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Abstract

Mouse lemurs (genus Microcebus) are a clade of approximately 26 named species of small,
nocturnal primates endemic to Madagascar. The genus radiated one to ten million years
ago and is morphologically cryptic, with most species having been named within the past
20 years largely based on phylogenetic analysis of short fragments of mitochondrial data.
More recent work has been focused on revisiting species designations with autosomal
nuclear data using more sophisticated statistical approaches. The order of speciation
events in Microcebus remains contentious, particularly with regard to the placement of the
M. ravelobensis clade. We investigated support for previous phylogenetic hypotheses based
on available whole-genome assemblies from six species and an outgroup. We recovered
over 4,000 one-to-one orthologs from these assemblies and used concatenation and
coalescent species tree methods to evaluate if differences between previous studies were
due to methodological differences or to limitations from too few loci. Observed gene
tree discordance was high with patterns inconsistent with incomplete lineage sorting
alone. Therefore, we estimated phylogenetic networks to investigate ancient introgression
events that may explain observed gene tree distributions and previous phylogenetic
conflicts. A network model, invoking some role for introgressive hybridization in the
early evolution of Microcebus, better characterizes phylogenetic relationships than does
any binary species tree. Our results provide insights into the biogeographic history of a
threatened and diverse group of primates while also highlighting an important role for

phylogenetic network methods in resolving cases of phylogenetic uncertainty.

Introduction

The mouse lemurs (Microcebus Cheirogaleidae) are a recent
radiation of primates with arguably 26 species (Hotaling
et al., 2016; Poelstra et al., 2020). The genetic diversity
within the genus Microcebus is remarkable among primates
and is estimated to have been generated over a one to
10 Myr period, with the estimated ancestral age varying
with analytic method (Tiley et al., 2020). Mouse lemurs oc-
cupy a wide variety of ecological niches despite maintain-
ing largely cryptic morphological variation (Zimmermann
& Radespiel, 2014). Indeed, it is this notable lack of mor-
phological variation that has led to some degree of contro-
versy and suspicion as to whether the explosion in named
species is valid (e.g., Tattersall, 2007).

The majority of mouse lemur species are microendemics
with restricted ranges across Madagascar’s ecologically het-
erogeneous landscape (Fig. 1), though there are a few gen-
eralist species with large ranges across the dry deciduous

forests in the west and in a variety of habitats in the north-
east (Tiley et al., 2022). Among them is a clade of largely
dry-adapted taxa typically referred to as the gray clade,
which contains two well-differentiated species, Microcebus
murinus and M. griseorufus. These two species have recently
been shown to be completely reproductively isolated, even
in contact zones where they co-occur (Poelstra et al., 2022).
The majority of mouse lemur species are restricted to
Madagascar’s wet eastern forests and form a group known
as the red clade due to their primarily rufus coloration (Ra-
soloarison et al., 2013); although, some dispersal events be-
tween forest types have been reconstructed with phyloge-
netic analysis (Yoder et al., 2016). A third clade of mouse
lemurs restricted to the dry deciduous forests of northwest-
ern Madagascar is comprised of three named species, M.
ravelobensis, M. bongalovensis, and M. danfossi (Olivieri et
al., 2007), and will be henceforth referred to as the M. rav-
elobensis clade. This northwestern region is an ecological
transition zone, in the rain shadow of Madagascar’s high-
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est mountain, where on the eastern side lie the Diana and
Sava regions recognized for their diverse biota (J. L. Brown
et al., 2014; Callmander et al., 2011; Vences et al., 2009).
Remaining populations of the M. ravelobensis clade exist in
a highly fragmented landscape, likely the product from a
combination of Late Pleistocene and Anthropogenic vege-
tative change (e.g., Matsumotot & Burney, 1994; Railsback
et al., 2020), with rivers (Olivieri et al., 2007) and roads
(Radespiel et al., 2008) imposing present-day barriers to
gene flow between species and poplations.

Within the red clade, Microcebus mittermeieri and Micro-
cebus lehilahytsara are often recognized as separate species
in the general literature. However, they were proposed as
being synonymous by Poelstra et al. (2020), a taxonomy
that now seems to be generally accepted by the Interna-
tional Union for the Conservation of Nature (IUCN). Using
RADseq data, Poelstra et al. (2020) demonstrated that the
two taxa followed a single isolation-by-distance pattern,
with high levels of gene flow from M. mittermeieri to M.
lehilahytsara. These results thus strongly suggested that M.
mittermeieri and M. lehilahytsara are best considered a sin-
gle species, with M. lehilahytsara having taxonomic priority.
We henceforth use this updated taxonomy.

Within the gray clade, M. murinus is the most widespread
species, occupying a large continuous range in western
Madagascar as well as disjunct patches further to the north
and southeast (Fig. 1). In the northwest, M. murinus exists
in sympatry with M. ravelobensis. However, M. murinus may
have only recently expanded into this northwestern region
rather than having had a long-term presence (Schneider et
al., 2010). Most population genetic and demographic infer-
ences of mouse lemurs have been based on limited mito-
chondrial sequence data or microsatellites, so it remains
an open question as to whether M. murinus or a common
ancestor of the gray clade may have been historically pre-
sent in northwestern Madagascar rather than expanding its
range from southwestern Madagascar, as implied by Blair et
al. (2014).

The phylogenetic placement of the M. ravelobensis clade
within the larger phylogeny has been a persistent conun-
drum (Fig. 1). Three well-supported topologies have been
recovered in past studies (Fig. 1) (dos Reis et al., 2018; Ever-
son et al., 2023; Heckman et al., 2007; Herrera & D4valos,
2016; Hotaling et al., 2016; Louis et al., 2006; Olivieri et al.,
2007; Springer et al., 2012; Weisrock et al., 2010, 2012; Yo-
der et al., 2000). It has been difficult to discern the underly-
ing causes of disagreements among studies given that most
analyses have been limited to a few mitochondrial or nu-
clear loci. For example, the data type and amount of data
have varied from study to study, ranging from four mito-
chondrial loci used by Louis et al. (2006) to 334 nuclear
loci from a target-capture bait set (Everson et al., 2023
[Preprint]). Additionally, conflicting topologies in the pub-
lished literature may be due to methodological differences
among multilocus studies, such as concatenated maximum
likelihood (ML; Felsenstein, 1981) versus the multispecies
coalescent (MSC; Rannala & Yang, 2003) analyses. There
are well-known biases for ML estimators when the time be-
tween speciation events is very short, such that the species

tree may not be reflected by a majority of gene trees (Deg-
nan & Rosenberg, 2006; Kubatko & Degnan, 2007). Multi-
ple mouse lemur genomes have recently become available
(Hunnicutt et al., 2020; Larsen et al., 2017; Poelstra et al.,
2020), allowing for the first phylogenomic investigation of
the earliest divergences in Microcebus.

To further investigate these phylogenetic conflicts, we
take advantage of the recent development of phylogenetic
network methods that consider incomplete lineage sorting
(ILS) and account for introgressive hybridization (intro-
gression), modeled as episodic cross-species gene flow
(Flouri et al., 2020; Solis-Lemus & Ané, 2016; Yu et al.,
2012; Zhang et al., 2018). While the importance of intro-
gression has long been recognized in plants and animals
(Mallet, 2005; Rieseberg, 1997), especially groups where life
histories facilitate gene flow such as wind-pollinated plants
(e.g., Dunning et al., 2019; Zhou et al., 2022) or sympatry
with synchronous reproduction in vertebrates (e.g., Meier
et al., 2017), there is increasing recognition that intro-
gression is an important evolutionary process in mammals
(e.g., Jones et al., 2018). Within primates, whole-genome
sequence data has recently revealed evidence of cross-
species gene flow in the early diversification of Old-World
monkeys (Vanderpool et al., 2020). Here, we leverage avail-
able genomic data to investigate phylogenetic incongru-
ence in mouse lemurs and the potential role for intro-
gression in the early evolutionary history of a species-rich
primate genus.

Methods

Genome sequences and orthology inference

Whole-genome sequences were previously assembled for
six mouse lemur species and an outgroup from the sister
genus Mirza (Supplementary Table S1). Notably, the
genome for Microcebus murinus is a chromosome-level as-
sembly with RNA-based annotations while, the other
genomes are highly fragmented and annotated from in silico
and homology evidence alone. To avoid potential biases due
to heterogenous data quality or reference-based alignment
with respect to an ingroup taxon, only the haplotype con-
sensus protein-coding gene models were used for analy-
sis. Orthologous groups were inferred with the pipeline
described in Yang and Smith (2014). Only one-to-one or-
thologs that were present in all seven species were used for
downstream phylogenetic analyses. These orthologs were
selected using the “1tol1” approach outlined in Yang and
Smith (2014) which ignores putative orthologs that have
duplicated taxa present.

Alignment and gene tree inference

Orthoclusters were aligned with MAFFT v7.310 (Katoh &
Standley, 2013) with E-INS-I iterative refinement method.
Due to the incompleteness of some genome annotations,
the initial alignments contained many gaps. Gaps in these
alignments were trimmed using trimAL v1.2 (Capella-
Gutiérrez et al., 2009) with the ‘—gappyout’ setting. Indi-
vidual gene trees were then estimated from these trimmed
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Figure 1. Species distributions of focal lineages and their phylogenetic hypotheses.

Microcebus ravelobensis is found in northwestern Madagascar between M. murinus and eastern-distributed members of the red clade. Mouse lemurs are typically restricted to lowland
forests and are not found in the Central Highlands (altiudes greater than 800 meters) with some exceptions. There has been disagreement among studies regarding the phylogenetic
placement of the M. ravelobensis clade; though, the majority of analyses considering concatenate ML and coalescent methods have found M. ravelobensis sister to the red clade.

alignments using IQ-TREE 2 v2.1.3 (Minh et al., 2020) with
100 standard nonparametric bootstrap replicates and 10 in-
dependent runs. The substitution models for each locus
were selected using ModelFinder (Kalyaanamoorthy et al.,
2017) implemented in IQ-TREE 2 (-m MFP option). All re-
sulting bootstrap consensus gene trees were then rooted
with Mirza zaza using the pxrr program in the Phyx phylo-
genetic toolkit v1.3 (J. W. Brown et al., 2017).

Spurious long branches were then pruned from gene
trees using TreeShrink v1.3.9 (Mai & Mirarab, 2018) using
the per-species method. The false error rate was set to 0.05
(0=0.05) and the -i option was added to output pruned
alignments. Gene trees were then inferred again from the
pruned alignments using the same methods described
above.

Species tree inference

Three methodologies were used to infer species trees: a
concatenated ML approach, a summary statistic MSC ap-
proach using ASTRAL-III (Zhang et al. 2018), and an invari-
ant approach consistent under the MSC using SVDQuartets
(Chifman & Kubatko, 2014). For concatenation, individual
pruned and gap-trimmed alignments were concatenated
using AMAS (Borowiec, 2016). The resulting supermatrix
was then partitioned by gene, and the MFP+MERGE option
in IQ-TREE 2 was used to simultaneously find the best par-
titioning scheme by merging partitions and select the best
substitution model for each final partition. To speed up the
partition merging process, only the top 10% of partition
schemes was considered. Finally, a concatenated phylogeny
was generated in IQ-TREE 2 version 2.2.2.6 with 1000 ul-
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trafast bootstrap (UFBoot) replicates and 10 independent
runs. The concatenated phylogeny was then rooted with
Mirza zaza using the pxrr program in the Phyx phylogenetic
toolkit v1.3 (J. W. Brown et al., 2017).

A species tree was also inferred using ASTRAL-III v5.7.8
(Zhang et al. 2018) To perform the initial ASTRAL analysis,
ML bootstrap consensus trees for each of the 4,147 or-
thologs were given as input, and one ASTRAL run was con-
ducted on the consensus trees. An additional bootstrapping
analysis was conducted within ASTRAL-III (-b option) us-
ing the 100 bootstrap replicates from each locus (414,700
trees in total). Branch lengths were then optimized in coa-
lescent units using qAge (Peng et al., 2022) implemented in
PAUP* v4.0a (Swofford, 2002).

The SVDQuartets (Chifman & Kubatko, 2014) analysis
was carried out within PAUP* v4.0a (Swofford, 2002) using
all 4,147 ortholog alignments as input. Each ortholog align-
ment was combined into one nexus file and partitioned by
gene. SVDQuartets (Chifman & Kubatko, 2014) was then
run using exhaustive quartet-sampling, and node support
was assessed with 100 nonparametric bootstrap replicates.
Branch lengths were then optimized in coalescent units us-
ing qAge (Peng et al., 2022) implemented in PAUP* v4.0a
(Swofford, 2002). Branch length estimation was carried out
under the GTR model using estimated model paramaters
(patProb=expBL).

Gene tree conflict analysis

Multiple analyses were conducted to assess topological dis-
cordance amongst gene trees. First, a gene tree discordance
analysis was conducted in DiscoVista (Sayyari et al., 2018,
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mode 2). For this analysis, users select specific species re-
lationships to analyze. Five separate species relationships
were selected for this analysis: 1. the Gray Clade (M. mur-
inus + M. griseorufus), 2. the Red Clade (M. tavaratra + M.
jonahi + M. lehilahytsara), 3. The Gray Clade + Raveloben-
sis (M. murinus + M. griseorufus + M. ravelobensis), 4. the
Red Clade + Ravelobensis (M. tavaratra + M. jonahi + M.
lehilahytsara + M. ravelobensis), and 5. Ravelobensis Sis-
ter (M. murinus + M. griseorufus + M. tavaratra + M. jonahi
+ M. lehilahytsara). For this analysis, users also specify a
cutoff for gene trees that “strongly” support or reject the
relationship in question. Here, a cutoff of 70% bootstrap
support was used. Next, a relative frequency analysis was
conducted also in DiscoVista (Sayyari et al., 2018, mode
6). This analysis calculated the relative frequency of gene
trees supporting certain backbone phylogenetic relation-
ships. The backbone relationships assessed here were: 1.
Gray Clade + Ravelobensis, 2. Red Clade + Ravelobensis,
and 3. Gray Clade + Red Clade. For both DiscoVista (Sayyari
et al., 2018) analyses, rooted gene trees were used as input.

Phylogenetic concordance factors were also calculated as
an additional metric of gene tree discordance. Both gene
concordance factors (gCFs) (Minh et al., 2020) and site con-
cordance factors (sCFls) (Mo et al., 2023) were calculated.
For site concordance factors, the maximum likelihood-
based approach was used (-scfl in iq. IQ-TREE 2 versions
> 2.2.2.6). gCFs are the percentage of decisive ortholog
trees supporting each node in the species tree. Minh et al.
(2020) defines a gene tree as “decisive” if it contains at
least one of taxa present in the taxon subset under question
in the species tree. sCFls are the percentage of alignment
sites supporting each node in the species trees. With the
maximum likelihood-based concordance factor approach, a
substitution model is applied, selected with ModelFinder
(Kalyaanamoorthy et al., 2017), and a maximum likelihood
tree search is carried out. Both gCFs and sCFls were calcu-
lated for each of the three species-tree topologies. To cal-
culate sCFls, 1,000 quartets were sampled (-scfl 1000 in IQ-
TREE 2).

Tree topology tests

Using IQ-TREE 2 version 2.2.2.6, several RELL approxima-
tion (Kishino et al., 1990) tree topology tests were con-
ducted to compare species tree topologies from different
species tree inference methods. These tests include the
Kishino-Hasegawa (KH) test (Kishino & Hasegawa, 1989),
a bootstrap proportion (BP) test, the Shimodaira-Hasegawa
(SH) test (Shimodaira & Hasegawa, 1999), and an expected
likelihood weights test (ELW) (Strimmer & Rambaut, 2002).
For each of these tests, model parameters were estimated
from an initial parsimony tree (-n 0 option in IQ-TREE 2),
and 10,000 RELL replicates were used. Additionally, an ap-
proximately unbiased test (AU) test (Shimodaira, 2002) was
conducted in IQ-TREE 2 version 2.2.2.6.

Phylogenetic network analysis

The Species Networks applying Quartets (SNaQ; Solis-
Lemus & Ané, 2016) function in the PhyloNetworks pack-

age (Solis-Lemus & Ané, 2016) was applied to our ortholog
dataset to investigate potential network topologies. SNaQ
estimates phylogenetic networks based on expectations of
quartet concordance factor (CF) distributions under the
MSC model to differentiate gene tree discordance due to
ILS from gene tree discordance arising through horizontal
inheritance. When coupled with BUCKy (Larget et al.,
2010), which can estimate quartet CF distributions from
Bayesian posterior samples, SNaQ can additionally account
for gene tree estimation error.

To perform this network analysis, ortholog trees were es-
timated with MrBayes v3.2.7a (Ronquist et al., 2012) using
the GTR+I+G model (nst=6, rates=invgamma) and a variable
rate prior (prset ratepr=variable). Four chains were used for
each MCMC run and were carried out for 2.5 million gener-
ations, sampling every 100 generations. Several individual
trace plots were visually inspected in Tracer v1.7.2 (Ram-
baut et al., 2018) to assess parameter convergence. Pos-
terior samples for each ortholog were then used to con-
duct a Bayesian concordance analysis using BUCKy v1.4.4,
discarding the first 1,000 trees from each posterior sample
as burnin. The table of quartet CFs generated with BUCKy
were then used as input to SNaQ.

SNaQ allows users to specify the maximum number of
reticulations (h,,,.) allowed in a network search. We deter-
mined the best value of h,, by performing independent
analyses from 0 to 3 using slope heuristics (Baudry et al.,
2012). The rooted species tree output from ASTRAL-III was
used as the starting tree for h . values of 0 and 1. Forh
= 2, the network output from the h,,,. = 1 analysis was used
as the starting tree. Likewise, the output from h,, = 2 was
used as the starting tree for the h, .. = 3 analysis. For each
value of .., we performed 10 independent runs to ensure
reasonable exploration of the search space and that the best
network and pseudolikelihood score was recovered. We also
defined Mirza zaza as the outgroup during network estima-
tion.

To assess variability in the inheritance probability (y) es-
timation, we calculated one standard deviation around the
inheritance probability by using the 100 inheritance prob-
ability estimates from the bootstrap replicates. The best
network across all h,,. values analyzed was selected, and
branch support on that network was assessed using a boot-
strapping analysis. Bootstrapped networks were obtained
from the bootsnaq function with 100 replicates and ten in-
dependent searches per replicate, using the BUCKy concor-
dance factor table as input. Lastly, we conducted the same
analysis using the SVDQuartets topology as the starting
tree for h, . values of 0 and 1.

Quantifying introgression using allele
frequencies

We sought to identify genomic patterns of admixture by
estimating Patterson’s D and fy-ratio statistics for these
mouse lemur species. The D statistic, or ABBA-BABA test,
aims to identify excess allele sharing between populations
of a rooted trio through analysis of biallelic SNPs (Hibbins
& Hahn, 2022; Patterson et al., 2012). The site pattern en-
countered most frequently in the tree (((P1,P2),P3),0) with
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ancestral (A) and derived (B) alleles is expected to be BBAA
in which both P1 and P2 have the derived allele. The fre-
quencies of the two discordant genealogical relationships,
ABBA and BABA, are expected to be equal under a sce-
nario of incomplete lineage sorting, and deviation from this
equality suggests gene flow has occurred between either P1
or P2 and the more distantly related P3. In a similar fash-
ion, one can calculate the fy-ratio which approximates the
fraction of admixed ancestry (Patterson et al., 2012).

We used the program Dsuite v0.5 r50 (Malinsky et al.,
2021) to estimate the D and f,-ratio statistics. SNP-sites
v2.5.1 (Page et al., 2016) was used to identify SNPs from
the concatenated ML supermatrix. We tested both the ML
tree and the major topology of the best network. For each
analysis, we report statistics for those rooted trios consis-
tent with the tree topology and assessed significance using
jack-knifing with 20 blocks of the data. Raw P-values were
adjusted using the Benjamini-Hochberg procedure (Ben-
jamini & Hochberg, 1995). Furthermore, we calculated the
f-branch statistic (Malinsky et al., 2018) to determine
whether potentially correlated D statistics for extant
species could reflect ancestral gene flow that involved in-
ternal branches of the phylogeny.

Comparing network and tree models

We evaluated the strength of evidence for our network hy-
pothesis over possible binary trees or more complex intro-
gression scenarios using Bayes factors. BPP v4.6.2 (Flouri et
al., 2018) was used to estimate marginal likelihoods (Ran-
nala & Yang, 2017) using stepping-stone sampling (Xie et
al., 2010) with 24 steps. Marginal likelihoods were esti-
mated for the three binary trees using the MSC model and
the best network recovered with SNaQ using the multi-
species coalescent with introgression (MSci) model (Flouri
et al., 2020), also referred to as the multispecies network
coalescent (Yu et al., 2012) based on the 4,147 alignments
after trimming low-confidence alignment columns and spu-
rious tips. We also evaluated the strength of evidence for
two-rate introgression models where episodic gene flow oc-
curred from M. ravelobensis into the common ancestor of M.
murinus and M. griseorufus and the extant M. murinus lin-
eage (two-rate model A) or the common ancestor and the
extant M. griseorufus lineage (two-rate model B). Posteri-
ors collected 10,000 samples with an interval of 50 after
a burnin of 50,000 samples. Small pilot runs were used
to determine appropriate MCMC settings. Four indepen-
dent runs of all models were used for parameter estimation
and to check convergence and that mixing was sufficient
for models with and without introgression. Control files
and data are available on Dryad (https://doi.org/10.5061

dryad.xgxd254nj). Marginal likelihoods and their standard
errors were calculated from the power posteriors using the
bppr R package (https://github.com/dosreislab/bppr).

Results
Orthology and alignment

In total, the orthology inference pipeline implemented in
this study recovered 4,147 one-to-one orthologs that were
present in all seven sampled species. After alignment and
gap trimming, the supermatrix totaled 6,731,343 bases. In-
dividual ortholog alignments, after gap-trimming, ranged
in length from 114 bases to 15,006 bases. Missing data
ranged from 5.04% missing sequences in Microcebus rav-
elobensis to 3.11% in M. tavaratra (Supplementary Table
S2).

Species tree estimation

The ASTRAL and concatenated analyses produced congru-
ent, well-supported trees (bootstrap and UFBoot = 100, lo-
cal posterior probability = 1) (Fig. 2A,B). The ASTRAL and
concatenated species trees both placed M. ravelobensis sis-
ter to the gray clade (M. griseorufus and M. murinus; Figs. 2A
and 2B). The best tree from SVDQuartets recovered M. rav-
elobensis as sister to all other Microcebus, with 81.6% boot-
strap support and 100% bootstrap support across all other
nodes (Fig. 2C). However, optimizing branch lengths with
gAge (Peng et al., 2022) revealed the branch connecting M.
ravelobensis to the rest of Microcebus to be extremely short

(~0).
Gene tree discordance

To investigate the discordance observed between the AS-
TRAL and concatenated analyses versus the SVDQuartets
analysis, gene- and site-concordance factors (henceforth
referred to as gCF and sCFl, respectively) were calculated
for each node on each tree. The M. griseorufus + M. murinus
relationship, which is recovered in all three species tree
analyses, had the highest gCF and sCFl values: 62.7 and
58.7 (or 58.5), respectively, for the ASTRAL and concate-
nated tree and 62.8 and 64.3, respectively, for the
SVDQuartets tree (Fig. 2).

The node with the lowest gCF and sCFl was the M. rav-
elobensis sister to the red and gray clades, a relationship re-
covered only by SVDQuartets, which has a gCF of 11.9 and
sCF1 of 24.3 (Fig. 2C). The next lowest gCF and sCFl values
across the three species analyses are 33.6 and 42.5, respec-
tively, which both occur in the gray clade containing M. rav-
elobensis which was recovered by the ASTRAL and concate-
nated analyses but not SVDQuartets (Fig. 2A,B).

Our gene tree discordance analyses in DiscoVista reveal
high levels of gene tree discordance but generally support
the ASTRAL/concatenated topology (Fig. 3A, B). Among the
five relationships analyzed, the gray clade has the highest
amount of gene tree support (Fig. 3A). Concerning M. rav-
elobensis, M. ravelobensis sister to the gray clade has the
highest support among the gene trees, echoing the AS-
TRAL/concatenated topology (Fig. 3A). The SVDQuartets
topology (Ravelobensis Sister in Fig. 3A) has the lowest
support among gene trees (Fig. 3A). The relative frequency
analysis also identifies the ASTRAL/concatenated topology
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Figure 2. Phylogenetic relationships of Microcebus inferred from three species tree analyses.

A. Concatenated maximum likelihood phylogeny from IQ-TREE 2. Node support values in black represent ultrafast bootstrap (UFBoot) percentages from 1000 UFBoot replicates.
Branch lengths represent substitutions/site. B. ASTRAL species tree. Node support values in black represent bootstrap percentages from 100 bootstrap replicates, and values in green
represent local posterior probabilities. Branch lengths are in coalescent units. Terminal branches were arbitrarily set to a value of 0.1. C. SVDQuartets species tree. Node support val-
ues in black represent bootstrap percentages from 100 bootstrap replicates. Branch lengths are in coalescent units. Blue and red support values on all three trees represent gCF and
sCFl values, respectively.
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Figure 3. DiscoVista analyses of gene tree discordance.

A. Number of gene trees supporting or rejecting certain species relationships in Microcebus. Dark blue represents gene trees that support a given relationship with > 70% bootstrap
support, light blue represents gene trees that support a given relationship with < 70% bootstrap support. Red represents gene trees that support a conflicting relationship with > 70%
bootstrap support, and yellow represents gene trees that support a conflicting relationship with < 70% bootstrap support. Gray represents missing data. B. Proportion of gene trees
supporting a specific species tree arrangement. The dashed black line represents a 0.33 proportion of gene trees.

as occurring at the highest frequency among the gene trees Tree topology tests

(topology 1 in Fig. 3B). Both Red Clade + Ravelobensis and

Ravelobensis Sister are supported in less than one-third of ~Several tree topology tests were conducted in IQTREE 2

the gene trees (Fig. 3B). (Minh et al., 2020) to compare the ASTRAL/concatenation
and SVDQuartets topologies (Table 1). These tree topology
tests revealed that the ASTRAIL/concatenation topology
had a higher likelihood. Furthermore, all tree topology tests
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Table 1. Tree topology test results.

Tree Topology InL AlnL bp-RELL p-KH p-SH ELW p-AU
(Mrav,(Grey,Red)) -11326641.7 3518.8 0* 0* 0* 0* 3.29x10°60*
(Red,(Grey,Mrav)) -11323122.9 - 1 1 1 1 1

InL = log-likelihood, AlnL = change in log likelihood, bp-RELL = bootstrap proportion using the RELL method, p-HK = p-value from one sided Kishino-Hasegawa test, p-SH = p-value
from Shimodaira-Hasegawa test, ELW = expected likelihood weight, p-AU = p-value from approximately unbiased test. Asterisks indicate a significant rejection of a tree topology.

conducted here significantly rejected the SVDQuartets
topology.

Phylogenetic network analyses

A plot of pseudolikelihood network scores revealed the best
network had one hybridization event (h,,, = 1, Supplemen-
tal Fig. S1) as the pseudolikelihood scores for h,,, = 2 and
h ..« = 3 increased very little. The best network’s major
topology placed M. ravelobensis sister to the red clade with
a reticulation between M. ravelobensis and the Gray Clade
(Fig. 4). The hybrid edge received relatively high bootstrap
support of 95%. The inheritance probability (y) estimated
for this reticulation, which in our case is the proportion
of the genome contributed from the M ravelobensis lineage
into the common ancestor of the Gray Clade, revealed that
a large proportion of the genome was exchanged in this
reticulation event (y = 0.48) (Fig. 4). This inheritance prob-
ability of 0.48 has a standard deviation of 0.12. Marginal
likelihoods strongly favored the network recovered by SNaQ
over any binary tree or the more complex two-rate net-
works (Table 2). Multiple runs for the network model show
all parameters converged with good mixing despite the
complexity of introgression models and autocorrelation of
population sizes and divergence times under the MSC (Sup-
plementary Figs. S2-S4). The best binary tree model placed
M. ravelobensis sister to the gray clade. In the case of using
the SVDQuartets topology as the starting tree, SNaQ rejects
the starting topology and recapitulates the same network
relationship as in Fig. 4 (Supplementary Fig. S5).

Gene tree frequency tests for
introgression

Analysis of introgression using D and f4-ratio statistics
provide strong support for interspecific introgression. After
controlling the false-discovery rate, 13 of 20 rooted trios
showed significant (adjusted P < 0.05) introgression when
using either the ML tree topology or the major topology of
the best network (Table 3; Supplementary Table S3). The
fy-ratio statistics suggest that roughly 4% (ML topology)
to 7% (network topology) of the genome is introgressed
on average across these significant tests, with the highest
amounts (ca. 11-13%) shared between M. ravelobensis and
both M. griseorufus and M. murinus when using the network
topology (Fig. 5). Indeed, f-branch statistics also show such
excess gene flow between M. ravelobensis and extant mem-
bers of the Gray Clade (Fig. 5) but were unable to test if this
signal could be attributed to introgression involving an an-
cestor of the gray clade due to topological incompatibili-

-pseudo InL = 8.865

Microcebus tavaratra

100
Microcebus lehilahytsara
100
34 L Microcebus jonahi
o5 Microcebus ravelobensis
Microcebus murinus
95
55 100

Microcebus griseorufus

Mirza zaza

Figure 4. Microcebus phylogenetic network.

Node support values in black represent bootstrap support percentages from 100 boot-
strap replicates. These node support values correspond to hybrid edge and hybrid node
support in addition to bifurcating node support. The minor hybrid edge is colored blue,
while the major hybrid edge is colored purple. The inheritance probability (y) for the mi-
nor hybrid edge is depicted in blue with one standard deviation.

ties. Statistics estimated from sequences that were trimmed
of spurious branches that may arise from alignment or or-
thology errors (Fig. 5; Supplementary Table S3) increased
the signal for introgression from site patterns between M.
ravelobensis and species in the grey clade compared to se-
quences without trimming (Supplementary Fig. 7; Supple-
mentary Table S3), suggesting our results reflect biological
processes and not technical artifacts.

Discussion

Gene-tree variation and the disagreement between gene
trees and species trees is now well-recognized as an out-
come of evolutionary processes rather than as a problem
to overcome (Bravo et al., 2019; Maddison, 1997). We can
derive expectations for distributions of gene trees due to
ILS (Hudson, 1983; Pamilo & Nei, 1988; Rannala & Yang,
2003; Rosenberg, 2002), which provides the foundation for
observing deviations from ILS that are perhaps better ex-
plained by introgression (e.g., Cai & Ané, 2021; Meng &
Kubatko, 2009). Introgression has long been recognized in
plants (e.g., Riesberg 1997) and animals (e.g., Mallet, 2005),
but genomic data and phylogenomic methods are now
highlighting a role for introgression in explaining con-
tentious phylogenetic relationships (e.g., Stull et al., 2020).
Our analyses provide additional evidence for ancient intro-
gression underlying topological incongruence near the an-
cestral radiation of primate groups. For example, potential
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Figure 5. Signatures of introgression among species of Microcebus.

Gene tree frequency tests were performed using (A) the maximum likelihood species tree topology and (B) the major phylogenetic network topology. Left: D (above diagonal) and
f4-ratio (below diagonal) statistics depicting estimated gene flow between species pairs Right: f-branch statistic with compatible tests shown in grey.

Table 2. Bayes Factors for competing evolutionary hypothesis

Topology marginal InL SE 2InBFt
(Mrav,(Grey,Red)) -11255520 4.164485 -1478
(Red,(Grey,Mrav)) -11255150 4.190757 -738
(Grey,(Mrav,Red)) -11255557 4.088052 -1552

Network Hypothesis -11254781 4.148756 0
Two-rate Model A -11255439 4377716 -658
Two-rate Model B -11255465 4.22489 -684

Tlog Bayes Factors calculated with respect to the best network model

widespread ancient introgression was recently character- A phylogenomic perspective of mouse lemur
ized among Old-World monkeys (Vanderpool et al., 2020). evolution

Similarly, introgression is emerging as a common observa-

tion in mouse lemur genomic data (Poelstra et al., 2020), a  Our species tree analyses recovered two distinct topologies.
finding that will perhaps be prevalent within Lemuriformes ~Both concatenation and ASTRAL-III placed the M. rav-
as increasing genomic data are generated (e.g., Everson et  elobensis clade sister to the gray clade with high bootstrap
al., 2023 [Preprint]). and UFBoot support, which together are sister to the red

clade (Fig. 2A, B). This topology has only been reported
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Table 3. Introgression test statistics from the trimmed dataset.

Topology P1 P2 P3 D f4-ratio Significance
Both M. jonahi M. lehilahytsara M. griseorufus 0.13 0.03 *
Both M. murinus M. griseorufus M. jonahi 0.17 0.03 o
ML M. griseorufus M. ravelobensis M. johani 0.13 0.04 e
Network M. johani M. ravelobensis M. griseorufus 0.36 0.13 o
Both M. johani M. tavaratra M. griseorufus 0.07 0.02 n.s.
Both M. murinus M. griseorufus M. lehilahytsara 0.27 0.05 o
ML M. griseorufus M. ravelobensis M. lehilahytsara 0.12 0.04 o
Network M. lehilahytsara M. ravelobensis M. griseorufus 0.28 0.10 o
Both M. tavaratra M. lehilahytsara M. griseorufus 0.08 0.01 n.s.
Both M. murinus M. griseorufus M. ravelobensis 0.23 0.04 ok
Both M. murinus M. griseorufus M. tavaratra 0.22 0.03 ok
ML M. griseorufus M. ravelobensis M. tavaratra 0.12 0.03 o
Network M. tavaratra M. ravelobensis M. griseorufus 0.30 0.12 o
Both M. jonahi M. lehilahytsara M. murinus 0.06 0.01 n.s
Both M. jonahi M. lehilahytsara M. ravelobensis 0.13 0.03 o
Both M. tavaratra M. lehilahytsara M. jonahi 0.12 0.03 o
ML M. murinus M. ravelobensis M. jonahi 0.22 0.06 o
Network M. jonahi M. ravelobensis M. murinus 0.34 0.11 e
Both M. jonahi M. tavaratra M. murinus 0.03 0.01 n.s.
Both M. jonahi M. tavaratra M. ravelobensis 0.06 0.02 n.s.
ML M. murinus M. ravelobensis M. lehilahytsara 0.27 0.09 o
Network M. lehilahytsara M. ravelobensis M. murinus 0.32 0.10 o
Both M. tavaratra M. lehilahytsara M. murinus 0.04 0.01 n.s.
Both M. tavaratra M. lehilahytsara M. ravelobensis 0.08 0.01 n.s
ML M. murinus M. ravelobensis M. tavaratra 0.24 0.07 o
Network M. tavaratra M. ravelobensis M. murinus 0.32 0.11 e

The D and f4-ratio statistics are reported for each rooted trio that is consistent with the maximum likelihood (ML), major network (network), or both (Both) tree topologies. A signifi-
cant test indicates significant signature of introgression between P2 and P3. Significance codes: n.s., not significant; * adjusted P < 0.05; ** adjusted P < 0.01; *** adjusted P < 0.001.

twice in the literature: first by Weisrock et al. (2012) who
leveraged twelve nuclear and two mitochondrial loci and
second by Everson et al. (2023) [Preprint] with 334 nuclear
loci. Weisrock et al. (2012) also reported strong gene-tree
discordance within Microcebus which they attributed to ILS.
The second topology we recovered using SVDQuartets
placed the M. ravelobensis clade sister to both the red and
gray clades with high bootstrap support (Fig. 2C). This
topology was reported in the literature only once by Louis
et al. (2006). In that study, Louis et al. (2006) used parsi-
mony and recovered low bootstrap support for this relation-
ship.

The utility of the bootstrap as a measure of support in
large phylogenomic datasets has recently undergone in-
creasing scrutiny (see Simon, 2022; Thomson & Brown,
2022). Several studies leveraging large, multi-locus phy-
logenomic datasets to attempt to resolve historically dif-
ficult nodes have demonstrated that several conflicting
topologies can be obtained that are all maximally sup-
ported using metrics such as bootstrap proportions and
Bayesian posterior probabilities (J. M. Brown & Thomson,

2017; Li et al., 2021). Thus, it is becoming increasingly
important to evaluate additional support metrics with ge-
nomic data. To this end, we calculated gCFs and sCFls on
each of our recovered species trees. On the SVDQuartets
tree, we obtained strikingly low gCF and sCFl1 values on the
node placing M. ravelobensis sister to the rest of Microcebus
(Fig. 2C). Here, less than 12% of genes and less than 24% of
sampled sites support this relationship. In both of our dis-
tinct recovered topologies (concatenation+ASTRAL versus
SVDQuartets), we find that gCF’s and sCFI’s are decreased
on nodes that give rise to the M. ravelobensis clade com-
pared to other splits (Fig. 2). This suggests that the position
of the M. ravelobensis clade varied greatly among gene trees
and that previous studies were susceptible to sampling er-
ror.

Our gene tree discordance analyses carried out in Dis-
coVista revealed similar wide-spread disagreement among
gene trees regarding the earliest divergences in Microcebus.

For example, over half of gene trees disagree with the
ASTRAL/concatenation placement of M. ravelobensis sister
to the gray clade, with just under one-fourth of gene trees
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strongly (> 70% bootstrap support) disagreeing with this re-
lationship (Fig. 3). Furthermore, the earliest split recovered
by SVDQuartets is supported by relatively few gene trees,
with the majority of gene trees showing preference for a
different topology (Fig 3).

By comparing different species topologies, it became ap-
parent that the bifurcating species tree that best fit the data
is one that places M.ravelobensis sister to the gray clade, as
was recovered by ASTRAL and concatenation (Fig. 2A, B). A
relative frequency analysis showed that this topology is the
most common topology found amongst the gene trees (Fig.
3B). The topology recovered by SVDQuartets that places M.
ravelobensis sister to the rest of Microcebus is the least com-
mon amongst the gene trees, appearing in just over 20% of
them (Fig. 3B). This topology is also significantly rejected
in favor of the ASTRAL/concatenation topology by all of the
tree topology tests we conducted (Table 1). A third topol-
ogy that places M. ravelobensis sister to the red clade is the
most common topology reported in the literature (Fig. 1).
However, none of our species tree methods recover this re-
lationship (Fig. 2), and it is the second-most common rela-
tionship among the gene trees, being supported by just un-
der one-third of the gene trees (Fig. 3B).

Both ILS and introgression in the history of
Microcebus

Gene tree discordance is now well-accepted as a feature of
interesting data rather than a problem for evolutionary bi-
ology (Bravo et al., 2019); although, we expect some gene
tree discordance is caused by short alignments, orthology
errors, model misspecification, and a general lack of infor-
mation to recover accurate gene trees. The observed vari-
ation, however, is consistent with previous variation in
analyses and even the disagreement between species tree
methods used here. Why SVDQuartets estimated a some-
what unexpected well-supported species tree topology is
unclear, but it is important to note that, after optimizing
branch lengths with qAge (Peng et al., 2022), the node rep-
resenting the common ancestor of M. ravelobensis and the
rest of Microcebus is effectively zero (Fig. 2C). The gene
trees suggested there was little information supporting the
SVDQuartets topology (Fig. 3), and this may also suggest
that representing Microcebus with a strictly bifurcating tree
is inappropriate.

In some scenarios a phylogenetic network, as opposed to
a strictly bifurcating tree, may be a better representation
of the evolutionary history for a given clade. Here, we es-
timated phylogenetic networks for Microcebus using both a
topology-based pseudolikelihood and site-pattern method
and evaluated the strength of evidence for the inferred net-
work over alternative trees or more complex models with
Bayes factors. Our network hypothesis suggested some de-
gree of gene flow between the common ancestors of the M.
ravelobensis and gray clade (Fig. 4). Present-day distribu-
tions are not necessarily reflective of past distributions, but
Madagascar was roughly in its present-day ecological con-
figuration since the late Miocene (Wells, 2003), while Mi-
crocebus diversified between 10 Ma (dos Reis et al., 2018)
and 1.5 Ma ago (Poelstra et al., 2020). Thus, there was likely

opportunity for introgressive hybridization to occur in the
past, following some period of isolation prior to the pre-
sent-day sympatry of M. ravelobensis and M. murinus (Fig.

1).

Reinterpreting mouse lemurs through
phylogenetic networks

Previous studies have suggested origins of Microcebus in
southwestern Madagascar (Blair et al., 2014). Our findings
imply origins in northwestern Madagascar, in the dry decid-
uous forest. The highest mountain in Madagascar, Mount
Tsaratanana, and the ecological transition from dry to wet
forest has not been an impermeable barrier to gene flow,
at least in the past. The M. ravelobensis lineage has shared
ancestry with the gray clade and the wet forest-distributed
species from the red clade. This presents a new lens
through which to interpret the processes driving speciation
within the group, such that diversification occurred in a
ring pattern around Madagascar and that species bound-
aries are reinforced in current areas of sympatry between
gray and red clade members (Hotaling et al., 2016; Yoder
et al., 2016). Conspecific recognition is likely achieved
through some combination of olfactory sensation (Hunni-
cutt et al., 2020) and auditory cues (Hasiniaina et al., 2020),
so prezygotic reproductive barriers may have been strong
enough to prevent gene flow in cases of secondary contact.

Conclusions

The charismatic, though poorly understood, mouse lemurs
(Microcebus) of Madagascar represent a recent radiation of
approximately 26 morphologically cryptic taxa. Here, we
provide the first phylogenomic investigation into the early-
diverging backbone of the group. Past studies have failed to
satisfactorily resolve the evolutionary history of the genus
due to insufficient data and restricted analytical tools. We
found that both ILS and introgression likely underly previ-
ous disagreements among phylogenetic studies. The place-
ment of the M. ravelobensis clade has been especially per-
plexing. Using recently developed phylogenetic network
analyses coupled with genomic data, we inferred historical
introgression between this lineage and the gray clade. Our
analyses demonstrate the importance of phylogenetic net-
works for understanding patterns of gene tree discordance
as well as the diversification of diverse groups.
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