconstructed
for the group (Heckman et al. 2007). Furthermore, the phy-
logenetic placement of Microcebus within the Cheiroga-
leidae and the relationships among cheirogaleid lineages
have never been fully explored using DNA sequence data.
Relationships among the major generic lineages (Alloce-
bus, Cheirogaleus, Microcebus, Mirza, and Phaner) have
shifted in studies using morphological, immunological,
and repetitive DNA data (Sarich and Cronin 1976; Crov-
ella et al. 1995; Stanger-Hall 1997). Previous studies
that used mtDNA sequence data to resolve relationships
among cheirogaleid lineages either lacked the inclusion of
Phaner (Pastorini et al. 2001), or poorly resolved its place-
ment within the lemur clade (Rooset al. 2004). An 18-gene
nuclear DNA study that focused on relationships among
major lineages of lemurs (Horvath et al. 2008) lacked the
inclusion of Phaner, despite suggestions that it may repre-
sent the sister lineage to all remaining cheirogaleids (Pas-
torini et al. 2001). To date, the best evidence for phyloge-
netic relationships among the major cheirogaleid lineages
has come from presence-absence patterns of short inter-
spersed elements (SINEs; Roos et al. 2004). Overall, how-
ever, phylogenetic relationships among species of Micro-
cebus, and among cheirogaleid genera, have yet to be
fully assessed using multi-locus sequence data and more
modern methods of phylogenetic reconstruction.

Here, we aimed to estimate phylogenetic relation-
ships among mouse lemur (Microcebus) lineages and gen-
era of the Cheirogaleidae using mtDNA and a 12-gene nu-
clear DNA sequence data set. In this study, we used the
most complete taxon sampling of Microcebus lineages to
date and have included representatives of all four remain-
ing cheirogaleid genera, including Phaner. We applied a
range of phylogenetic approaches to meet this goal, includ-
ing concatenated analyses, Bayesian concordance analy-
ses, and coalescent-based species tree analyses. In our use
of a concatenated phylogenetic analysis, we addressed the
issue of allele sampling within individuals by creating rep-
licate data sets that randomly sampled a single allele from
each individual. We analyzed these replicate data sets us-
ing Bayesian phylogenetic analysis, and in addition to com-
paring the resulting consensus trees, we used Robinson—
Foulds (RF) distances to quantify the differences between
posterior distributions and visualize their distributions in
ordination space. Collectively, these methods allowed us to
ask the fundamental question of whether or not allele sam-
pling within individuals significantly affected our phyloge-
netic results. In addition, we compare these concatenated
results with the results of Bayesian concordance analysis of

similarly pruned gene trees to assess how levels of support
in the concatenated trees compare with quantified mea-
sures of gene tree concordance. Finally, we attempted to
estimate a species tree using a coalescent-based Bayesian
approach that accounts for the presence of multiple alleles
sampled from within individuals and species.

Materials and Methods

Taxon and Genetic Sampling

This study used DNA sequence data collected from 16
evolutionarily distinct lineages of mouse lemurs delim-
ited in Weisrock et al. (2010). Two individuals were sam-
pled for most lineages (Table 1). For two cryptic lineages
delimited within Microcebus murinus (Microcebus sp.
from Bemanasy and Microcebus sp. from Mandena), we
sampled one individual (Table 1). In total, we collected
DNA sequence data from 29 individual mouse lemurs.
DNA sequence data were collected from two representa-
tive individuals of the cheirogaleid genus Allocebus and a
single representative individual of the remaining cheiro-
galeid genera (Cheirogaleus, Mirza coquereli, and Phaner
pallescens). Sequence data were also collected from sin-
gle representative individuals of Propithecus d. diadema,
P. tattersalli, and P. verreauxi coquereli (family Indriidae)
and from Lepilemur ruficaudatus (family Lepilemuridae).
Both of these genera represent outgroup lineages to the
Cheirogaleidae based on the multilocus phylogenetic re-
sults of Horvath et al. (2008).

DNA sequence data were collected from a total of 12
nuclear loci and from the mitochondrial COX2 and COB
genes (Table 2). The genes used here are a combination
of nuclear genes developed in a recent phylogenomic
study of extant lemur diversity (Horvath et al. 2008) and
of nuclear and mitochondrial genes that have proven use-
ful in population-level studies of mouse lemurs (Yoder
et al. 2000; Heckman et al. 2007). Human orthologs of
each nuclear gene are encoded on a different chromo-
some; therefore, all genes used here are considered to
be unlinked and independent of one another. The major-
ity of sequence data was newly generated for this study.
All sequence data from the genera Cheirogaleus, Lepile-
mur, Mirza, and Propithecus, as well as sequences from
three individual mouse lemurs (M. berthae [Jorg73], M.
murinus [DLC7006], and M. ravelobensis [RMR55]), were
taken from GenBank (Horvath et al. 2008; Weisrock et al.
2010). For all remaining mouse lemur lineages, sequence
data from four loci (ADORA3, ENO, FGA, and VWF)
were taken from Weisrock et al. (2010).

Sequence data were collected for all individuals for the
loci ABCA1, ADORA3, CFTR-Pair B, ERC2, FGA, LRP-
PRC-Pair B, and ZNF202. For some individuals, we were
unable to generate sequence data from the nuclear loci
AXINT, ENO, LUC7L, SREBF2, VWF and from the COB
and COX2 mitochondrial genes. For the most part, missing
sequence data were limited to some outgroup taxa; how-
ever, a small number of Microcebus sequences also had
a small amount of missing data. Polymerase chain reac-
tion (PCR) primer information for all loci can be found in
Horvath et al. (2008). Details of the PCR and sequencing
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Table 1. Evolutionary Lineages of Microcebus and Cheirogaleid
Outgroups Used in This Study.

Species Taxon Individual® Locality
Microcebus berthae Jorg73 Kirindy
JMRO45 Lambokely
Microcebus griseorufus JMR022 Mahavelo
RMR64 Beza Mahafaly
Microcebus lehilahytsara JMROO1 Riamalandy
RMR95 Ambohitantely
Microcebus mittermeieri RMR187 Marojejy
RMR191 Marojejy
Microcebus murinus RMR46 Andranomena
Microcebus myoxinus JMR0O72 Ambalimby
RMR32 Bemaraha
Microcebus ravelobensis RMR55 Ankaranfantsika
RMR61 Ankaranfantsika
Microcebus rufus RMR142 Andrambovato
SL100F71 Ranomafana
Microcebus sambiranensis RMR41 Manongarivo
RMR163 Ambanja
Microcebus simmonsi RMR102 Tampolo
RMR115 Isle St. Marie
Microcebus tavaratra RMR71 Ankarana
RMR72 Ankarana
Microcebus sp.—Bemanasy RMR217 Bemanasy
Microcebus sp.—Iv/Man RMR207 Ivorona
RMR209 Manantantely
Microcebus sp.—Marolambo RMR131 Marolambo
RMR136 Marolambo

Microcebus sp.—Mandena 00-016A-8982 Mandena

Microcebus sp.—Mt. d’Ambre ~ RMR154 Montagne d’Ambre
RMR160 Montagne d’Ambre

Allocebus trichotis Analamazaotra
DPZ05_AF5  Special Reserve

Analamazaotra

DPZ07_AM2  Special Reserve

Cheirogaleus medius n/a n/a

Lepilemur ruficaudatus n/a n/a

Mirza coquereli DLC2037 n/a

Phaner pallescens DPZ17_LR Kirindy

Propithecus d. diadema DLC6564 n/a
Propithecus tattersalli DLC6196 n/a
Propithecus verreauxi coquereli DLC6583 n/a

Full descriptions of localities can be found in Weisrock et al. (2010).

n/a = not applicable.

a. All individual IDs represent field numbers associated with the Yoder
or Kappeler labs or Duke Lemur Center accession numbers.

methods can be found in Supplementary File S1 (Supple-
mentary Material). Most nuclear PCR products that gen-
erated sequence exhibiting polymorphic sites or length
heterogeneity were cloned using a Topo® TA Cloning Kit
(Invitrogen, Carlsbad, CA), and for each cloned PCR, eight
colonies were sequenced to identify alleles. For a small
number of heterozygous sequences, we identified alleles
using an algorithmic approach in the program PHASE ver-
sion 2.1 (Stephens et al. 2001). We used the default model
in PHASE, which did not consider the potential for re-
combination among polymorphic sites within a sequence.
For each locus, we included phased sequences generated
via cloning and we ran five independent runs, each start-
ing with a different random number seed. In each run, we
used 1,000 iterations, a thinning interval of two steps and
a burn-in of 100 iterations. We compared the output from
the multiple PHASE runs to verify that similar results were
being obtained.

A summary of all collected sequences for all individu-
als and genes used in this study along with their GenBank
accession numbers are presented in Supplementary Table
S1 (Supplementary Material). In addition, all aligned se-
quence data sets have been deposited in the Dryad online

repository at http://dx.doi.org/10.5061/dryad.3mt58823 .

Intraindividual Gene Copy Sampling

For our concatenated and concordance analyses, it was
necessary for us to sample a single haploid sequence
from each individual. This step was required for two
main reasons. First, in concatenated and concordance
analysis of nuclear sequence data, there is no clear or
obvious way to pair haploid sequences from two or
more heterozygous genes within an individual. For ex-
ample, should allele A from gene 1 be concatenated
with allele A of gene 2 or allele B of gene 22 Second,
Bayesian concordance analysis implemented in the ver-
sion of BUCKy used in this study (see below) is limited
to gene trees with 32 tips, which is well below the to-
tal number of haploid gene sequences in our individual
nuclear gene data sets. Our limitation to 32 tips in each
gene tree is also expected to increase the probability of
informative results from BUCKy analyses. As the number
of tips in the tree increase, so does the number of possi-
ble trees, which can make it harder to provide BUCKy
(which caps the input of trees for each locus at 1,000)
with a representative and unbiased sample of trees from
the posterior distribution for each locus.

To deal with these two issues, we developed a pruned
sampling approach to reduce individuals down to a sin-
gle randomly chosen gene copy or a single tip in a gene
tree. Bayesian concordance analysis uses posterior dis-
tributions of trees as input, and so for these analyses, it
was necessary to prune tips in a gene tree as opposed
to gene copies in a DNA alignment. We reasoned that
the accuracy of gene tree reconstruction would be in-
creased through the inclusion of all available haploid se-
quences. Therefore, we developed a pruning strategy to
remove one of the two gene copies (i.e., alleles or tips in
the tree) from each Microcebus individual in a gene tree
generated from the full sample of gene copies for all in-
dividuals (Figure 2). This pruning strategy was performed
on the Bayesian posterior distributions of trees generated
for each nuclear gene. The same gene copies (tips) were
pruned from all trees within a single-gene posterior distri-
bution. In addition, we randomly pruned one of the two
representative individuals of the species M. raveloben-
sis, M. simmonsi, and M. tavaratra. These three species
were each found to be monophyletic in all mitochondrial
and most nuclear gene trees examined in Weisrock et al.
(2010). We also randomly pruned one of the two individ-
uals of Allocebus trichotis and two of the three Propithe-
cus taxa. We did not perform allele pruning on the non-
Microcebus taxa. The majority of these sequences were
taken from GenBank, and polymorphic sites were already
coded as Ns. The Phaner and Allocebus sequence data
collected for this study were completely homozygous and
did not require the separation of alleles. The overall result
of this pruning strategy was posterior distributions of trees
with a total of 32 tips. To assess the variation in Bayesian
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Figure 2. A pipeline of the steps involved in the pruning of allelic sequences from individuals to create replicate concatenated data sets and of prun-
ing allelic tips from individuals in gene trees to create replicate sets of trees for Bayesian concordance analysis. One allele was randomly selected and
pruned from each individual from each gene alignment and the same alleles were pruned from the trees sampled from each gene tree posterior distri-
bution. This process resulted in data sets that can be concatenated or used in concordance analyses.

resolution of relatively recent divergences, and we felt
that the improvement afforded by a higher partitioning
strategy would be minimal. Four Markov chains were
used with the default temperature parameter of 0.2. De-
fault priors were used in all analyses, and random trees
were used to start each Markov chain. Chains were run
for 25 million generations with samples drawn every
50,000 generations for a total of 500 samples. Four rep-
licate analyses were run for each data set. In all cases,
replicate analyses converged on the same posterior dis-
tribution as determined through similar distributions of —
InL values and parameter estimates visualized in the pro-
gram TRACER v1.3 (Rambaut and Drummond 2007). In
all replicate analyses, effective sample size (ESS) values
indicated that samples drawn after the first 12.5 million
generations (i.e., 250 samples) yielded independent es-
timates of parameter estimates (i.e., ESS values of 250).
Therefore, we used the latter 250 samples from each
replicate and combined them to produce a 1,000 sam-
ple representation of the posterior distribution. Consen-
sus trees were then generated in MrBayes using the all-
compat option. In addition, the 95% credible set of trees
are presented based on the cumulative probabilities of
trees in the sampled posterior distributions. Because
the 95% credible set of trees represents an estimate and
does not necessarily represent a 0.95 probability of con-
taining the true topology, we use it as an overall mea-
sure of the certainty, or uncertainty, in tree reconstruc-
tion. High proportions of distinct trees to samples (e.g.,
950/1,000) are viewed as an indicator that there is lit-
tle certainty in phylogenetic reconstruction, whereas
low proportions indicate strong certainty in phylogenetic
reconstruction.

Concatenated Phylogenetic Analysis

Bayesian phylogenetic analysis was performed on con-
catenated data sets of all nuclear genes and on concat-
enated data sets of all nuclear and mitochondrial genes.
The concatenated data sets used here were built from
the 32-taxon pruned nuclear data sets described above.
The nuclear data sets generated in the first round of prun-
ing were concatenated, as were the second round, third
round, etc., resulting in ten sets of nuclear concatenated
data. Nuclear concatenated data were also matched with
the 32-taxon mtDNA data to create ten nuclear + mtDNA
concatenated data sets. All concatenated analyses were
performed in MrBayes using similar settings to those de-
scribed above for the gene tree analyses. We used a par-
titioned approach with model parameters estimated sep-
arately for all nuclear and mtDNA genes. Markov chains
were run for 10 million generations with samples drawn
every 10,000 generations for a total of 1,000 samples.
Four replicate analyses were run for each data set. In all
cases, replicate analyses converged on the same posterior
distribution relatively early in the analysis (well before 1
million generations), as determined through similar dis-
tributions of —InL values and parameter estimates visual-
ized in Tracer. In each replicate, after discarding the first
250 samples (2.5 million generations), ESS values were at
least 450, with many replicates exhibiting complete in-
dependence among samples (i.e., ESS = 750). Therefore,
we combined the latter 750 samples of each replicate to
form a total of 3,000 samples as a representation of the
posterior distribution. Consensus trees were generated in
MrBayes using the allcompat option. The 95% credible
set of trees are presented for all analyses using interpreta-
tions as described above.
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Comparison of Concatenated Phylogenetic Trees
To assess the consistency of phylogenetic estimation
across replicate concatenated data sets, we plotted
trees from the concatenated Bayesian posterior distribu-
tions in ordination space using multidimensional scaling
(MDS) of tree-to-tree pairwise distances implemented in
the Tree Set Viz module version 2.1 (Hillis et al. 2005)
in the Mesquite software package (version 1.05) (Maddi-
son and Maddison 2010). MDS analyses in Tree Set Viz
analyses were performed separately on the nuclear con-
catenated analyses and on the nuclear + mtDNA analy-
ses. In both cases, 500 trees were randomly sampled from
the posterior distribution of each of the ten concatenated
replicates and combined into a single nexus-format tree
file (containing 5,000 trees) for analysis in Mesquite. Un-
weighted RF distances, which measure the dissimilarity
between the topology of two trees, were calculated for
all pairwise tree comparisons and used in the MDS anal-
yses. The default step size in Tree Set Viz was used in all
analyses and MDS was allowed to proceed until the stress
function ceased changing out to six decimal positions. To
avoid being trapped in local optima, this procedure was
repeated multiple times to insure that similar results were
being achieved. The final stress values for the nuclear
concatenated and nuclear + mtDNA concatenated anal-
yses were 0.249132 and 0.171799, respectively. The re-
sults of MDS analyses were plotted as 2D representations
of multidimensional space.

To provide a tree-like visual comparison to the MDS
ordination plots, we also used Mesquite to construct a
50% majority-rule consensus tree using the consensus
trees generated from each of the ten concatenated repli-
cates. Consensus trees were generated from both the nu-
clear and the nuclear + mtDNA concatenated replicates.

Finally, to provide a quantitative description of the
level of similarity or dissimilarity between trees generated
from the concatenated replicates, we calculated the aver-
age RF distance between trees drawn from two different
posterior distributions using the treedist program in the
PHYLIP software package version 3.69 (Felsenstein 2005).
We used a sample of 1,000 unrooted trees from each pos-
terior distribution and calculated the distances between
the 1,000 corresponding pairs of trees in each set of com-
parisons (e.g., tree 1 vs. tree 1, tree 2 vs. tree 2, etc.). We
also calculated RF distances for all pairs of trees within a
single replicate.

Bayesian Concordance Analysis of Pruned Trees

As one alternative to concatenation, we used Bayesian
concordance analysis (BCA) (Ané et al. 2007) to provide
an estimate of the level of concordance in reconstructed
branches among the posterior distributions of gene trees
generated for each nuclear gene and the combined
mtDNA genes. Using the single-gene posterior probabil-
ities (PPs) of trees and a single-parameter prior probabil-
ity (a) representing the expectation for different genes to
reconstruct different trees, BCA produces a joint poste-
rior distribution that can feature shifts in tree probabilities
from the single-gene estimates. For example, a low single-
gene PP for a particular tree can increase if other genes

find that tree to have higher single-gene PPs. A useful de-
scription of the joint posterior distribution is the clade
concordance factor (CF), which is a summary statistic de-
scribing the proportion of genes across the joint posterior
distribution that contain a particular clade. These clade
CFs can be a useful metric for determining the number of
genes contributing phylogenetic information to a particu-
lar branch reconstruction. BCA is also a useful method for
our study because of the flexibility it provides by not mak-
ing assumptions about the causes of discordance (e.g.,
incomplete lineage sorting, horizontal gene transfer, or
paralogy).

We explored a range of prior probability distributions
for the number of distinct trees that should exist across all
genes with analyses run with a values of 0.1, 1, 10, and
100 (an a = 0 indicates all posterior distributions are rep-
resented by the same trees; an a = « indicates each gene
should have a distinct set of trees). All analyses were run
in BUCKYy version 1.3 (Larget et al. 2010) with four Mar-
kov chain Monte Carlo (MCMC) chains for 1T million gen-
erations following a burn-in period of 100,000 genera-
tions. Two replicate analyses were run at each a value.
This analytical approach was applied to each of the ten
replicate sets of pruned nuclear posterior distributions of
gene trees and to the ten replicate sets of pruned nuclear
and mtDNA posterior distributions of gene trees. For each
replicate, CFs were calculated for all possible bipartitions
in the 32 tip tree. From these CFs, a primary concordance
(PC) tree was constructed from the set of bipartitions with
the highest overall CFs.

To provide an easy interpretation of the concordance
results, we present all CFs as a product of the raw concor-
dance factor (output from BUCKYy as a proportion) multi-
plied by the total number of gene trees in an analysis. For
example, a CF = 0.5 in the concordance results from our
12 nuclear genes would be presented as a CF = 6.

Coalescent-Based Species Tree Analysis

We performed Bayesian species trees estimations using a
coalescent model that accounts for incomplete lineage
sorting as a mechanism for gene tree discordance using
the program BEST version 2.3 (Liu 2008). All analyses were
performed using data from the 12 nuclear loci. Because
these analyses do not require the linking of alleles across
loci, we were able to utilize the full unpruned nuclear data
sets. In our attempt to produce results that indicated con-
vergence on the posterior distribution, we performed anal-
yses on a series of data sets that varied in their taxonomic
sampling. First, BEST analyses were conducted on a data
set containing all Microcebus lineages and the remaining
four cheirogaleid taxa. In this round, we initially ran BEST
analyses for 50 million generations (trees sampled every
10,000 generations) and explored a range of prior distribu-
tions for the effective population size parameter 6, with in-
verse gamma distributions with means of 0.0015 (a = 3, B
=0.003), 0.015 (=3, B = 0.03), 0.15 (a = 3, B = 0.3), and
0.5 (@ = 3, B = 1). These analyses suggested that the two
larger prior distributions resulted in a faster (but not com-
plete) approach to a stable posterior distribution. There-
fore, we subsequently ran analyses for a total of 500 mil-
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lion generations (trees sampled every 100,000 generations)
using prior distributions on 8 with means of 0.15 and 0.5.
In all analyses, the individual gene trees were estimated us-
ing substitution models as described above for the MrBayes
analyses. All analyses used a uniform gene mutation prior
(set at 0.5, 1.5) and a Poisson distribution for the neigh-
borhood size around the maximum tree (set at the default
value of 5). Finally, we explored a range of chain temper-
atures, with higher temperatures increasing the probabil-
ity of heated chains moving throughout parameter space.
Temperatures of 0.1, 0.125, 0.15, and 0.175 were used.
For each combination of 8 prior and chain temperatures,
we performed four replicate analyses each using a differ-
ent random starting seed. Next, we performed a similar set
of analyses on two smaller data sets that limited taxon sam-
pling within Microcebus with the hope that this would im-
prove the potential for convergence on the posterior distri-
bution. In one data set, we included all samples from all
M. murinus lineages, M. griseorufus, and M. ravelobensis.
Analyses of this first data set were performed as described
above except that the BEST analyses were run for 275 mil-
lion generations. In the second data set, we included all
samples from the remaining Microcebus lineages, as well
as M. ravelobensis. Microcebus ravelobensis was included
with both data sets because of its uncertain placement as
either the sister lineage to the M. murinus + M. griseoru-
fus clade or in a clade with the remaining Microcebus lin-
eages. Analyses of the second data set were performed as
described above except that the BEST analyses were run for
a total of 325 million generations.

Results

Full details regarding levels of variation among Micro-
cebus individuals for each marker can be found in Ta-
ble 2. Briefly, mtDNA genes were considerably more vari-
able than individual nuclear loci and accounted for 502
(46.2%) of the 1,087 total variable sites (Table 2). None-
theless, the nuclear genes contained a substantial amount
of genetic variation. Nuclear intronic sequences con-
tained the greatest levels of information, relative to exonic
sequences, both in the number of variable sites and num-
ber of distinct site patterns (Table 2).

Individual Gene Trees

The Bayesian posterior distributions of trees for individ-
ual loci contained many distinct topologies, indicating
substantial uncertainty in phylogenetic reconstruction. All
nuclear loci had posterior distributions with 950 trees (out
of 1,000 sampled trees) in the 95% credible sets of trees
(Table 2), indicating relatively low certainty in the recon-
struction of each gene tree. The mtDNA posterior distri-
bution had a slightly reduced number of trees (718) in the
95% credible set.

Consensus trees for the single-locus posterior dis-
tributions are not presented here (due to space limita-
tions) but are available on the Dryad online data repos-
itory through the link referenced above in the Materials
and Methods section. However, a general description can
be provided. Higher level phylogenetic relationships for

Table 3. Total Number of Distinct Tree Topologies Present in the
95% Credible Set of Trees in the Bayesian Posterior Distribution.

Concatenated Replicate 12 3 4 5 6 7 8 910

Nuclear
Number of distincttrees 15 10 6 27 6 3 10 62 37 30
Nuclear + mtDNA

Number of distinct trees 3 35 4 4 3 5 5 7 9

The posterior distribution is based on a sample of 3,000 trees.

the major cheirogaleid lineages exhibited general congru-
ence across individual loci. All but three gene trees re-
solved the family Cheirogaleidae as monophyletic, often
with high PPs. Two exceptions to this pattern, ENO and
VWEF, are the result of missing sequence data for some
non-cheirogaleid outgroup taxa, leading to their nested
placement within various Microcebus clades. In the third
exception, the complete ERC2 data matrix placed the ge-
nus Phaner outside of the larger cheirogaleid clade and
sister to the genus Propithecus. Of the ten gene trees that
resolve a monophyletic Cheirogaleidae, seven place the
genus Phaner as the sister lineage to all remaining cheiro-
galeids and six of these gene trees place the genus Chei-
rogaleus as sister to all remaining cheirogaleids, exclud-
ing Phaner. Relationships among Allocebus, Microcebus,
and Mirza were considerably more variable across gene
trees, ranging from the placement of Allocebus and Mi-
crocebus in a clade with PP = 0.93 in the ZNF2 gene tree
to the placement Mirza and Microcebus in a clade with a
PP = 0.95 in the ABCAT gene tree.

Summarizing phylogenetic reconstruction for allelic lin-
eages within Microcebus across the 13 gene trees by visual
comparisons was less obvious, though a few notable pat-
terns can be described. First, there was considerable vari-
ation in the degree of phylogenetic resolution within Mi-
crocebus across gene trees, as evidenced by some gene
trees featuring numerous branches with very low PPs (e.g.,
the ERC2 gene tree contained 18 branches within Micro-
cebus with a PP < 0.1) and gene trees featuring numer-
ous branches with moderate to high PPs (e.g., the FIB
gene tree). This was not an all-or-nothing pattern, as many
gene trees were heterogeneous for these patterns, contain-
ing PPs indicative of uncertainty for some reconstructions,
yet strong support for other relationships. Second, there
was clear discordance across gene trees for some sets of
relationships that were strongly supported within individ-
ual gene trees. For example, all gene copies sampled from
the species M. griseorufus, M. murinus, and M. raveloben-
sis are placed in a clade with a PP = 0.99 in the LRPPRCB
gene tree, whereas M. ravelobensis gene copies are placed
in a clade with gene copies sampled from all other mouse
lemur lineages with a PP = 0.98 in the FIB gene tree.

Phylogenetics of Concatenated Data Sets

Bayesian phylogenetic analysis of concatenated data sets
containing a single randomly sampled nuclear allele for
each individual showed greater consistency in posterior
distributions with a much smaller number of distinct to-
pologies than those produced in analyses of individual
gene trees (Table 3). Across the ten replicates of concat-
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enated nuclear data, the number of distinct trees in the
Bayesian 95% credible set ranged from 3 to 62. The addi-
tion of mMtDNA data to the concatenated nuclear data fur-
ther reduced the number of trees in the 95% credible set
in nine of ten replicates, with a range of three to nine dis-
tinct tree topologies (Table 3). The level of certainty seen
in the concatenated posterior distributions was also re-
flected in the consensus trees generated for each repli-
cate, with the majority of branches in each tree receiving
PPs. 0.95 (see Figure 3 for a subsample of four replicates
and Supplementary Figure STA, Supplementary Material,
for all ten replicates of the nuclear data and see Supple-
mentary Figure S1B, Supplementary Material, for all ten
nuclear + mtDNA concatenated replicates).

Phylogenetic relationships among cheirogaleid gen-
era were consistent and strongly supported across all con-
catenated nuclear (Figure 3 and Supplementary Figure
S1A, Supplementary Material) and nuclear + mitochon-
drial (Supplementary Figure S1B, Supplementary Material)
replicates. The Cheirogaleidae was resolved as mono-
phyletic, and Phaner was placed as the sister lineage to
a clade containing all remaining cheirogaleids. Within
this clade, Cheirogaleus was placed as the sister lineage
to a clade containing Allocebus, Microcebus, and Mirza.
All three of these relationships received PPs = 1.0 in all
replicate analyses. In addition, in all replicates, Microce-
bus and Mirza were consistently placed in a clade to the
exclusion of Allocebus. This latter relationship received
more varied measures of support in the nuclear concate-
nated trees (PPs = 0.86— 0.94) but received stronger sup-
port in the nuclear + mitochondrial concatenated (PPs =
0.97-0.98).

Relationships among Microcebus lineages were highly
inconsistent across concatenated nuclear replicates, de-
spite very high PPs (.0.95) for the majority of branches
within each replicate (Figure 3 and Supplementary Figure
S1, Supplementary Material). These differences in phylo-
genetic estimation across replicates were evident in the
MDS plots of trees in multidimensional space, which re-
vealed that the posterior distributions of many of the con-
catenated nuclear replicates occupied different regions of
tree space (Figure 4A). For example, nuclear replicate 1
exhibited slight overlap with nuclear replicate 8, but oth-
erwise occupied a completely distinct region of tree space
from all other nuclear replicates. The degree to which
the posterior distribution of any nuclear replicate over-
lapped with the posterior distributions of other nuclear
replicates in tree space varied; however, all nuclear rep-
licates formed nonoverlapping distributions with at least
one other nuclear replicate. It is important to note that the
MDS plots considered all trees sampled in the posterior
distribution and not just the 95% credible set of trees. A
focus solely on the 95% credible set would be expected
to further reduce the overlap of posterior distributions in
tree space.

A majority-rule consensus tree constructed from the
ten nuclear concatenated replicates highlighted many of
Microcebus relationships that conflicted across replicates
(Figure 4A). For example, relationships among eight spe-
cies (M. berthae, M. lehilahytsara, M. mittermeieri, M.

myoxinus, M. rufus, M. sambiranensis, and two unde-
scribed lineages) were inconsistent enough across repli-
cates to result in a large polytomy. Again, this result oc-
curred despite the fact that relationships among these
species (or their representative individuals) were recon-
structed with very high measures of support and minimal
uncertainty in many replicates.

Analysis of concatenated nuclear and mitochondrial
data resulted in greater consistency in phylogenetic re-
lationships across replicates than in the nuclear concat-
enated data alone; however, differences across replicates
were still evident. For example, replicate 1 overlapped
in tree space with all but one other replicate (replicate 4)
(Figure 4B). The corresponding majority-rule consensus
tree reflected this increase in consistency, with greater res-
olution in branches among Microcebus lineages, but also
highlighted relationships that varied across replicates (Fig-
ure 4B). For example, the placement of the Microcebus
sp. lineage from lvorona and Manantantely shifted posi-
tions across replicates, with placement in a clade with M.
berthae, M. lehilahytsara, M. mittermeieri, M. myoxinus,
and M. rufus found in seven of ten replicates. In this ex-
ample, it is important to point out that alternative relation-
ships in the other three replicates are backed by strong
measures of branch support (i.e., PPs > 0.95).

Average RF distances between replicate posterior distri-
butions were considerably smaller for the mitochondrial +
nuclear concatenated results, relative to the nuclear con-
catenated results (Table 4).

Concordance Analysis of Gene Trees

Bayesian concordance analysis of the nuclear data pro-
duced PC trees with consistent and relatively high CFs
for most relationships among cheirogaleid genera across
replicate sets of pruned nuclear gene trees (Figure 5). The
monophyly of the Cheirogaleidae was supported by CFs
of 7.4-8.3, with 95% credibility intervals ranging from a
low of 5 to a high of 10. Similar values were resolved for
a clade containing Cheirogaleus, Allocebus, Microcebus,
and Mirza and for a clade containing these latter three
genera (Figure 5). Mirza and Microcebus were placed in
a clade to the exclusion of all other cheirogaleid genera
in all replicates; however, this relationship received lower
mean CFs (3.7-3.8) with 95% credibility intervals as low
as 2. An alternative relationship placing Allocebus and
Microcebus in a clade received lower CFs (2.1-2.3) with
95% credibility intervals that include a CF of 1 (results
not shown). Concordance analysis of the mtDNA and nu-
clear gene trees produced similar results for relationships
among cheirogaleid genera, with slight increases in CFs
and 95% credibility intervals for relationships among
cheirogaleid genera (results not shown).

Bayesian concordance analysis of nuclear gene tree
replicates resulted in PC trees with considerable variation
in phylogenetic relationships among Microcebus individu-
als and lineages (see Figure 6 for a subsample of four repli-
cates and Supplementary Figure S2, Supplementary Mate-
rial, for all ten replicates), a result that was maintained in
the analysis of both mitochondrial and nuclear gene trees
(results not shown). Across all replicates, the majority of
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Replicate 1 Replicate 5
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M. rufus (SL100F71) M. mittermeieri (RMR187)
M. myoxinus (RMR32) M. mittermeieri (RMR191)
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M. berthae (JMR045) Microcebus sp. (MtdAmbre RMR154)
M. berthae (Jorg73) Microcebus sp. (MtdAmbre RMR160)
Replicate 7 Replicate 9
Lepil Lepilemur
Propithecus | Propithecus
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o Allocebus Allocebus
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- Microcebus ravelobensis & Microcebus ravelobensis
M. griseorufus (JMR022) M. griseorufus (JMR022)
88 M. griseorufus (RMR64) 87| M. griseorufus (RMR64)
M. murinus (00_016A_8982) M. murinus (RMR217)
M. murinus (RMR46) M. murinus (RMR46)
M. murinus (RMR217) M. murinus (00_016A_8982)
M. tavaratra M. tavaratra
Microcebus sp. (Marolambo RMR131) Microcebus sp. (Marolambo RMR131)
Microcebus sp. (Marolambo RMR136) Microcebus sp. (Marolambo RMR136)
M. simmonsi M. simmonsi
M. sambiranensis (RMR41) Microcebus sp. (Iv/Man RMR207)
M. sambiranensis (RMR163) Microcebus sp. (Iv/IMan RMR209)
Microcebus sp. (Iv/Man RMR207) M. lehilahytsara (JMROO1)
Microcebus sp. (Iv/Man RMR209) M. rufus (RMR142)
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M. rufus (SL100F71) M. myoxinus (RMR32)
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M. myoxinus (RMR32)
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Figure 3. Bayesian majority-rule consensus trees reconstructed for four of the ten replicate nuclear concatenated data sets. Trees are presented as phyl-

ograms with branch lengths representing the average number of substitutions per site. Filled circles on branches indicate PP support of 0.95 or greater.
Numbers on branches represent PPs < 0.95.

branches within the Microcebus clade received very low
CFs, often with 95% credibility intervals that included 0 or
1. Few relationships involving Microcebus lineages were
both consistent across replicates and received CFs indicat-
ing support from more than gene: 1) Microcebus was re-

solved as a monophyletic group in all nuclear replicates
with CFs ranging from 6.7 to 7.3, 2) M. griseorufus and M.
murinus were placed in a clade with CFs ranging from 4.8
to 5.0, and 3) the three individuals of M. murinus, each di-
agnosed as a separate lineage in Weisrock et al. (2010),
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A) Concatenated nuclear data
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. M. mittermeieni (RMR187)
Replicate 9 M. mittermeieri (RMR191)
. M. lehilahytsara (JMR001)
® Replicate 10 M. lehilahytsara (RMRS5)
M. berthae (JMR045)
M. berthae (Jorg73)

M. rufus (RMR142)

M. rufus (SL100F71)
M. myoxinus (JMR072)
1010 M. myoxinus (RMR32)

Figure 4. Different representations of the variance in cheirogaleid concatenated phylogenetic reconstruction that occurred when different alleles were
sampled from an individual. Two-dimensional visualization of tree space using MDS of unweighted RF distances between trees are presented for (A)
trees sampled from the posterior distributions of the ten replicate nuclear concatenated data sets and (B) trees sampled from the posterior distributions
of the ten replicate nuclear + mitochondrial concatenated data sets. In both plots, minimum convex polygons encompass individual posterior distribu-
tion of trees. Corresponding majority-rule consensus trees (using a 50% minimum threshold) are presented to the right of each ordination plot. These
consensus trees were reconstructed from the ten replicate consensus trees of each data source. Numbers on branches represent the number of times a

branch was present.

were placed in a clade with CFs ranging from 7.0 to 7.1.
All remaining clades that were consistently present in the
PC trees across replicates and received 95% credibility
intervals that did not include 0 or 1 involved individuals
from the same Microcebus lineage.

Coalescent-Based Species Tree Estimation

The majority of our BEST analyses resulted in patterns that
indicated a lack of convergence on the posterior distri-
bution. In our analyses of Microcebus and all other chei-
rogaleid genera, the initial use of prior distributions for 6
with means of 0.0015 and 0.015 produced runs (50 mil-

lion generations) with a wide range of InL values and lit-
tle convergence across replicates (results not shown).
Our use of larger mean values for the 8 prior tended to
result in runs that more rapidly approached a stable dis-
tribution with what initially appeared to be greater con-
vergence across independent replicates. However, when
longer BEST analyses were run (500 million generations)
using the two larger 8 priors, our results still indicated a
lack of convergence on a stable posterior distribution. For
example, even after 250 million generations, the multiple
replicates for each 6 prior produced stable InL distribu-
tions but with considerable variation (Supplementary Fig-
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Table 4. Average RF Pairwise Distances between Posterior Distributions Resulting from Concatenated Bayesian Phylogenetic Analysis
of the Ten Nuclear Replicate Data Sets (below diagonal) and the Ten mtDNA + Nuclear Replicate Data Sets (above diagonal).

1 2 3 4 5 6 7 8 9 10

1 3.8/1.45 4.8 3.57 5.98 3.79 1.42 5.26 3.31 1.88 5.39
2 20.58 4.89/1.01  3.97 6.72 3.49 3.68 6.0 7.4 4.59 6.07
3 19.02 11.13 1.67/1.47  3.66 6.24 3.91 2.97 4.88 3.42 3.07
4 15.59 11.13 18.88 4.71/1.91  8.97 6.55 5.1 3.73 5.81 2.23
5 20.25 13.47 9.07 22.09 2.34/2.03 2.7 6.46 6.29 4.19 8.3
6 14.53 15.02 9.72 20.16 11.72 0.39/0.5 5.83 3.94 1.84 5.89
7 17.34 11.3 4.53 16.29 13.00 9.06 2.04/1.14  6.16 5.14 4.54
8 13.4 20.3 14.97 13.78 16.2 14.61 15.4 4.68/1.0 3.9 3.45
9 11.28 19.69 20.2 10.54 21.28 21.31 19.17 13.72 3.36/2.15 5.26
10 21.85 17.68 16.03 16.29 17.03 20.22 19.01 18.1 16.8 3.67/1.84

Values on the diagonal are average RF pairwise distances among trees within the posterior distribution of a nuclear concatenated replicate (before slash) and
within the posterior distribution of a mtDNA + nuclear concatenated replicate (after slash).

ure S3A, Supplementary Material). The largest InL values
were seen in a single replicate, using a mean 6 prior of
0.15, which produced a stable distribution around an InL
of approximately —20,600. Similar results were achieved
across the different heating values, indicating that this did
not improve the ability of chains to find and converge on
the same posterior distribution (results not shown).

BEST analysis of the larger Microcebus data set (ex-
cluding M. griseorufus and M. murinus lineages) resulted
in similar patterns. Although replicate analyses appeared
to converge on a similar sampling distribution early in the
analysis, individual replicates would often make a large
jump in InL values (see Supplementary Figure S3B, Sup-
plementary Material, for an example using a mean 6 prior
of 0.15). In other analyses, replicate analyses did not
make large shifts in their posterior distributions but did
not converge on the same posterior distribution (see Sup-
plementary Figure S3C, Supplementary Material, for an
example using a mean 6 prior of 0.5). In all of our analyses

Lepilemur ruficaudatus

Propithecus
Phaner furcifer
74-83 Cheirogaleus medius
(5,10)
70-77 Allocebus trichotis
(6.9)

75-82 Mirza coquereli
{6,10)

37-38] ,
28 5773 Microcebus
©9)

Figure 5. Phylogenetic tree with nuclear-based clade CFs for relation-
ships among genera of the Cheirogaleidae. CFs are presented as the
number of genes (out of 12) supporting a relationship and are presented
as the range calculated across all ten replicates of pruned nuclear gene
trees. Numbers in parentheses represent the lowest and highest CF from
the 95% credibility intervals across the ten replicates. Branch lengths
are based on a concatenated tree (nuclear replicate 1) and are presented
here to provide a relative comparison of lengths. Relationships in this
tree match those of the PC trees across all replicates.

of this data set, the replicate featuring a stable sam-
pling distribution with the highest InL values was never
matched by another replicate.

Analysis of the M. griseorufus, M. murinus, and M. rav-
elobensis data set did produce results consistent with con-
vergence on the posterior distribution (Supplementary Fig-
ure S3D, Supplementary Material). All analyses across
different 8 priors and heating schemes produced the same
stable sampling distribution with a mean InL of —13,742
(after a burn-in of 100 million generations). These results
supported the M. griseorufus + M. murinus clade and the
monophyly of M. murinus lineages with PPs = 1.0. Res-
olution within the M. murinus clade was much weaker,
with the placement of M. murinus and the Bemanasy Mi-
crocebus sp. lineage in a clade with a PP = 0.43.

Discussion

Cheirogaleid Phylogeny

Our work here provides the first set of convincing DNA
sequence-based results for the phylogenetic placement
of the genus Phaner, the cheirogaleid genus that has re-
ceived the least systematic attention. Studies of morphol-
ogy (Stanger-Hall 1997), repetitive DNA (Crovella et al.
1995), and immunological distances (Sarich and Cronin
1976) have all produced conflicting phylogenetic rela-
tionships for Phaner, and previous mitochondrial-based
(Pastorini et al. 2001) and nuclear-based (Horvath et al.
2008) DNA sequence studies of the Cheirogaleidae did
not include Phaner in their taxonomic sampling. Our
multilocus phylogenetic results are concordant with the
SINE-based results of Roos et al. (2004) and provide sub-
stantial support for the placement of Phaner as the sis-
ter lineage to all remaining cheirogaleids. The resolution
of this relationship is notable here because of its concor-
dance across both concatenated trees and the Bayesian
PC trees, with Bayesian CFs (7.0-7.7) indicating support
from a high number of the nuclear loci. Similar patterns of
phylogenetic resolution were seen for the monophyly of
the Cheirogaleidae and for the placement of Cheirogaleus
as the sister lineage to a clade containing Allocebus, Mi-
crocebus, and Mirza, all of which were consistent with
previous DNA sequence-based phylogenetic results (Pas-
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Figure 6. PC trees reconstructed from four of the ten replicates of pruned nuclear gene trees. CFs are presented as the number of genes (out of 12) sup-
porting a relationship. To simplify interpretations, stars are placed on branches with CFs that have 95% credibility intervals including 0 or 1, indicating
low concordance among gene trees. The trees presented here are restricted to relationships among Microcebus individuals and species. Relationships
among cheirogaleid genera were consistent across replicates and are presented in Figure 5.

torini et al. 2001; Horvath et al. 2008). Collectively, these
results indicate that the internal species tree branches for
these relationships were long enough to produce concor-
dant phylogenetic signal across most loci, and, therefore,
the results seen in the concatenated trees are likely to rep-
resent a good estimate of the underlying phylogeny.

In contrast, the level of support for the resolution of re-
lationships among Allocebus, Microcebus, and Mirza was
less convincing. Although concatenated analyses consis-
tently placed Microcebus and Mirza in a clade, often with
moderate to high branch support (particularly when the
mtDNA sequence data were included), CFs for this clade
were considerably lower than for other inter-generic re-

lationships (Figure 5), indicating substantial discordance
among gene trees. Similar to the mitochondrial tree of Pas-
torini et al. (2001), the lengths of the internal branch lead-
ing to the clade of Microcebus and Mirza in our con-
catenated trees were substantially shorter than internal
branches for other intergeneric relationships, suggest-
ing a relatively short amount of time separating the diver-
gences of Allocebus, Microcebus, and Mirza. This would
explain the discordance among gene trees for the phylo-
genetic positions of these lineages but also indicates that
caution should be used in interpreting any single-gene tree
as a best estimate of their phylogeny. Continued system-
atic research, including the further use of coalescent-based
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Bayesian analyses to model gene tree discordance within a
species tree framework, will likely be necessary to further
elucidate the relationships among these three lineages.

Microcebus Phylogeny

Numerous studies have used gene trees to investigate lin-
eage diversification of the mouse lemurs, primarily from
the perspective of assessing cryptic species diversity (Yo-
der et al. 2000; Louis et al. 2006; Olivieri et al. 2007;
Weisrock et al. 2010). Although analyses of multilocus se-
quence data have provided robust support for the delimita-
tion of numerous independent geographic lineages (Weis-
rock et al. 2010), phylogenetic inferences into the spatial
and temporal aspects of Microcebus diversification have
been largely based on mitochondrial gene trees (Yoder et
al. 2000; Yang and Yoder 2003; Louis et al. 2006). For ex-
ample, the initial divergence within Microcebus has been
argued to be either a split between eastern and western
Madagascar populations coincident with wet and dry for-
est types (Louis et al. 2006) or a split between northern and
southern biogeographic regions of the island (Yoder et al.
2000), both of which are supported by alternate recon-
structions of the mitochondrial gene tree derived from dif-
ferent genic regions. Our point here is not to argue for or
against particular hypotheses but to instead emphasize that
the substantial gene tree discordance within Microcebus
translates into an inability to make inferences about spe-
cies tree evolution from any single-gene tree. Although we
are limited in making specific phylogenetic hypotheses for
the mouse lemurs, we do echo the conclusion of Heckman
et al. (2007) that gene tree discordance concerning spe-
cies-level relationships in Microcebus is most-likely driven
by incomplete lineage sorting, this based on the paucity of
signatures of introgression in mitochondrial gene trees and
nuclear STRUCTURE plots (Weisrock et al. 2010). Further-
more, we also suggest that the substantial gene tree discor-
dance resolved among mouse lemur lineages may be a sig-
nature of an underlying rapid radiation, a pattern similar to
that seen in multilocus studies of other species radiations
(e.g., Takahashi et al. 2001; Belfiore et al. 2008).

Allele Sampling in Multilocus Phylogenetics

The larger significance of this study was the demonstra-
tion that the results of phylogenetic analysis of concat-
enated nuclear sequence data can be substantially in-
fluenced by the choice of alleles in the concatenation
process. Through phylogenetic analysis of replicate con-
catenated data sets in which alleles from individuals are
randomly paired across genes, we uncovered three ma-
jor patterns that indicate that caution is warranted when
using gene concatenation. First, across replicate Bayes-
ian consensus trees, concatenated-based relationships
among Microcebus individuals and species varied sub-
stantially (Figure 3). With the exception of the placement
of M. ravelobensis, M. griseorufus, and the M. murinus
clade, all other Microcebus lineages had discordant phy-
logenetic placements in at least two replicates. Second,
phylogenetic inconsistency across replicates was backed
by strongly supported phylogenetic results for individual
concatenated data sets and did not result from uncertainty

in phylogenetic estimation. The number of distinct trees
found in the 95% credible set of each concatenated pos-
terior distribution was small (Table 3) and the majority of
branches in the consensus trees received strong measures
of support (PPs =2 0.95). In other words, each concate-
nated replicate resulted in very strong support for differ-
ent sets of relationships. Third, differences in phyloge-
netic reconstruction across replicates largely resulted from
the sampling of trees from very different regions of tree
space. This was particularly true for the nuclear concat-
enated data, which featured highly nonoverlapping pos-
terior distributions for many replicates in MDS ordination
space (Figure 4A) and relatively high RF distances be-
tween posterior distributions (Table 4). The addition of the
mtDNA data to concatenated analyses reduced the aver-
age distance between replicate posterior distributions of
trees (Figure 4B and Table 4) but still resulted in different,
but strongly supported, trees.

The patterns revealed in our concatenated phyloge-
netic results have similarities to those identified in both
simulation (Kubatko and Degnan 2007) and empirical
(Belfiore et al. 2008) studies, where concatenation of se-
quence data generated from gene trees with high levels
of discordance led to strongly supported but inaccurate
phylogenetic reconstructions. Such conditions are likely
to occur in species trees that feature short branch lengths
between speciation events and high discordance among
gene trees as a function of incomplete lineage sorting
(Maddison 1997; Maddison and Knowles 2006; Kubatko
and Degnan 2007). In these situations, concatenation of
data from a single individual or OTU results in the amal-
gamation of alleles across loci with different underlying
phylogenetic histories, and, probably not surprisingly,
analysis of these data can result in an inaccurate estimate
of the species tree. In our study, the lack of a known spe-
cies tree for Microcebus and the Cheirogaleidae limits
specific conclusions about the phylogenetic accuracy of
any of our concatenated replicates. However, given the
existence of a single species tree, the largely nonoverlap-
ping posterior distributions across replicates, particularly
with the nuclear data, indicated that many of the concate-
nated trees yield incorrect estimates of phylogeny, despite
their strong measures of branch support. These phyloge-
netic results suggest that the Microcebus species tree may
feature a series of short branch lengths and that its recon-
struction presents a challenge to standard phylogenetic
approaches.

The conclusions we infer here from our concatenated
results are also backed by the results of our Bayesian
concordance and BEST analyses. Across the BCA repli-
cates, the PC tree varied in the set of relationships with
the highest CFs, and in contrast to the concatenated re-
sults, relationships in the PC trees had substantially low
CFs, indicating considerable discordance for relation-
ships among Microcebus individuals and lineages across
loci (Figure 5). Although this may be attributed, in part,
to low sequence variation in some loci and limited res-
olution in individual gene trees, the robust resolution of
many branches in the individual gene trees indicated the
potential for actual gene tree discordance. Our attempt
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at producing a species tree using BEST produced results
consistent with this gene tree discordance. Despite run-
ning our MCMC chains for as many as 500 million gen-
erations, replicate analyses failed to converge on the sam-
pling distribution with the highest InL values, indicating a
failure to sample from the posterior distribution. This re-
sult is consistent with a species tree featuring many short
branches and large ancestral population sizes, a set of
conditions that will have produced substantial gene tree
discordance and that could require very large numbers of
genes to be resolved in a coalescent framework (Edwards
et al. 2007). The patterns of gene tree discordance we see
in our data are strongly suggested to limit the inferences
we can make from the results of concatenated analyses.

The variation seen across the concatenated posterior
distributions of trees also highlighted a challenge in the
concatenation of nuclear data that is rarely addressed: In-
dividuals and species have a direct comparison across
gene trees, but their gene copies do not. When haploid
sequences are collected from heterozygous genes within
an individual, there is no straightforward way to concat-
enate the different alleles across genes: Should allele 1
from gene A be paired with allele 1 or allele 2 from gene
B? Often the solutions in concatenated studies are to use
a consensus sequence within a species-level OTU, to
use degenerate base codings (e.g., R and Y) for polymor-
phic sites within individuals or to randomly sample an al-
lele from each gene. Our approach here was to explore
the effects of randomly pairing a single allele from each
gene. The results of these concatenated explorations—
that OTUs comprised of different combinations of alleles
across genes can result in very different posterior distri-
butions of trees—indicate that choosing which allelic se-
guences to use in the generation of concatenated should
be an important consideration in multilocus studies. We
expect results similar to ours to be seen in concatenated
species tree reconstruction studies that feature both short
internal branches (as found in Kubatko and Degnan 2007)
and short tip branches, with both factors providing the
opportunity for species or populations to maintain ances-
tral alleles. This can also be important for deep phyloge-
netic studies, anywhere in the tree where there is a short
duration between speciation events (Edwards et al. 2005),
but may be an especially important issue for the recon-
struction of recent species radiations with short tip branch
lengths and high rates of lineage formation.

Finally, we point out the difference in perspectives
on the effect of sampling alleles between species tree
methods that use intraspecific alleles to make inferences
about the ancestral branching history of a species-level
OTU (e.g., Liu et al. 2008; Kubatko et al. 2009; Heled
and Drummond 2010) versus those that take a concate-
nated approach where the individual serves as the OTU.
A number of recent studies have demonstrated that the
sampling of a very small number of alleles per species
in studies employing the former methods is sufficient to
accurately reconstruct a tree (Hird et al. 2010; Ence and
Carstens 2011). In contrast, we demonstrate here that the
sampling of a single allele from an individual in concate-
nated studies has the potential to lead to phylogenetic in-

consistency. Systematists using concatenated approaches
should consider the potential for strongly supported, but
inconsistent, phylogenetic results when sampling alleles
within individuals and may consider performing a repli-
cated approach similar to that used here to explore the
potential for variation in their phylogenetic estimates.

Supplementary Material
Supplementary files, Table S1, and Figures S1-S3 are pre-
sented following the References.

Acknowledgments — We thank the Departement Biol-
ogie Animale and the CAF/ CORE of the Ministry of the
Environment and Forests of Madagascar for their sup-
port and authorization of our fieldwork and Rodin Raso-
loarison and Oliver Schiilke for collecting samples used
in these analyses. This work was supported by the Na-
tional Science Foundation (DEB-0516276 to A.D.Y. and
DEB-0949532 to D.W.W.) and the National Institutes of
Health (NIH NRSA Fellowship to S.D.S.). Fieldwork was
supported by the Deutsche Forschungsgemeinschaft (Ka
1082/8 to P.M.K.) and the Deutsches Primatenzentrum.

References

Ané C, Larget B, Baum DA, Smith SD, Rokas A. 2007. Bayesian
estimation of concordance among gene trees. Mol Biol Evol.
24:412-426.

Belfiore NM, Liu L, Moritz C. 2008. Multilocus phylogenetics of
a rapid radiation in the genus Thomomys (Rodentia: Geomy-
idae). Syst Biol. 57:294-310.

Brandley MC, Schmitz A, Reeder TW. 2005. Partitioned Bayes-
ian analyses, partition choice, and the phylogenetic relation-
ships of scincid lizards. Syst Biol. 54:373-390.

Cranston KA, Hurwitz B, Ware D, Stein L, Wing RA. 2009. Spe-
cies trees from highly incongruent gene trees in rice. Syst
Biol. 58:489-500.

Crovella S, Montagnon D, Rumpler Y. 1995. Highly repeated
DNA sequences and systematics of Malagasy primates. Hum
Evol. 10:35-44.

Degnan J, Rosenberg N. 2009. Gene tree discordance, phyloge-
netic inference and the multispecies coalescent. Trends Ecol
Evol. 24:332-340.

Edwards S, Liu L, Pearl D. 2007. High-resolution species
trees without concatenation. Proc Natl Acad Sci U S A.
104:5936-5941.

Edwards SV, Jennings WB, Shedlock AM. 2005. Phylogenetics of
modern birds in the era of genomics. Proc R Soc B Biol Sci.
272:979-992.

Ence DD, Carstens BC. 2011. SpedeSTEM: a rapid and ac-
curate method for species delimitation. Mol Ecol Resour.
11:473-480.

Felsenstein J. 2005. PHYLIP (Phylogeny Inference Package) ver-
sion 3.6. Distributed by the author. Seattle (WA): Department
of Genome Sciences. University of Washington.

Gadagkar SR, Rosenberg MS, Kumar S. 2005. Inferring species
phylogenies from multiple genes: concatenated sequence
tree versus consensus gene tree. | Exp Zool B Mol Dev Evol.
304B:64-74.



1630

WEISROCK ET AL. IN MOLECULAR BioLoGy AND Evorution 29 (2012)

Heckman KL, Mariani CL, Rasoloarison R, Yoder AD. 2007.
Multiple nuclear loci reveal patterns of incomplete lineage
sorting and complex species history within western mouse le-
murs (Microcebus). Mol Phylogenet Evol. 43:353-367.

Heled J, Drummond AJ. 2010. Bayesian inference of species
trees from multilocus data. Mol Biol Evol. 27:570-580.

Hillis DM, Heath TA, St John K. 2005. Analysis and visualization
of tree space. Syst Biol. 54:471-482.

Hird S, Kubatko L, Carstens B. 2010. Rapid and accurate species
tree estimation for phylogeographic investigations using rep-
licated subsampling. Mol Phylogenet Evol. 57:888-898.

Horvath JE, Weisrock DW, Embry SL, Fiorentino I, Balhoff JP,
Kappeler P, Wray GA, Willard HF, Yoder AD. 2008. Devel-
opment and application of a phylogenomic toolkit: resolving
the evolutionary history of Madagascar’s lemurs. Genome
Res. 18:489-499.

Kubatko LS, Carstens BC, Knowles LL. 2009. STEM: species tree
estimation using maximum likelihood for gene trees under
coalescence. Bioinformatics 25:971-973.

Kubatko LS, Degnan JH. 2007. Inconsistency of phylogenetic es-
timates from concatenated data under coalescence. Syst Biol.
56:17-24.

Larget BR, Kotha SK, Dewey CN, Ané C. 2010. BUCKy: gene
tree/ species tree reconciliation with Bayesian concordance
analysis. Bioinformatics 26:2910-2911.

Leache AD. 2009. Species tree discordance traces to phylogeo-
graphic clade boundaries in North American fence lizards
(Sceloporus). Syst Biol. 58:547-559.

Liu L. 2008. BEST: Bayesian estimation of species trees under
the coalescent model. Bioinformatics 24:2542-2543.

Liu L, Pearl D, Brumfield R, Edwards S. 2008. Estimating spe-
cies trees using multiple-allele DNA sequence data. Evolu-
tion 62:2080-2091.

Louis EE, Coles MS, Andriantompohavana R, Sommer JA, Eng-
berg SE, Zaonarivelo JR, Mayor MI, Brenneman RA. 2006.
Revision of the mouse lemurs (Microcebus) of eastern Mada-
gascar. Int J Primatol. 27:347-389.

Maddison WP. 1997. Gene trees in species trees. Syst Biol.
46:523-536.

Maddison WP, Knowles LL. 2006. Inferring phylogeny despite
incomplete lineage sorting. Syst Biol. 55:21-30.

Maddison WP, Maddison DR. 2010. Mesquite: a modular sys-
tem for evolutionary analysis [Internet] v1.05. [cited 2011
Sep 28]. Available from: http://mesquiteproject.org

Nylander JAA. 2004. MrModeltest v2. Program distributed by
the author. Evolutionary Biology Centre, Uppsala University.

Olivieri G, Zimmermann E, Randrianambinina B, Rasoloharija-
ona S, Rakotondravony D, Guschanski K, Radespiel U. 2007.

The ever-increasing diversity in mouse lemurs: three new
species in north and northwestern Madagascar. Mol Phylo-
genet Evol. 43:309-327.

Pastorini J, Martin RD, Ehresmann P, Zimmermann E, Forstner
MRJ. 2001. Molecular phylogeny of the lemur family cheiro-
galeidae (primates) based on mitochondrial DNA sequences.
Mol Phylogenet Evol. 19:45-56.

Rambaut A, Drummond AJ. 2007. Tracer [Internet] v1.4. [cited
2009 Dec 1]. Available from http://beast.bio.ed.ac.uk/Tracer

Rokas A, Carroll SB. 2005. More genes or more taxa? The rela-
tive contribution of gene number and taxon number to phy-
logenetic accuracy. Mol Biol Evol. 22:1337-1344.

Rokas A, Williams BL, King N, Carroll SB. 2003. Genome-scale
approaches to resolving incongruence in molecular phyloge-
nies. Nature 425:798-804.

Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phy-
logenetic inference under mixed models. Bioinformatics
19:1572-1574.

Roos C, Schmitz J, Zischler H. 2004. Primate jumping genes elu-
cidate strepsirrhine phylogeny. Proc Natl Acad Sci U S A.
101: 10650-10654.

Sarich VM, Cronin JE. 1976. Molecular systematics of the pri-
mates. In: Goodman M, Tashian RE, editors. Molecular an-
thropology. New York: Plenum. p. 141-170.

Stanger-Hall KF. 1997. Phylogenetic affinities among the extant
Malagasy lemurs (Lemuriformes) based on morphology and
behavior. | Mammal Evol. 4:163-194.

Stephens M, Smith NJ, Donnelly P. 2001. A new statistical
method for haplotype reconstruction from population data.
Am | Hum Genet. 68:978-989.

Takahashi K, Terai Y, Nishida M, Okada N. 2001. Phylogenetic
relationships and ancient incomplete lineage sorting among
cichlid fishes in Lake Tanganyika as revealed by analysis of
the insertion of retroposons. Mol Biol Evol. 18:2057-2066.

Weisrock DW, Rasoloarison RM, Fiorentino |, Ralison JM, Good-
man SM, Kappeler PM, Yoder AD. 2010. Delimiting species
without nuclear monophyly in Madagascar’'s mouse lemurs.
PLoS One. 5:€9883.

Yang ZH, Yoder AD. 2003. Comparison of likelihood and Bayes-
ian methods for estimating divergence times using multi-
ple gene loci and calibration points, with application to a
radiation of cute-looking mouse lemur species. Syst Biol.
52:705-716.

Yoder AD, Rasoloarison RM, Goodman SM, Irwin JA, Atsalis S,
Ravosa MJ, Ganzhorn JU. 2000. Remarkable species diver-
sity in Malagasy mouse lemurs (primates, Microcebus). Proc
Natl Acad Sci U S A. 97:11325-11330.



PCR, Sequencing, and Cloning

PCR assays were conducted with a final volume of 10 or 20l using 1l template DNA
(approximately 50-150ng DNA), 25uM each dNTP (Genesee, San Diego, CA), 1uM each
primer, and 0.625U Platinum™ Taq High Fidelity (Invitrogen, Carlsbad, CA) in a standard 1x
reaction buffer. Typical amplification conditions were carried out as follows: an initial
denaturation of 2 min at 94°C, followed by 35 cycles of 30s at 94°C, 30s at 55°C and 45s at
68°C. A final extension for 7 minutes was performed at 68°C.

PCR products were directly sequenced using both forward and reverse PCR primers and
BigDye® Terminator v3.1 (Applied Biosystems, Foster City, CA). Prior to sequencing, 8ul
PCR product (2/5 total PCR volume) was treated with 1.5U exonuclease | and 0.3U shrimp
alkaline phosphatase to eliminate deoxynucleotide triphosphates and excess single-stranded
DNA. These reactions were incubated at 37°C for 5 minutes, followed by 72°C for 15 minutes
to inactivate the enzymes. Alternatively, some PCR products were purified using DNA Clean &
Concentrator™ 5 columns (Zymo Research, Orange, CA). Cycle sequencing was performed in a
total volume of 10uL including 5ul Exo/SAP treated product (or equivalent amount if column
purified), 2uM primer, 0.5ul BDv3.1 and water to 10ul. Cycle sequencing conditions were
carried out for 25 cycles: 95°C for 10 sec, 55°C for 5 sec, 60°C for 2 min and a final hold at
10°C. Fluorescent traces were analyzed using Applied Biosystems 3730xI DNA Analyzer
(Applied Biosystems, Foster City, CA). Sequences were obtained for each taxon by comparing

forward and reverse PCR product sequences.



Supplemental Table 1: GenBank accession numbers for all individuals used in this study.

Taxon ID COB COX2 ABCA1 ADORA AXIN1 CFTR_B ENO

M. berthae Jorg73 allele A GU327161 GU326974 XXXXXX GU230899 XXXXXX XXXXXX GU231331
M. berthae Jorg73 allele B n/a n/a XXXXXX GU230900 XXXXXX XXXXXX GU231332
M. berthae JMRO4S5 allele A GU327356 GU327154 XXXXXX GU231317 XXXXXX XXXXXX GU231705
M. berthae JMRO4S5 allele B n/a n/a XXXXXX GU231318 XXXXXX XXXXXX GU231706
M. griseorufus JMRO022 allele A GU327350 GU327148 XXXXXX GU231305 XXXXXX XXXXXX GU231693
M. griseorufus JMRO022 allele B n/a n/a XXXXXX GU231306 XXXXXX XXXXXX GU231694
M. griseorufus RMR64 allele A GU327172 GU326984 XXXXXX GU230925 XXXXXX XXXXXX GU231357
M. griseorufus RMR64 allele B n/a n/a XXXXXX GU230926 XXXXXX XXXXXX GU231358
M. lehilahytsara JMROO1 allele A GU327134 GU327336 XXXXXX GU231277 XXXXXX XXXXXX n/a

M. lehilahytsara JMROO1 allele B n/a n/a XXXXXX GU231278 XXXXXX XXXXXX n/a

M. lehilahytsara RMR95 allele A GU327263 GU327062 XXXXXX GU231131 XXXXXX XXXXXX GU231535
M. lehilahytsara RMR95 allele B n/a n/a XXXXXX GU231132 XXXXXX XXXXXX GU231536
M. mittermeieri RMR187 allele A GU327314 GU327113 XXXXXX GU231233 XXXXXX XXXXXX GU231633
M. mittermeieri RMR187 allele B n/a n/a XXXXXX GU231234 XXXXXX XXXXXX GU231634
M. mittermeieri RMR191 allele A GU327318 GU327117 XXXXXX GU231241 XXXXXX XXXXXX GU231639
M. mittermeieri RMR191 allele B n/a n/a XXXXXX GU231242 XXXXXX XXXXXX GU231640
M. murinus RMR46 allele A GU327177 GU326989 XXXXXX GU230937 XXXXXX XXXXXX GU231369
M. murinus RMR46 allele B n/a n/a XXXXXX GU230938 XXXXXX XXXXXX GU231370
M. myoxinus JMRO72 allele A GU327357 GU327155 XXXXXX GU231319 XXXXXX XXXXXX GU231707
M. myoxinus JMRO072 allele B n/a n/a XXXXXX GU231320 XXXXXX XXXXXX GU231708
M. myoxinus RMR32 allele A GU327207 GU327019 XXXXXX GU231015 XXXXXX XXXXXX GU231433
M. myoxinus RMR32 allele B n/a n/a XXXXXX GU231016 XXXXXX XXXXXX GU231434
M. ravelobensis RMR55 allele A XXXXXX XXXXXX XXXXXX GU231049 XXXXXX XXXXXX GU231465
M. ravelobensis RMRS5?5 allele B n/a n/a XXXXXX GU231050 XXXXXX XXXXXX GU231466
M. ravelobensis RMR61 allele A GU327224 XXXXXX GU231055 XXXXXX XXXXXX GU231471
M. ravelobensis RMR61 allele B n/a n/a XXXXXX GU231056 XXXXXX XXXXXX GU231472
M. rufus RMR142 allele A GU327299 GU327098 XXXXXX GU231203 XXXXXX XXXXXX GU231607
M. rufus RMR142 allele B n/a n/a XXXXXX GU231204 XXXXXX XXXXXX GU231608
M. rufus SL100F71 allele A GU327235 GU327040 XXXXXX GU231073 XXXXXX XXXXXX GU231485
M. rufus SL100F71 allele B n/a n/a XXXXXX GU231074 XXXXXX XXXXXX GU231486
M. sambiranensis RMR41 allele A GU327251 n/a XXXXXX GU231107 XXXXXX XXXXXX GU231511
M. sambiranensis RMR41 allele B n/a n/a XXXXXX GU231108 XXXXXX XXXXXX GU231512
M. sambiranensis RMR163 allele A GU327310 GU327109 XXXXXX GU231225 XXXXXX XXXXXX GU231629
M. sambiranensis RMR163 allele B n/a n/a XXXXXX GU231226 XXXXXX XXXXXX GU231630
M. simmonsi RMR102 allele A GU327267 GU327066 XXXXXX GU231139 XXXXXX XXXXXX GU231543
M. simmonsi RMR102 allele B n/a n/a XXXXXX GU231140 XXXXXX XXXXXX GU231544
M. simmonsi RMR115 allele A GU327280 GU327079 XXXXXX GU231165 XXXXXX XXXXXX GU231569
M. simmonsi RMR115 allele B n/a n/a XXXXXX GU231166 XXXXXX XXXXXX GU231570
M. tavaratra RMR71 allele A GU327258 GU327058 XXXXXX GU231121 XXXXXX XXXXXX GU231525
M. tavaratra RMR71 allele B n/a n/a XXXXXX GU231122 XXXXXX XXXXXX GU231526
M. tavaratra RMR72 allele A GU327256 n/a XXXXXX GU231117 XXXXXX XXXXXX GU231521
M. tavaratra RMR72 allele B n/a n/a XXXXXX GU231118 XXXXXX XXXXXX GU231522
Microcebus sp.—Bemanasy RMR217 allele A GU327332 GU327131 XXXXXX GU231269 XXXXXX XXXXXX GU231665
Microcebus sp.—Bemanasy RMR217 allele B n/a n/a XXXXXX GU231270 XXXXXX XXXXXX GU231666
Microcebus sp. — Iv/Man RMR207 allele A GU327323 GU327122 XXXXXX GU231251 XXXXXX XXXXXX GU231647
Microcebus sp. — Iv/Man RMR207 allele B n/a n/a XXXXXX GU231252 XXXXXX XXXXXX GU231648
Microcebus sp. — Iv/Man RMR209 allele A GU327325 GU327124 XXXXXX GU231255 XXXXXX XXXXXX GU231651
Microcebus sp. — Iv/Man RMR209 allele B n/a n/a XXXXXX GU231256 XXXXXX XXXXXX GU231652
Microcebus sp.—Marolambo RMR131 allele A GU327296 GU327095 XXXXXX GU231197 XXXXXX XXXXXX GU231601
Microcebus sp.—Marolambo RMR131 allele B n/a n/a XXXXXX GU231198 XXXXXX XXXXXX GU231602
Microcebus sp.— Marolambo RMR136 allele A GU327297 GU327096 XXXXXX GU231199 XXXXXX XXXXXX GU231603
Microcebus sp.— Marolambo RMR136 allele B n/a n/a XXXXXX GU231200 XXXXXX XXXXXX GU231604
Microcebus sp.—Mandena 00-016A-8982 allele A GU327188 GU327002 XXXXXX GU230973 XXXXXX XXXXXX XXXXXXX
Microcebus sp. —Mandena 00-016A-8982 allele B n/a n/a XXXXXX GU230974 XXXXXX XXXXXX XXXXXXX
Microcebus sp.— Mt. d’Ambre RMR154 allele A GU327304 GU327103 XXXXXX GU231213 XXXXXX XXXXXX GU231617
Microcebus sp.— Mt. d’Ambre RMR154 allele B n/a n/a XXXXXX GU231214 XXXXXX XXXXXX GU231618
Microcebus sp. — Mt. d’Ambre RMR160 allele A GU327308 GU327107 XXXXXX GU231221 XXXXXX XXXXXX GU231625
Microcebus sp.—Mt. d’Ambre RMR160 allele B n/a n/a XXXXXX GU231222 XXXXXX XXXXXX GU231626
Allocebus trichotis DPZ05_AF5 XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX
Allocebus trichotis DPZ07_AM2 XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX
Cheirogaleus medius n/a U53570 L22775 EU057428 EU342218 EU057283 EU057254 GU361973
Lepilemur ruficaudatus n/a AY321456 AY321459 EU057443 EU342232 EU057298 EU057269 n/a

Mirza coquereli DLC2037 U53571 AY321460 EU057446 EU342234 EU057301 EU057272 GU361972
Phaner furcifer DPZ17_LR XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX n/a
Propithecus d. diadema DLC6564 AY441452 AY584484 EU057452 EU342238 EU057307 EU057278 n/a
Propithecus tattersalli DLC6196 U53573 L22782 EU057453 EU342239 EU057308 EU057279 n/a
Propithecus verreauxi coquereli DLC6583 AY441451 AF285492 EU057454 EU342240 EU057309 EU057280 n/a




Supplemental Table 1: GenBank accession numbers for all ir

Taxon ID ERC2 FIB LRPPRC_B LUC7L SREBF2 VWF ZNF2
M. berthae Jorg73 allele A XXXXXX GU231717 XXXXXX XXXXXX XXXXXX GU232131 XXXXXX
M. berthae Jorg73 allele B XXXXXX GU231718 XXXXXX XXXXXX XXXXXX GU232132 XXXXXX
M. berthae JMRO4S5 allele A XXXXXX GU232119 XXXXXX XXXXXX XXXXXX GU232477 XXXXXX
M. berthae JMRO4S5 allele B XXXXXX GU232120 XXXXXX XXXXXX XXXXXX GU232478 XXXXXX
M. griseorufus JMRO022 allele A XXXXXX GU232107 XXXXXX XXXXXX XXXXXX GU232469 XXXXXX
M. griseorufus JMRO022 allele B XXXXXX GU232108 XXXXXX XXXXXX XXXXXX GU232470 XXXXXX
M. griseorufus RMR64 allele A XXXXXX GU231743 XXXXXX XXXXXX XXXXXX GU232153 XXXXXX
M. griseorufus RMR64 allele B XXXXXX GU231744 XXXXXX XXXXXX XXXXXX GU232154 XXXXXX
M. lehilahytsara JMROO1 allele A XXXXXX GU232079 XXXXXX XXXXXX XXXXXX GU232457 XXXXXX
M. lehilahytsara JMRO001 allele B XXXXXX GU232080 XXXXXX XXXXXX XXXXXX GU232458 XXXXXX
M. lehilahytsara RMR95 allele A XXXXXX GU231939 XXXXXX XXXXXX XXXXXX GU232321 XXXXXX
M. lehilahytsara RMR95 allele B XXXXXX GU231940 XXXXXX XXXXXX XXXXXX GU232322 XXXXXX
M. mittermeieri RMR187 allele A XXXXXX GU232041 XXXXXX XXXXXX XXXXXX GU232423 XXXXXX
M. mittermeieri RMR187 allele B XXXXXX GU232042 XXXXXX XXXXXX XXXXXX GU232424 XXXXXX
M. mittermeieri RMR191 allele A XXXXXX GU232049 XXXXXX XXXXXX XXXXXX GU232431 XXXXXX
M. mittermeieri RMR191 allele B XXXXXX GU232050 XXXXXX XXXXXX XXXXXX GU232432 XXXXXX
M. murinus RMR46 allele A XXXXXX GU231755 XXXXXX XXXXXX XXXXXX GU232163 XXXXXX
M. murinus RMR46 allele B XXXXXX GU231756 XXXXXX XXXXXX XXXXXX GU232164 XXXXXX
M. myoxinus JMRO072 allele A XXXXXX GU232121 XXXXXX XXXXXX XXXXXX GU232479 XXXXXX
M. myoxinus JMRO72 allele B XXXXXX GU232122 XXXXXX XXXXXX XXXXXX GU232480 XXXXXX
M. myoxinus RMR32 allele A XXXXXX GU231833 XXXXXX XXXXXX XXXXXX GU232217 XXXXXX
M. myoxinus RMR32 allele B XXXXXX GU231834 XXXXXX XXXXXX XXXXXX GU232218 XXXXXX
M. ravelobensis RMR55 allele A XXXXXX GU231861 XXXXXX XXXXXX XXXXXX XXXXXXX XXXXXX
M. ravelobensis RMR55 allele B XXXXXX GU231862 XXXXXX XXXXXX XXXXXX XXXXXXX XXXXXX
M. ravelobensis RMR61 allele A XXXXXX GU231867 XXXXXX XXXXXX XXXXXX GU232253 XXXXXX
M. ravelobensis RMR61 allele B XXXXXX GU231868 XXXXXX XXXXXX XXXXXX GU232254 XXXXXX
M. rufus RMR142 allele A XXXXXX GU232011 XXXXXX XXXXXX XXXXXX GU232393 XXXXXX
M. rufus RMR142 allele B XXXXXX GU232012 XXXXXX XXXXXX XXXXXX GU232394 XXXXXX
M. rufus SL100F71 allele A XXXXXX GU231883 XXXXXX XXXXXX XXXXXX GU232265 XXXXXX
M. rufus SL100F71 allele B XXXXXX GU231884 XXXXXX XXXXXX XXXXXX GU232266 XXXXXX
M. sambiranensis RMR41 allele A XXXXXX GU231915 XXXXXX XXXXXX XXXXXX GU232297 XXXXXX
M. sambiranensis RMRA41 allele B XXXXXX GU231916 XXXXXX XXXXXX XXXXXX GU232298 XXXXXX
M. sambiranensis RMR163 allele A XXXXXX GU232033 XXXXXX XXXXXX XXXXXX GU232415 XXXXXX
M. sambiranensis RMR163 allele B XXXXXX GU232034 XXXXXX XXXXXX XXXXXX GU232416 XXXXXX
M. simmonsi RMR102 allele A XXXXXX GU231947 XXXXXX XXXXXX XXXXXX GU232329 XXXXXX
M. simmonsi RMR102 allele B XXXXXX GU231948 XXXXXX XXXXXX XXXXXX GU232330 XXXXXX
M. simmonsi RMR115 allele A XXXXXX GU231973 XXXXXX XXXXXX XXXXXX GU232355 XXXXXX
M. simmonsi RMR115 allele B XXXXXX GU231974 XXXXXX XXXXXX XXXXXX GU232356 XXXXXX
M. tavaratra RMR71 allele A XXXXXX GU231929 XXXXXX XXXXXX XXXXXX GU232311 XXXXXX
M. tavaratra RMR71 allele B XXXXXX GU231930 XXXXXX XXXXXX XXXXXX GU232312 XXXXXX
M. tavaratra RMR72 allele A XXXXXX GU231925 XXXXXX XXXXXX XXXXXX GU232307 XXXXXX
M. tavaratra RMR72 allele B XXXXXX GU231926 XXXXXX XXXXXX XXXXXX GU232308 XXXXXX
Microcebus sp. - Bemanasy RMR217 allele A XXXXXX GU232071 XXXXXX XXXXXX XXXXXX GU232451 XXXXXX
Microcebus sp.—Bemanasy RMR217 allele B XXXXXX GU232072 XXXXXX XXXXXX XXXXXX GU232452 XXXXXX
Microcebus sp. — Iv/Man RMR207 allele A XXXXXX GU232059 XXXXXX XXXXXX XXXXXX GU232437 XXXXXX
Microcebus sp. — Iv/Man RMR207 allele B XXXXXX GU232060 XXXXXX XXXXXX XXXXXX GU232438 XXXXXX
Microcebus sp. — Iv/Man RMR2009 allele A XXXXXX GU232061 XXXXXX XXXXXX XXXXXX GU232441 XXXXXX
Microcebus sp. — lv/Man RMR209 allele B XXXXXX GU232062 XXXXXX XXXXXX XXXXXX GU232442 XXXXXX
Microcebus sp.—Marolambo RMR131 allele A XXXXXX GU232005 XXXXXX XXXXXX XXXXXX GU232387 XXXXXX
Microcebus sp.—Marolambo RMR131 allele B XXXXXX GU232006 XXXXXX XXXXXX XXXXXX GU232388 XXXXXX
Microcebus sp.— Marolambo RMR136 allele A XXXXXX GU232007 XXXXXX XXXXXX XXXXXX GU232389 XXXXXX
Microcebus sp.— Marolambo RMR136 allele B XXXXXX GU232008 XXXXXX XXXXXX XXXXXX GU232390 XXXXXX
Microcebus sp.—Mandena 00-016A-8982 allele A XXXXXX GU231791 XXXXXX XXXXXX XXXXXX GU232183 XXXXXX
Microcebus sp.—Mandena 00-016A-8982 allele B XXXXXX GU231792 XXXXXX XXXXXX XXXXXX GU232184 XXXXXX
Microcebus sp.— Mt. d’Ambre RMR154 allele A XXXXXX GU232021 XXXXXX XXXXXX XXXXXX GU232403 XXXXXX
Microcebus sp.— Mt. d’Ambre RMR154 allele B XXXXXX GU232022 XXXXXX XXXXXX XXXXXX GU232404 XXXXXX
Microcebus sp.—Mt. d’Ambre RMR160 allele A XXXXXX GU232029 XXXXXX XXXXXX XXXXXX GU232411 XXXXXX
Microcebus sp.—Mt. d’Ambre RMR160 allele B XXXXXX GU232030 XXXXXX XXXXXX XXXXXX GU232412 XXXXXX
Allocebus trichotis DPZO5_AF5 XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX
Allocebus trichotis DPZ07_AM2 XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX
Cheirogaleus medius n/a EU057457 EU342243 EU057341 EU057196 EU057399 n/a EU057370
Lepilemur ruficaudatus n/a EU057472 EU342257 EU057356 EU057211 EU057414 AY434039 EU057385
Mirza coquereli DLC2037 EU057475 EU342261 EU057359 EU057214 EU057417 AY434036 EU057388
Phaner furcifer DPZ17_LR XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX XXXXXX
Propithecus d. diadema DLC6564 EU057481 EU342264 EU057365 EU057220 EU057423 n/a EU057394
Propithecus tattersalli DLC6196 EU057482 EU342265 EU057366 EU057221 EU057424 AY434038 EU057395
Propithecus verreauxi coquereli DLC6583 EU057483 EU342266 EU057367 EU057222 EU057425 n/a EU057396




Replicate 1

Replicate 2 Replicate 3 Replicate 4 Replicate 5
Lepilemur ruficaudatus Lepilemur ruficaudat Lepilemur ruficaudatus Lepilemur ruficaudatus Lepilemur ruficaudat
Propithecus d. diadema Propithecus d. diadema Propithecus d. diadema Propithecus d. diadema Propithecus tattersali
Phaner furcifer Phaner furcifer Phaner furcifer Phaner furcifer Phaner furcifer
————————————————— Cheirogaleus medius (——————————————— Cheirogaleus medius Cheirogaleus medius Chei medius Cheirog medius
Allocebus trichotis Allocebus trichotis Allocebus trichotis ——————— Allocebus trichotis ————————Allocebus trichotis
Mirza coquereli Mirza coquereli ————————————————Mirza coquereli Mirza coquereli Mirza coquereli
g M. rav is (RMR55) & M. is (RMR55) & M. ravelobensis (RMR55) @ M. is (RMR55) A g M. ravelobensis (RMR55)
M. griseorufus (JMR022) M. griseorufus (JMR022) M. griseorufus (JMR022) M. griseorufus (JMR022) M. griseorufus (JMR022)
Sl M. griseorufus (RMR64) o] M. griseorufus (RMR64) — M. griseorufus (RMR64) 88 M. griseorufus (RMR64) o M. griseorufus (RMR64)
M. murinus (RMR217) M. murinus (00_016A_8982) M. murinus (00_016A_8982) M. murinus (00_016A_8982) M. murinus (RMR217)
M. murinus (RMR46) M. murinus (RMR46) M. murinus (RMR46) M. murinus (RMR46)
M. murinus (00_016A_8982) M. murinus (RMR217) M. murinus (RMR217) M. murinus (RMR217)
M. tavaratra (RMR72) M. tavaratra (RMR72) M. tavaratra (RMR72)
Microcebus sp. (Marolambo RMR131) Microcebus sp. (Marolambo RMR131) Microcebus sp. (Marolambo RMR131)
Microcebus sp. (Marolambo RMR136) Microcebus sp. (Marolambo RMR136)
M. simmonsi (RMR115) M. simmonsi (RMR115)
M. mittermeieri (RMR191)
M. lehilahytsara (RMR95)

M. tavaratra (RMR72)
Microcebus sp. (Marolambo RMR131)
M. sambiranensis (RMR41)

Microcebus sp. (Marolambo RMR136)

M. murinus (RMR46)
M. murinus (00_016A_8982)
Microcebus sp. (Marolambo RMR131)

159 wicrocebus sp. (MtdAmbre RMR160)
Microcebus sp. (MtdAmbre RMR154)
M. sambiranensis (RMR41)

Microcebus sp. (Marolambo RMR136)
M. simmonsi (RMR115)

M. sambiranensis (RMR41)
M. sambiranensis (RMR163)

Microcebus sp. (IvMan RMR207)

M. sambiranensis (RMR163)
M. lehilahytsara (JMR001)

M. mittermeieri (RMR187)
Microcebus sp. (Iv/IMan RMR207)

Microcebus sp. (Iv/Man RMR209)

85

M. sambiranensis (RMR163)
-Microcebus sp. (Iv/Man RMR207)

Microcebus sp. (Iv/Man RMR209)
M. rufus (RMR142)

M. simmonsi (RMR115)

Microcebus sp. (Iv/Man RMR207)
Microcebus sp. (Iv/Man RMR209)

Microcebus sp. (Marolambo RMR136)
M. tavaratra (RMR72)

M. simmonsi (RMR115)

M. sambiranensis (RMR41)

M. sambiranensis (RMR163)
Microcebus sp. (Iv/Man RMR207)
M. rufus (SL100F71) & Microcebus sp. (Iv/Man RMR209)
M. berthae (JMR045) M. rufus (RMR142)
M. rufus (SL100F71) M. berthae (Jorg73) M. rufus (SL100F71)
M. berthae (JMR045) M. myoxinus (JMR072) M. berthae (JMR045)
M. myoxinus (JMR072) M. berthae (Jorg73) % myoxinus (RMR32) M. berthae (Jorg73)
- M. berthae (JMR045) - M. myoxinus (JMR072) —_— 51| —M. lehitahytsara (JMR001) —_— M. myoxinus (JMR072)
Microcebus sp. (IvIMan RMR209) 0.005 8 Oy berthae (Jorg73) 0.005 M. myoxinus (RMR32) 0.006 M. mittermeieri (RMR187) 0.006 B QM. myoxinus RMR32)
5 M. rufus (RMR142) M. lehilahytsara (JMR001) M. lehilahytsara (JMRO001) 92 M. lehilahytsara (RMR95) M. lehilahytsara (JMR0O1)
M. rutus (SL100F71) Microcebus sp. (MtdAmbre RMR154) M. mittermeieri (RMR187) M. mittermeieri (RMR191) M. mittermeieri (RMR187)
M. myoxinus (RMR32) 8 Microcebus sp. (MtdAmbre RMR160) M. mittermeieri (RMR191) 4| —Microcebus sp. (MtdAmbre RMR154) M. mittermeieri (RMR191)
M. myoxinus (JMR072) ; M. lehilahytsara (RMR95) M. lehilahytsara (RMR95) Microcebus sp. (MtdAmbre RMR160) M. lehilahytsara (RMR95)
M. berthae (JMR045) 81 M. mittermeieri (RMR187) Microcebus sp. (MtdAmbre RMR154) 65] M. sambiranensis (RMR41) Microcebus sp. (MtdAmbre RMR154)
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Supplementary Figure S1A. Bayesian majority-rule consensus trees reconstructed for the ten replicate nuclear concatenated data sets. Trees are presented as phylograms
Numbers on branches represent PPs < 0.95.

with branch lengths representing the average number of substitutions per site. Filled red circles on branches indicate posterior probability (PP) support of 0.95 or greater.
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Supplementary Figure S1B. Bayesian majority-rule consensus trees reconstructed for the ten replicate nuclear+mtDNA concatenated data sets. Trees are presented as
phylograms with branch lengths representing the average number of substitutions per site. Filled red circles on branches indicate posterior probability (PP) support of
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Supplementary Figure S2. Primary concordance (PC) trees reconstructed from four of the ten replicates of pruned nuclear gene trees. Concordance factors are presented as
the number of genes (out of 12) supporting a relationship To simplify interpretations, stars are placed on branches with concordance factors that have 95% credibility intervals
including 0 or 1, indicating low concordance among gene trees. The trees presented here are restricted to relationships among Microcebus individuals and species.

Relationships among cheirogaleid genera were consistent across replicates and are presented in Figure 5.
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Figure S3. Majority rule consenesus tree resulting from the BEST posterior distribution for a subset of mouse
lemur lineages. Numbers on branches represent posterior probabilities
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