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Reference genomes and fossils revise bat 
family phylogeny and biogeography

Bats are extraordinary among mammals, having uniquely evolved powered !ight  
and laryngeal echolocation, along with disease resistance, extended healthspans  
and the ability to hibernate1. However, the evolutionary history of bats and our 
understanding of these adaptations remain unresolved. We analysed chromosome- 
level, long-read genome assemblies from 103 bat species, including 42 new 
assemblies, representing all 21 bat families. This dataset, expanded in d scope and 
assembly quality, yielded a new bat phylogeny. We placed Myzopodidae as the earliest 
branch within Vespertilionoidea, and resolved yangochiropteran relationships, 
identifying Emballonuroidea and Vespertilionoidea as sister groups. Our analysis 
revealed a mosaic evolutionary history across bats and explained why previous 
phylogenetic studies were misled. Chromosomal ancestral-state reconstructions 
supported 26 ancestral bat chromosomes. We integrated a morphological dataset of 
699 characters for 65 species, including 44 pre-Quaternary fossils and representatives 
of most living bat families, with neutrally evolving genomic sites. Fossilized birth–death 
and dispersal–extinction cladogenesis analyses showed that bats, and thus powered 
!ight, probably originated in Europe in the late Palaeocene, refuting African and  
North American origins. Placement of the fossil †Vielasia in the oldest ‘Eochiroptera’ 
clade indicates that laryngeal echolocation predates crown-bat diversi"cation. Total 
evidence dating, including the fossil taxa, signi"cantly reduced unrepresented basal 
branch lengths compared with molecular-only divergence estimates. By integrating 
comprehensive genomic and morphological datasets, analysed using innovative 
methods, we resolve long-standing controversies in bat biology and provide new 
insights into the evolutionary history and trait diversi"cation of bats.

With over 1,500 species, bats account for more than one-fifth of all 
living mammal species2. They are distributed globally, are predomi-
nantly nocturnal and adapted to diverse foraging niches, ranging from 
insectivorous, sanguivorous, carnivorous, piscivorous, frugivorous 
and nectarivorous species1. Some species are exceptionally long-lived 
compared with other mammals of similar body size, capable of liv-
ing 8–10 times longer than expected, showing few signs of ageing 
or cancer3. Several species host a diversity of viruses without overt 
disease symptoms and show unique immune adaptations4,5. Despite 
having the smallest mammalian genomes (approximately 2#Gb), they 
harbour a diverse endogenous genomic virosphere4,6 and many have 
active DNA transposons, which is exceptionally rare among mammals7.

The acquisition and evolution of these unique traits have been the 
centre of heated debates, particularly in relation to the evolution of 
flight and echolocation. This is probably due to the difficulties in recon-
structing bat evolutionary history8–10. Challenges have stemmed from: 
homoplastic and convergent molecular and morphological charac-
ters11,12; conflicting phylogenetic signals13; a paucity of chromosome-
level bat genome assemblies1,14; rapid speciation events resulting in 
incomplete lineage sorting and introgression15; the dearth of phyloge-
netic methods required to handle this complexity; and a limited and 
fragmented fossil record16.

Indeed, the fossil record has provided important but incomplete 
insights into the early bat evolution. The oldest bat fossils, dating to 

the early Eocene (approximately 56–52 million years ago (Ma)), have 
been recovered from multiple biogeographical regions including Asia, 
North America, Europe and Australia, and in some cases consist of 
well-preserved skeletons from Lagerstätten deposits16–18. These fos-
sils indicate that powered flight and echolocation had evolved by this 
time16–18. However, beyond this narrow temporal window, the bat fossil 
record is sparse and highly fragmented, dominated by isolated dental or 
postcranial elements, with a substantial proportion of bat evolutionary 
history estimated to be missing17–19. As a result, fossil evidence alone 
has proven insufficient to resolve the geographical origin and early 
diversification of bats. Biogeographical inferences integrating fossils 
with molecular phylogenies have proposed North American17, African20 
or Asian21 origins, often suggesting multiple long-distance dispersal 
events, but these conclusions remain sensitive to methodological 
limitations and data incompleteness21,22. In parallel, sparse genomic 
sampling and reliance on fragmented or low-quality genome assem-
blies have limited robust phylogenetic inference, hindering efforts to 
reconstruct and better understand bat evolution.

Taxa, genomes, annotations and alignments
To overcome these problems, the Bat1K consortium was established 
to generate and analyse reference-quality genome assemblies from all 
living bat species (https://bat1k.com). Here we present phase 1 of the 
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project, which includes chromosome-level, long-read assemblies that 
represent all 21 currently recognized bat families (Fig.$1). We included 
members of the enigmatic families, Craseonycteridae (Thailand and 
Myanmar), Mystacinidae (New Zealand) and Myzopodidae (Madagas-
car), all regionally endemic, and the three most recently recognized 
bat families, Cistugidae, Rhinonycteridae and Miniopteridae1. Our 
species span deep divergences in the most species-rich bat families 
Phyllostomidae and Vespertilionidae, and include representatives 
from the families Nycteridae, Thyropteridae, Furipteridae, Noctiliio-
nidae, Mormoopidae and Natalidae (Fig.$1, Supplementary Table#1.1 
and Supplementary Note$1).

We used long-read and Hi-C sequencing to generate 42 new reference-
quality chromosome-level genome assemblies representing 41 distinct 
species; 26 of the new genomes are haplotype-resolved assemblies (Sup-
plementary Notes$2 and 3). The 42 new assemblies meet or exceed the 
key standards of Bat1K and the Earth Biogenome Project1,23 and feature 
high gene completeness (Extended Data Fig.$1a–c and Supplementary 

Notes$4 and 5). Together with pre-existing high-quality assemblies of 
62 species, our dataset comprises 103 bat species (Extended Data Fig.$1 
and Supplementary Table$1.1). We also included eight outgroups from 
across the mammalian tree (Supplementary Note$1).

Transposable elements
Transposable elements were curated using the pipeline detailed in Sup-
plementary Note$6 and Extended Data Fig.$1d. Thousands of novel con-
sensus sequences were deposited in Dfam24 (Supplementary Table$6.1; 
Dataset 6.1). We confirmed previous results indicating that several 
clades experienced extensive recent DNA transposon and rolling circle 
invasions while also harbouring the retrotransposons typical of most 
mammals7,25, as well as the nearly complete cessation of transposable 
element activity in Pteropodidae26,27.

Using heatmaps, we compared proportional transposable element 
accumulation across two transitional divergence periods. The first 
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Fig. 1 | Completion of phase 1 of the Bat1K project, including 103 
chromosome-level genome assemblies and annotations representing  
at least one species from each of the 21 currently recognized bat families. 
Values within each slice indicate the number of genome assemblies per family; 
the values adjacent to family names show species coverage (%) relative to all 
described species in that family. The outer colours indicate superfamilies; 
Myzopodidae is shown within Vespertilionoidea. The icons indicate feeding 
niche and echolocation capabilities in each family. Starting from the top and 
moving clockwise, illustrations correspond to the following families and 
species: Pteropodidae (Pteropus capistratus), Rhinopomatidae (Rhinopoma 
hardwicki), Megadermatidae (Lavia frons), Craseonycteridae (Craseonycteris 
thonglongyai), Rhinonycteridae (Triaenops persicus), Hipposideridae 

(Hipposideros diadema), Rhinolophidae (Rhinolophus megaphyllus), 
Nycteridae (Nycteris hispida), Emballonuridae (Saccopteryx leptura), 
Myzopodidae (Myzopoda aurita), Natalidae (Natalus stramineus), Cistugidae 
(Cistugo lesueri), Molossidae (Eumops perotis), Miniopteridae (Miniopterus 
schreibersii), Vespertilionidae (Lasiurus cinereus), Mystacinidae (Mystacina 
tuberculata), Thyropteridae (Thyroptera tricolor), Furipteridae (Furipterus 
horrens), Noctilionidae (Noctilio leporinus), Mormoopidae (Mormoops 
megalophylla) and Phyllostomidae (Tonatia saurophila). All illustrations were 
hand-drawn by Fiona Reid. The Bat1K logo was designed by Peter Lang under a 
Creative Commons Universal Public Domain licence CC0 1.0. Images are not 
drawn to scale.
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period compares proportional transposable element accumulation in 
‘recent’ bats (approximately18#Ma to the present) to ‘early’ bat lineages 
(approximately 18#Ma to about 46#Ma; Supplementary Fig.$6.2a). Simi-
larly, we compared proportional transposable element accumulation 
in early bat lineages (approximately 18#Ma to about 46#Ma) to propor-
tional transposable element accumulation in protobats and ancestral 
mammals (older than approximately 46#Ma; Supplementary Fig.$6.2b).

When comparing proportional transposable element accumula-
tion in early bats versus their mammalian ancestors (Supplementary 
Fig.$6.2b), we showed that even during this early diversification, trans-
posable elements had begun to accumulate differentially. Long inter-
spersed nuclear elements (LINEs) increased accumulation relative to 
other transposable elements in miniopterids, molossids, mormoopids 
and phyllostomids, whereas the reverse occurred in the hipposiderids 
and the lineages leading to Cistugo and Triaenops. The expansion of 
Helitrons, exclusive to the vespertilionids7, also began early in their 
history.

When comparing more recent patterns versus the early bat lineages 
(Supplementary Fig.$6.2a), we noticed that the cessation of LINE accu-
mulation in the pteropodids7,27 is accompanied by an increase in long 
terminal repeat accumulation. However, these are relative increases, 
and the lack of LINE accumulation amplifies the signal from ongoing 
long terminal repeat accumulation. Finally, after incorporating phy-
logeny, we found that transposable element accumulation is positively 
correlated with genome assembly size, in bats overall and within bat 
families (R2

conditional#=#0.88; Extended Data Fig.$2), consistent with previ-
ous analyses in mammals7, confirming the role of transposable elements 
in shaping genome structure.

microRNAs
Using MirMachine28, we identified 188 high-confidence, conserved 
microRNA families across all 103 bat species (Extended Data Fig.$1f and 
Supplementary Note$7), a sampling breath that enabled lineage-specific 
comparisons across the most divergent bat phylogeny to date. Although 
most families exhibit strong phylogenetic structure and evolution-
ary stability (Extended Data Fig.$3), MIR-506, MIR-95, MIR-375 and MIR-
430 show striking copy number variation, suggesting lineage-specific 
expansions and regulatory diversification in bats. Given the annotation, 
no microRNA family losses were detected in the ancestral bat line-
age (Supplementary Fig.$7.1), although we observed lineage-specific 
losses (for example, MIR-675 in Pteropodidae and Noctilionoidea; 
and MIR-9851 in Emballonuroidea). By contrast, families with multi-
ple independent losses (for example, MIR-296 and MIR-2114) suggest 
relaxed functional constraint across bat lineages (Supplementary 
Fig.$7.2). Together, these patterns reveal evolutionary trajectories rang-
ing from deeply conserved families to lineage-specific expansions, 
clade-restricted losses and globally dispensable families.

Whole-genome alignments for phylogenomics
To leverage the high-quality assemblies for phylogenomics, we gener-
ated several whole-genome alignments. To avoid potential biases, we 
used two independent approaches: a reference-based strategy (MUL-
TIZ29) and a reference-free method (Progressive CACTUS30; Supplemen-
tary Note$8). To minimize bias caused by reference species choice, we 
produced MULTIZ alignments for three phylogenetically informative 
references: Homo sapiens (MULTIZ Homo Reference (mHR)), Myotis 
myotis (mMR; Yangochiroptera) and Rhinolophus ferrumequinum 
(mRR; Yinpterochiroptera); we then compared them with correspond-
ing CACTUS-derived projections (cHR, cMR and cRR).

MULTIZ consistently yielded higher alignment coverages than 
CACTUS, most likely caused by more sensitive parameter settings 
and the inclusion of repeat-overlapping alignments by Repeat-
Filler31,32 (Extended Data Fig.$4a–c). However, both methods produced 

comparable and biologically consistent signals. Alignment coverage 
was strongly and significantly correlated with neutral branch length to 
the reference genome, indicating that evolutionary divergence, rather 
than methodological artefact, primarily explains variation in coverage 
across species (Extended Data Fig.$4d–f).

The phylogeny of 21 bat families
To reconstruct the evolutionary history of bats and resolve their 
long-standing phylogenetic controversies, we generated and analysed 
a comprehensive suite of genomic datasets using our 103 bat genome 
assemblies and eight non-bat outgroups (111 species; Supplementary 
Note$1). In addition to the multiple whole-genome alignments, we gener-
ated datasets of 1:1 orthologous protein-coding genes, mitochondrial 
genomes, neutrally evolving windows and neutral single-nucleotide 
polymorphisms (SNPs). We applied multiple phylogenomic inference 
approaches and compared the resulting topologies (Supplementary 
Notes$9–14). We then assessed potential systematic biases in our 
datasets and methods, ultimately producing a revised, genome-scale 
phylogeny for bats (Fig.$2). The resulting trees converged on two 
main topologies, which we refer to as the protein-coding gene tree 
(T1) and the neutral windows tree (T2), differing only by two branch 
rearrangements (the position of Emballonuroidea and monophyly of 
Pipistrellus; Extended Data Fig.$5). All analyses unambiguously sup-
ported the monophyly of the suborders Yinpterochiroptera and Yan-
gochiroptera16–18, refuting the monophyly of the echolocating lineages 
(Microchiroptera; Extended Data Fig.$6). Where applicable, all families 
were recovered as monophyletic, across all datasets and methods. We 
resolved long-standing phylogenetic questions regarding relationships 
within the Phyllostomidae (Extended Data Fig.$7) and the monophyly 
of Pipistrellus (Extended Data Fig.$8). Whole-mitochondrial analyses 
largely supported the nuclear phylogenies (Supplementary Note$14). 
However, our analyses revealed an alternative composition and branch-
ing pattern of the superfamilial groups, providing robust support for 
the revised placement of Myzopodidae within Vespertilionoidea, and 
with Emballonuroidea as sister to that group. These results call for a 
re-evaluation of the current-consensus bat phylogeny.

Phylogenomic position of Myzopodidae
We first analysed the protein-coding genes, using TOGA33 to identify 
1:1 orthologues (16,750 genes; Supplementary Note$9). Species trees 
inferred under the ASTRAL coalescent framework (Supplementary 
Note$9) and IQ-TREE2 maximum likelihood concatenation analyses 
(Supplementary Note$10) largely recapitulated previous subordinal 
relationships of the prevailing consensus phylogeny6,16–18,34. The result-
ing phylogenies were robust to varying levels of node support (Sup-
plementary Note$10). They provided an alternative topology for the 
placement of the enigmatic family Myzopodidae (Figs.#2 and 3), the 
mono-generic family of sucker-footed bats endemic to Madagascar.

The placement of this family has been notoriously difficult, argu-
ably stemming from its long branch, with different genomic regions 
and datasets providing conflicting support for multiple topologies13. 
Although previous studies have placed Myzopodidae within the 
predominantly neotropical superfamily Noctilionoidea17, our coa-
lescent and concatenated analysis of protein-coding genes placed 
Myzopodidae as the earliest branch within the panglobal superfamily 
Vespertilionoidea (Figs.#2 and 3). Motivated by these inconsistencies, 
we systematically evaluated alternative placements of Myzopodidae 
within Vespertilionoidea, Noctilionoidea and Emballonuroidea, or as 
the earliest diverging lineage within Yangochiroptera (Fig.$3a).

Across inference methods (coalescent and concatenation), protein-
coding genes consistently recovered Myzopodidae (M) within Vesper-
tilionoidea (V; Fig.$3b; coalescent and concatenated bootstrap#=#100% 
and 100%, respectively; Extended Data Fig.$5, Supplementary Fig.$10.1 
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and Supplementary Notes$9 and 10). However, only 22% of per-locus 
maximum-likelihood protein-coding gene trees supported this arrange-
ment (M#+#V), with 16% supporting inclusion within Noctilionoidea 
(M#+#N) and 11% supporting a sister relationship with Emballonuroidea 
(M#+#E; Fig.$3b). No analyses supported an early branching position in 
Yangochiroptera. Using gene concordance factor (gCF) analyses, which 
quantifies gene tree concordance–discordance, we assessed the level 
of concordance per gene and found similar support for the alternate 

positions of Myzopodidae (gCF: 22.89% (M#+#V), 16.74% (M#+#N), 10.18% 
(M#+#E) and 50.19% (other); Supplementary Note$11). Only 22% of loci 
supported the position of Myzopodidae as sister to Vespertilionoidea 
(M#+#V). This placement received higher support than any alternative 
(Supplementary Table#11.1 and Supplementary Fig.$11.1). These results 
reveal extensive discordance among protein-coding genes, most likely 
driven by the alternate selection pressure on the functional proteins 
they encode and/or a lack of signal impeding the resolution of the true 
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branching patterns, showing how previous bat phylogenies based on 
protein-coding genes17 could have been misled34,35.

As protein-coding genes comprise approximately 2% of the genome 
and can be vulnerable to model misspecification6,34 and/or selection 
bias34,36, we next analysed the whole-genome signal across multiple 
partitions and across our different whole-genome alignments. The 
partitions included neutral intergenic regions, neutrally evolving 
‘dark’ SNPs (defined below; Supplementary Note$12), autosomes, the 
X chromosome and non-overlapping sliding windows with bounda-
ries guided by genic features to avoid splitting genes (Supplementary 
Notes$9 and 12).

First, following evidence that neutrally evolving regions can mini-
mize systematic biases resulting from selection35, we used per-base 
phyloP scores and phastCons to exclude both site-wise accelerated 
or conserved positions and contiguous constrained regions, as well as 
genic regions, retaining windows 500#bp or more of neutral sequences 
(total for mHR, mMR and mRR#%#43, 48 and 78#Mb, respectively; Sup-
plementary Note$9). Second, we analysed unconstrained and unan-
notated genomic regions, which we refer to as the ‘dark genome’, by 
excluding all known annotated regions from our alignments (Supple-
mentary Note$12). We used our phyloP scores to identify and extract 
the neutral dark SNPs shared by all taxa from these regions (Supple-
mentary Note$12). We further reduced systematic biases, by using 

CASTER, a phylogenomic method that relaxes the requirement for 
recombination-free loci and accounts for incomplete lineage sorting 
(ILS) and rate heterogeneity34. CASTER analyses of both neutral win-
dows (mHR, mMR and mRR bootstrap#=#100, 100 and 100%; q1#=#0.51, 
0.48 and 0.50%, respectively; Fig.$3c and Supplementary Note$9) and 
neutral dark SNPs (mHR, mMR and mRR bootstrap#=#99.7, 100 and 74.5%; 
q1#=#0.403, 0.631 and 0.356, respectively; Fig.$3d and Supplementary 
Note$12) unambiguously supported Myzopodidae as the earliest branch 
within Vespertilionoidea (M#+#V; Fig.$2a).

Given that neutral datasets represented only approximately 0.1–3% 
of genomes, we further tested the robustness of our topology by ana-
lysing whole-genome, whole-scaffold and whole-autosome datasets 
using CASTER (Supplementary Notes$9 and 12). All analyses predomi-
nantly supported Myzopodidae as sister to Vespertilionoidea (M#+#V; 
Fig.$3e–g and Supplementary Fig.$9.1a–d). In addition, gCF indicated a 
consistent signal across all datasets, with optimal topologies showing 
the strongest support for Myzopodidae as sister to Vespertilionoidea 
(Supplementary Table#11.1, Supplementary Fig.$11.2 and Supplemen-
tary Note$11).

In summary, across protein-coding genes, multiple genomic parti-
tions and alignment frameworks, we consistently recovered a revised 
topology differing from prevailing molecular hypotheses in the place-
ment of Myzopodidae (Fig.$2a). Of note, this topology agrees with the 
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total evidence molecular#+#morphology-based topology (Fig.$2b). These 
results warrant a revision of the biogeographical history of bats and the 
inclusion of Myzopodidae within the superfamily Vespertilionoidea.

Bat superfamily relationships
One branch that had variable support across datasets and analyses 
was the position of the superfamily Emballonuroidea within the sub-
order Yangochiroptera. This branch is notoriously short and challeng-
ing to resolve13,17. We used the same data partitioning and inference 
approaches (Supplementary Notes$9–12) to evaluate the competing 
hypotheses (Emballonuroidea (Vespertilionoidea#+#Noctilionoidea); 
T1); (Noctilionoidea (Vespertilionoidea#+#Emballonuroidea); T2); and 
(Vespertilionoidea (Emballonuroidea#+#Noctilionoidea); T3; Fig.$3h).

Across the protein-coding datasets, both coalescent and concat-
enated analyses recovered congruent highly supported topologies 
for T1 (Fig.$3i; coalescent and concatenated bootstrap#=#100 and 100%, 
respectively). However, per-locus maximum-likelihood protein-coding 
gene trees (T1, T2, T3 and other#=#21, 13, 12 and 54%) and gCF (T1, T2, 
T3 and other#=#21, 13, 11 and 55%) showed discordant support per gene, 
highlighting the conflicting signal in the protein-coding genes, as was 
expected (Fig.$3i). Neutral-region analyses also revealed discordance 
across datasets (Fig.$3j,k). CASTER analyses of mHR neutral windows 
recovered (T2; bootstrap#=#89.9%, q1#=#34), but neutral window analy-
ses of both bat-reference MULTIZ alignments (mRM and mRR boot-
strap#=#100 and 99%; q1#=#35 and 34, respectively; Fig.$3j) and analyses 
of neutral dark SNPs (mHR, mRM and mRR bootstrap#=#96.4, 100 and 
100%; q1#=#0.383, 0.428 and 0.393, respectively; Fig.$3k) optimally sup-
ported T1 (Extended Data Fig.$9).

Whole-genome analyses, regardless of alignment reference species 
and methods, all supported T1 (Fig.$3l). However, analyses using dark 
SNPs from different evolutionary rate categories resulted in heteroge-
neous topological support (Extended Data Fig.$9), highlighting discord-
ance across the genomes (Supplementary Note$12). Sliding-window 
analyses across MULTIZ alignments for all references, provided near 
similar support for all hypotheses (T1, T2 and T3; Fig.$3m and Supple-
mentary Fig.$9.1). These results were mirrored by gCF, which indicated 
a slight overall excess of support for T2 (Supplementary Tables#11.1 
and 11.2 and Supplementary Figs.$11.1 and 11.2). Chromosome-level 
and scaffold-level trees (Fig.$3n) further highlighted this topological 
heterogeneity (Supplementary Fig.$12.5). Although a slight majority of 
genomic regions across all references supported T1, the X chromosome 
in all three references along with a subset of autosomes consistently 
supported T2 (Fig.$3n and Supplementary Fig.$12.5).

Widespread phylogenetic incongruence among chromosomes 
indicates that pronounced phylogenomic discordance characterizes 
the evolutionary history of Yangochiroptera, with different genomic 
compartments (loci) supporting alternative topologies, particularly 
T1 and T2. Such heterogeneity in locus tree topology can arise from 
locus tree estimation errors, ILS and introgression. Although locus 
tree estimation artefacts cannot be entirely excluded, we consider 
their influence to be limited given the high concordance of results 
across multiple alignment and phylogenetic reconstruction strate-
gies (Fig.$3). Likewise, although ILS can generate topological conflict 
among loci, under ILS alone, the species tree is expected to remain the 
predominant genomic signal across genomic compartments, includ-
ing autosomes and the X chromosome15,35,37,38. Therefore, the extensive 
chromosome-scale discordance recovered here cannot be explained 
by ILS alone and is more consistent with the genomic compartmen-
talization expected under pervasive introgression37 (Supplementary 
Note$13). Introgression is well known to produce such genomic hetero-
geneity by causing different genomic regions to retain distinct histo-
ries of lineage divergence and secondary gene exchange39,40. In clades 
experiencing pervasive introgression, phylogenetic analyses based 
on the whole genome may therefore recover the dominant history of 

introgressed ancestry (here T1) rather than the underlying species tree 
(T2)39,40. Under this framework, the true branching history of lineages 
is expected to persist primarily in low-recombining genomic regions, 
where the incorporation of foreign alleles is more strongly constrained 
by selection15,41.

In mammals, the X chromosome, particularly the X-linked recom-
bination desert region (XLRD), is characterized by exceptionally low 
recombination rates relative to the rest of the genome38, making it 
less permeable to introgressed ancestry and therefore more likely to 
retain the underlying species-tree signal. CASTER topologies gener-
ated from this XLRD region supported T2 (Extended Data Figs.#5 and 
10 and Supplementary Note#13). These results indicate that widespread 
genomic support for T1 reflects a dominant signal most likely gener-
ated by introgression; whereas T2 represents the underlying species 
tree. Topology (T2) is also congruent with the combined molecular 
and morphological analyses (Fig.$2b), further supporting a deep evolu-
tionary separation between Noctilionoidea and the sister-assemblage 
Vespertilionoidea#+#Emballonuroidea.

The ancestral bat karyotype
Given that Chiroptera is the second-most speciose order of mam-
mals2, reconstructing its ancestral karyotype has been challenging. 
Zoo-fluorescent in$situ hybridization (Zoo-FISH) data have suggested 
that the ancestral bat genome probably comprised 26 conserved 
chromosomal fragments; however, reconstructions of the ancestral 
chromosomes have not yet been achieved42. We reconstructed the 
ancestral bat karyotype and the syntenic relationships using LASTZ 
chain-and-net alignments for the 103 bat assemblies and the eight out-
groups, aligned against two references representing Yangochiroptera 
(M. myotis) and Yinpterochiroptera (R. ferrumequinum). These align-
ments were analysed with DESCHRAMBLER43,44 with a 300-kb syntenic 
fragment resolution (Supplementary Note$15).

We identified 30 reconstructed ancestral chromosome fragments 
(RACFs) covering 83.5% of the R. ferrumequinum genome and 32 
RACFs covering 80.6% of the M. myotis genome. The direct and indi-
rect comparison of RACFs between R. ferrumequinum and M. myotis 
reconstructions revealed a high consistency of RACF structures. There 
were only four interchromosomal and seven intrachromosomal differ-
ences across the entire genome, involving 1.4% of the ancestral genome 
sequence (Supplementary Figs.$15.1 and 15.2).

To investigate the reproducibility of our reconstructions, we gener-
ated two additional ancestral karyotypes using ingroup assemblies 
with high coverage of the corresponding references in syntenic frag-
ments (Supplementary Tables$15.1–15.5 and Supplementary Note$15). 
The final reconstruction consisted of 26 ancestral bat chromosomes 
(Fig.$4), agreeing with the number of ‘evolutionarily conserved units’ 
predicted by Zoo-FISH45.

Fusions of ancestral chromosomes prevail over fissions in 97% of the 
bat genomes (n#=#100 of 103) and in 95% of the representative species 
(n#=#20 of 21; Fig.$4). This suggests that bat karyotypes evolved through 
the fusion of ancestral chromosomes with fissions and translocations 
being less common. For example, ancestral bat chromosome 13 is found 
as an individual chromosome, or merged with other ancestral chromo-
somes in 18 of 21 representative species. Comparisons among human 
and bat chromosomes using Zoo-FISH revealed seven fusions of human 
chromosome syntenies ancestral to Chiroptera42,46, of which five were 
found in our RACFs and two in the ancestral bat chromosomes. These 
fusions can be seen on the ‘human’ panel of Fig.$4. Our reconstruction 
also contained all seven mammalian ancestral human chromosome 
associations reported for the bat ancestor42,46, all of which were found 
in RACFs, confirming the high integrity and accuracy of the reconstruc-
tion (Fig.$4 and Supplementary Table$15.7).

Cytogenetic studies have highlighted difficulties in resolving the 
ancestral bat karyotype due to extensive Robertsonian translocations, 



Nature | www.nature.com | 7

including multiple recurrent rearrangements42,47. The small number of 
fragmented chromosomes suggests that recurrent rearrangements 
may have complicated ancestral chromosome reconstructions, despite 
using the highly contiguous assemblies and high-resolution align-
ments. Although our ancestral chromosome number matches the 
number of predicted ancestral bat evolutionary conserved units, we 
cannot exclude the possibility that some of our ancestral chromosomes 
represent chromosome arms. Many of the RACFs are identifiable as 
synteny blocks in extant bat karyotypes, which are known to evolve 
through the fusion of ancestral chromosomes, supporting this interpre-
tation42. Alternatively, the X chromosome, which is known to be (sub)
metacentric in many mammals, including bats48,49, was assembled into 
one RACF, suggesting that our approach is capable of crossing at least 
some ancestral centromeres. A comparison of our reconstruction with 
the syntenies of human chromosomes inferred by Zoo-FISH42 confirmed 
the presence of all predicted fusions reported for the bat ancestor.

Fossils, morphology and molecular dating
Resolving and dating the bat phylogeny has been central to understand-
ing the origins of flight, echolocation and other key bat adaptations 

(Supplementary Note$16). However, determining how fossil bats relate 
to living families and when the lineages evolved required tackling 
major challenges: (1) the paucity of either fossils in morphological 
datasets16, or of living taxa in dating analyses of combined morpho-
logical and molecular characters50; (2) bias in inferring phylogenies 
from saturated51 and/or non-independent morphological characters52; 
and (3) using inappropriate evolutionary models that assume both 
character independence and linear character-state accumulation53.

To overcome these obstacles, we first assembled a large morpho-
logical dataset of 44 pre-Quaternary fossil taxa comprising all but four 
of the living families and four clades of Eocene stem bats16. We also 
included a representative of every extant bat family, choosing species 
to match our genome assemblies (Supplementary Notes$16 and 17). 
The resulting data matrix (n#=#699 characters), consisted of 65 spe-
cies, 21 extant and 44 extinct, with 11 newly scored in this study. After 
filtering saturated and non-independent morphological characters54 
(Supplementary Table$16.2), we identified 480 statistically independ-
ent characters and retained a single fossil per family with the most 
characters scored. We next subsampled a dataset of 10,000 neutrally 
evolving sites from intergenic neutral windows in the mHR alignment 
per species, and merged this with our filtered morphological dataset 
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(Supplementary Note$9). We analysed this total evidence dataset by 
adopting a fossilized birth–death or total evidence dating (TED)55 
approach that simultaneously models fossilization, taxon sampling 
and birth–death branching processes56 to estimate divergence dates, 
thus overcoming challenges that hindered past studies.

Previous analyses identified the oldest stem bats by designating 
outgroups16, or enforcing bat monophyly to determine the placement 
of the newly described Eocene taxon: †Vielasia50. By contrast, our TED 
approach directly inferred the root by identifying the oldest branch: a 
clade containing the extinct families Archaeonycteridae, Onychonyc-
teridae, Icaronycteridae, Hassianycteridae, Palaeochiropterygidae and 
†Vielasia (Fig.$2b, clade i, 100% posterior probability as a percentage 
(pp); see Supplementary Fig.$17.2). Previously thought to represent 
an early diverging paraphyletic grade of stem bats instead of a clade57, 
these families (minus †Vielasia) have nonetheless been referred to 
as ‘Eochiroptera’ (sensu Van Valen58). Including †Vielasia in this new 
Eochiroptera with medium probability (Fig.$2b, clade ii, 68% pp) bolsters 
support for the finding by Hand et$al.50 that the evolution of laryngeal 
echolocation predates the crown-bat radiation.

We found a second clade of stem Eocene bats that resembles mod-
ern Yinpterochiroptera, by including lineages inferred as capable of 
laryngeal echolocation and the first instance of bat herbivory (Fig.$2b, 
clade iv, 31% pp). †Palaeophyllophora, †Protorhinolophus, †Pseudor-
hinolophus and †Vaylatsia were previously thought to belong in Rhi-
nolophoidea, but Jones et$al.16 has found them among the earliest 
diverging clade of bats together with representatives of the extinct 
family Necromantidae, †Necromantis adichaster and †Cambaya com-
plexus. In common with previous morphological analyses16, we found 
a clade comprising the echolocating lineages formerly classified as 
‘Rhinolophoidea,’ †Necromantis and †Cambaya, but our result also 
includes a representative of the family Philisidae (†Witwatia schlosseri). 
Although support for this clade is weak (31% pp), support for †Aegyp-
tonycteris, the earliest example of bat omnivory59, nesting within the 
former stem ‘Rhinolophoidea’, is moderate (Fig.$2b, clade v, 61% pp). 
Echolocation use by †Aegyptonycteris is unknown, but our results indi-
cate the ancient, independent evolution of omnivorous or herbivorous 
taxa from echolocating, presumed insectivorous ancestors. Together 
with extant instances in Yinpterochiroptera and Phyllostomidae, this 
result suggests high evolvability for sensory and dietary adaptations 
in bats.

Past total evidence and morphology-based inferences among liv-
ing bat lineages are consistent with most genomic analyses, with one 
exception, the suborder Yinpterochiroptera, supporting instead the 
monophyly of the echolocating lineages in the traditional suborder 
Microchiroptera16,50. We found strong support for yinpterochiropteran 
monophyly (Fig.$2b, clade vi, 86% pp), indicating concordance in phylo-
genetic signal for this clade using combined morphological#+#molecular 
data and a fossilized birth death model, without having to constrain the 
monophyly of Yinpterochiroptera as previously required16.

How the poor fossil record of bats17,19 impacts dating analyses is hard 
to discern60. In the first analysis of its kind, an average 73% of molecular 
branch length was estimated missing from the fossil record consti-
tuting unrepresented basal branch lengths (UBBLs)17. However, such 
node-based dating analyses tend to overestimate divergence times 
compared with fossil evidence61. Our TED approach significantly 
reduced ghost lineages and thus UBBLs across the bat phylogeny. With 
updated taxonomic sampling and filtered morphological characters, 
we found a mean of 48.7% (45.5% upper fossil boundary) from the TED 
tree, and 50.8% (47.8% lower fossil boundary) branch length missing 
from each family lineage in the genomic phylogeny (Supplementary 
Tables$17.2 and 17.5). Although subtle when averaged, UBBL reduc-
tion is significant across families (P#&#0.005; Supplementary Note$17). 
Compared with both past and current molecular phylogenies, our 
TED results reconcile relaxed clock divergences with the limited yet 
growing bat fossil record.

By leveraging the age of all 44 fossils, results from combined data 
analyses also track bat macroevolutionary dynamics. Unlike past stud-
ies21,62, we modelled both speciation and extinction rates directly while 
inferring the phylogeny and including fossil species that enable more 
robust estimates of extinction rates63. With a mean of 0.314 species 
per Ma, our speciation rate triples previously published21,62 single-rate 
estimates. Similarly, our estimated extinction rate of 0.270 species per 
Ma was nine-times higher than previous studies21, yielding a turnover 
of 0.844 species per Ma (see Supplementary Table$17.4). These results 
reveal systematic underestimates of both speciation rates and evolu-
tionary turnover in the global bat radiation in previous analyses.

Biogeography
Where bats originated still remains an open question17,20–22. The poor 
fossil record19,64 and the fact that all bats fly have hindered its resolu-
tion. Flight confers extraordinary dispersal capabilities and results 
in global distributions, thus obscuring biogeographical signal. Thus, 
we implemented a dispersal–extinction cladogenesis model with 
time-dependent, distance-informed dispersal penalties, accounting 
for continental drift and high bat mobility. We revisited this question by 
integrating our fossil and extant taxa into a biogeographical framework 
(Supplementary Note$18).

Previous fossil-informed analyses placed the origin of bats in North 
America17, whereas early biogeographical models pointed to Africa20, 
and more recent time-stratified approaches based on extant taxa alone, 
inferred Asia21. Our results instead reveal a late Paleocene ancestor 
(Fig.$2b, clade i, and Fig.$5a) that originated in Europe (99.2% pp), and 
whose descendants dispersed most probably to Africa (Figs.$2b, clade 
iii, and 5a and Supplementary Table$18.5). From this central Europe–
Africa hub, we inferred multiple, independent range expansions into 
the Americas, Asia and Australia as modern bats diversified into their 
four major superfamilies (Fig.$25) within a narrow time interval in the 
early Eocene (Fig.$5b). For example, Yinpterochiroptera originated in 
Africa 57.1#Ma (Figs.$2b, clade v, 5c; Africa: 55.6% pp, Europe–Africa: 
14.5% pp), expanding into Asia by the middle of the Eocene at the most 
recent common ancestor (MRCA) of the Hipposideridae, Rhinonyc-
teridae, Rhinolophidae families (Fig.$5c; 26.3% pp for Asia and 31.1% 
for Asia–Africa).

Despite difficulties resolving the ancestral range of Yangochiroptera, 
probably because of rapid lineage emergence just after the Paleocene–
Eocene thermal maximum (Supplementary Note$18), distinct patterns 
emerge from many of its constituent superfamilies. For example, the 
MRCA of Emballonuroidea and Vespertilionoidea resided in Europe 
and Africa (39.2% pp for Europe, 22.0% pp for Europe–Africa and 18.5% 
pp for Africa). The MRCA of Emballonuroidea came out of Africa (47.1% 
pp for Africa and 14.4% for Africa–Europe), whereas Vespertilionoidea, 
including Myzopodidae, diversified from a European ancestor (46.3% 
pp for Europe and 24.7% pp for Europe–Africa), with multiple subse-
quent colonizations of North America by Natalidae, Molossidae and 
the MRCA of Cistugidae and Vespertilionidae (Fig.$5c).

In the superfamily Noctilionoidea, we inferred a major dispersal from 
Europe (38.9% pp) into North America (47.2% pp) around 54#Ma (Fig.$5c). 
Both timing and topology of this scenario favour a North Atlantic land-
mass route during peak faunal exchange between Europe and North 
America during the late Eocene65, instead of a Beringian pathway21 
(Fig.$5b). Following this initial expansion, we found strong support for a 
colonization of South America by the noctilionoids (52.3% pp) between 
51 and 44#Ma (Fig.$5c). Our model rejects dispersal between Africa and 
South America (0.27% pp) by island hopping across the Atlantic20. 
Instead, the timing and route of noctilionoids reaching the Americas 
coincides with the expansion of the tropics in the middle latitudes of 
the Americas and Europe66 and the beginning of the uplift of islands of 
the Panama isthmus67, providing habitat and a North American route 
for this radiation of bats.



Nature | www.nature.com | 9

EocenePaleocene Oligocene Miocene Pli Ple

0

Time (Ma)

102030405060

70–56 Ma

<39

<55

Posterior probability
of dispersal (%)

<30

Chiropteran
ancestor

Yinptero

Extant
bat ancestor

Yango

PETM

Rousettus aegyptiacus
Carcinipteryx maximinensis
Mixopteryx weithoferi
Pseudorhinolophus schlosseri
Vaylatsia frequens
Aegyptonycteris knightae
Palaeophyllophora rosierensis
Protorhinolophus shanghuangensis
Necromantis adichaster
Cambaya complexus
Witwatia schlosseri
Tanzanycteris mannardi
Hassianycteris messelensis
Palaeochiropteryx tupaiodon
Archaeonycteris trigonodon
Icaronycteris index
Vielasia sigei
Onychonycteris finneyi

a b

c

55–20 Ma
Biogeographical

ranges

Cistugidae

Vespertilionidae

Miniopteridae

Molossidae

Natalidae

Myzopodidae

Phyllostomidae

Nycteridae

Emballonuridae

Mormoopidae

Noctilionidae
Furipteridae

Thyropteridae

Mystacinidae

Pteropodidae

Megadermatidae

Rhinolophidae

R
hi

no
N

oc
til

io
Em

ba
Ve

sp
er

Hipposideridae
Rhinonycteridae

Craseonycteridae
Rhinopomatidae

Bat family

N UAFS E

Others

AU
EA
EF
EFA
FA

NE
NEF

NS
SU

Other regions

N
or

th
 A

m
er

ic
a

O
ce

an
ia

As
ia

Af
ric

a

So
ut

h 
Am

er
ic

a
Eu

ro
pe

Fossil in living family †

Global dispersal of some chiropteran familiesOrig
ins of Chiroptera and suborder expansion

Molossidae

R
hin

olop
h

id a e

R
hin

olop
h

id a e

Thyropteridae

NycteridaeNycteridae

Mystacinidae

Mystacinidae

Chadronycteris rabenae  †
Cistugo seabrae
Myotis belgicus  †
Myotis lucifugus
Miniopterus natalensis
Tachypteron franzeni  †
Cuvierimops parisiensis  †
Tadarida brasiliensis
Natalus tumidirostris
Primonatalus prattae  †
Myzopoda aurita
Phasmatonycteris phiomensis  †
Chibanycteris herberti  †
Nycteris thebaica
Dhofarella thaleri  †
Saccopteryx bilineata
Koopmanycteris palaeomormoops  †
Mormoops megalophylla
Macrotus waterhousii
Notonycteris magdalenensis  †
Speonycteris aurantiadens  †
Noctilio albiventris  †
Noctilio leporinus
Furipterus horrens
Thyroptera cf tricolor  †
Thyroptera tricolor
Icarops paradox  †
Mystacina tuberculata

Brachipposideros omani †
Triaenops persicus
Hipposideros caffer
Rhinolophus ferrumequinum

Megaderma spasma
Saharaderma pseudovampyrus  †
Craseonycteris thonglongyai
Qarunycteris moerisae †
Rhinopoma microphyllum

Fig. 5 | Paleogeographical origins and worldwide expansion of Chiroptera: 
Palaeocene–Eocene dispersal of bats from their area of origin. 
 a, Geographical origins of Chiroptera and the suborders Yinpterochiroptera  
and Yangochiroptera. b, Eocene-to-Oligocene dispersal of bat families.  
c, Fossilized birth death tree, with dispersal–extinction cladogenesis 
biogeographical range posterior probabilities shown as pie charts at the 
nodes. Superfamilies included: Rhinolophoidea (Rhino), Noctilionoidea 
(Noctilio), Emballunoroidea (Emba) and Vespertilionoidea (Vesper). AU,  
ZZZ; EA, ZZZ; EF, ZZZ; EFA, ZZZ; FA, ZZZ; NE, ZZZ; NEF, ZZZ; NS, ZZZ; PETM, 
Palaeocene–Eocene thermal maximum; SU, ZZZ. The chiropteran ancestor 
silhouette was vectorized by F.X.C. from an Onychonycteris illustration on 
Dinopedia (https://dinopedia.fandom.com) under a Creative Commons 

licence CC-BY-SA. The ‘Yinptero’ silhouette was vectorized by F.X.C. from an 
illustration of an unidentified species of the family Pteropodidae on Crezilla 
(https://creazilla.com) by Natasha Sinegina under a Creative Commons licence 
CC BY 4.0. The ‘Yango’ silhouette was vectorized by A.E.M. from an illustration 
of M. myotis under a Creative Commons licence CC-BY-SA. Silhouettes of 
Molossidae (Tadarida brasiliensis), Thyropteridae (Thyroptera tricolor), 
Nycteridae (Nycteris hispida), Mystacinidae (Mystacina tuberculata) and 
Rhinolophidae (Rhinolophus megaphyllus) were vectorized by F.X.C. from 
illustrations by Fiona Reid. Data for the continent illustrations were from 
PaleoMAP (https://chronosphere.info/data/paleomap/) under a Creative 
Commons licence CC BY 4.0.

Q20

Q21

Q22

https://dinopedia.fandom.com
https://creativecommons.org/licenses/by-sa/3.0/
https://creazilla.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by-sa/3.0/
https://chronosphere.info/data/paleomap
https://creativecommons.org/licenses/by/4.0/


10 | Nature | www.nature.com

Article

Conclusion
We overcame challenges that have hindered our understanding of bat 
evolutionary history, by integrating reference-quality whole-genome 
assemblies from all living bat families with a comprehensive morpho-
logical dataset including extant and extinct bats. We used innovative 
phylogenomic analyses accounting for complex evolutionary histories 
of both lineages and markers and generated a new phylogeny, resolving 
previous uncertainties at the superfamily level and placing the family 
Myzopodidae within Vespertilionoidea. We showed that bats, and thus 
powered flight, most likely originated in Europe in the late Palaeocene, 
refuting previous African and North American origins, and suggest that 
the acquisition of laryngeal echolocation predates the diversification 
of crown group bats, given the placement of the fossil †Vielasia in the 
oldest Eochiroptera clade. This suggests a close connection between 
flight and echolocation in the evolution of the ancestral bat lineage. 
Our analyses showed that Yinpteropchiroptera originated in Africa 
in the early Eocene with later dispersal of modern yinpterochirop-
teran families into Asia and Europe, with Yangochiroptera most likely 
originating in Europe within a similar timeframe. The bat superfamilies 
probably radiated during the Paleocene–Eocene thermal maximum 
(approximately 56#Ma) coinciding with increased global temperature 
and environmental change. Chromosomal reconstructions supported 
26 ancestral bat chromosomes and showed that modern bat genomes 
most likely evolved through chromosome fusions instead of fissions or 
translocations, shedding light on evolutionary constraints pertaining 
to the smallest mammalian genomes. The multiple genome alignments 
and datasets represent valuable resources for the genomics commu-
nity. Given that they are based on the same set of genome assemblies, 
they enable benchmarking and direct methodological comparisons 
among alignment approaches. Finally, the methodological framework 
presented here can be applied to address phylogenomic questions in 
other taxonomic groups.
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Summary statistics of all 103 bat genome assemblies 
and annotations. (a) Contig N50 and N90 values, indicating that 50/90 
percent of the assembly consists of contigs of at least that size. New genomes 
have contig N50 values ranging from 6.4 to 102#Mb and all have chromosome-
level scaffolds. (b) Assembly sizes. (c) Classification of 18,430 ancestral 
placental mammalian genes per assembly inferred by TOGA33. Our new 
assemblies contain at least 16,652 genes and on average 17,138 genes with intact 
reading frames. (d) Total transposable element (TE) representation in each 
assembly from all TE classes. (e) Recent TE accumulation in each assembly, 
defined as TEs with <10% divergence from the relevant consensus sequence. 
Assuming an average mammalian mutation rate of 2.2e-9, this would suggest 

accumulation less than ~45.5 mya. (f) Number of microRNA families predicted 
using MirMachine. The four categories (Bilateria, Vertebrata, Tetrapoda, and 
Eutheria) correspond to the phylogenetic levels at which each microRNA 
originated. Species are sorted according to the T2 topology (neutral windows, 
X chromosomes, and XLRD) and color-coded per family and superfamily as in 
Fig.$1). New assemblies are highlighted in bold. Together with existing high-
quality assemblies of bats5,6,25,69–90 these assemblies cover 103 bat species. 
Across the combined dataset, TOGA detected an average of 17,165 ancestral 
genes with intact reading frames and compleasm reported a mean gene 
completeness of 98.77% (Supplementary Table$4.1), indicating a consistently 
high quality.
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Extended Data Fig. 2 | Genome assembly size as function of TE content with colors indicating the corresponding bat family. The relationship shown 
corresponds to the parameters for the model in Supplementary Table$6.2.



Extended Data Fig. 3 | Copy number analyses of 188 microRNA families 
across 103 bat species. (a) Principal Component Analysis (PCA) of microRNA 
family copy numbers across 103 bat species and 8 outgroup species. Colors 
represent the five major bat clades plus the outgroup, while shapes indicate the 
21 bat families and the outgroup. (b) Evolutionary analyses of microRNA family 
copy number across 103 bat species and 8 outgroup species. Pagel’s lambda 
quantifies the strength of phylogenetic signal in copy number distribution, 
ranging from 0 (no phylogenetic signal) and 1 (variation fully explained by 
phylogeny), while '( reflects the rate of copy number evolution under a 
Brownian motion model, with higher values indicating faster rates of copy 
number change.



Article

Extended Data Fig. 4 | Evolutionary distance to the reference is a major 
determinant of whole genome alignment coverage in MULTIZ and CACTUS 
alignments. (a–c), Genome alignment coverage for each reference species and 
alignment method. Coverage was calculated as the fraction of the reference 
genome covered by alignment blocks for each query species. Results are  
shown for three reference-based MULTIZ alignments (left) and three projected 
CACTUS alignments (right) generated from 103 bat species and eight 
mammalian outgroups. Reference or projected genomes are Homo sapiens (a), 
the yangochiropteran bat Myotis myotis (b), and the yinpterochiropteran bat 
Rhinolophus ferrumequinum (c). Alignments are abbreviated as mHR (MULTIZ 
Homo reference), mMR (MULTIZ Myotis reference), mRR (MULTIZ Rhinolophus 
reference), cHR (CACTUS Homo reference), cMR (CACTUS Myotis reference), 
and cRR (CACTUS Rhinolophus reference). Bars represent alignment coverage 
for each genome, grouped and colour-coded by bat superfamily or outgroup; 
and ordered from lowest to highest coverage as is provided in Supplementary 
Table$8.1. Species most closely related to the reference genome generally 
exhibit the highest alignment coverage. Coverage patterns are otherwise 
similar across Chiroptera and between alignment methods, although MULTIZ 

consistently yields slightly higher coverage than CACTUS for all three 
references. The higher coverage observed in MULTIZ likely reflects the use  
of sensitive LASTZ parameters and RepeatFiller during alignment construction 
(Supplementary Note$5). (d–f), Relationship between alignment coverage  
and evolutionary distance to the reference genome. Neutral branch length 
(measured as substitutions per site for fourfold-degenerate sites; 
Supplementary Note$9) between the reference and each query species is 
plotted against alignment coverage. Strong negative correlations were 
observed for all three reference genomes (Homo sapiens, d; Myotis myotis,  
e; Rhinolophus ferrumequinum, f) and the two alignment methods, indicating 
that evolutionary distance is a major determinant of alignment coverage. For 
MULTIZ alignments, correlation coefficients from two-sided Pearson’s test 
were mHR/mMR/mRR r(108)#=#)0.77/#)0.97/)0.97, with all p-values#<#0.0001; 
while for CACTUS, they were mHR/mMR/mRR r(108)#=#)0.72/)0.96/)0.94,  
with all p-values#<#0.0001. The silhouettes of M. myotis and R. ferrumequinum 
were vectorized by A.E.M. from illustrations by Fiona Reid. The silhouette of  
H. sapiens was created using PhyloPic (https://phylopic.org) under a Creative 
Commons licence CC0 1.0.

https://phylopic.org
https://creativecommons.org/publicdomain/zero/1.0/


Extended Data Fig. 5 | Alternative phylogenetic placements of 
yangochiropteran superfamilies and Pipistrellus nathusii. (Left)  
Species trees inferred from 16750 protein-coding genes referred as (T1). 
(Right) Species trees inferred independently from intergenic neutral window 
regions extracted from the MULTIZ-human reference alignment and from the  

X chromosomes of each reference (Homo, Myotis, Rhinolophus), referred to  
as (T2). Branch lengths represent substitutions per neutral site and are 
color-coded per superfamily as in Fig.$1. Bands are color-coded per family  
and connect corresponding taxa between reconstructions.
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Extended Data Fig. 6 | All genome-wide analyses confirm the monophyly  
of the suborders Yinpterochiroptera and Yangochiroptera. (a) Hypotheses 
tested for higher-level suborder relationships among bats. (b) Results from 
protein-coding datasets inferred under coalescent and concatenated methods. 
(c) Analyses of neutral intergenic windows (*500#bp) extracted from human- 
referenced alignment. (d) Whole-genome phylogenies based on two alignment 
methods (MULTIZ and CACTUS). (e) Chromosome-scale trees. (f) Non- 
overlapping sliding-window analyses; bars indicate the proportion of windows 
supporting each topology after excluding windows with >20% missing data.  
(g) Hypotheses tested for branch-specific support in CASTER analyses, and (h) 
normalized CASTER support scores for main and alternative topologies of each 
branch shown in (g), averaged over 5Mbp sliding windows for each chromosome. 
Regions missing from the alignment or showing low branch-specific coverage 
(for example, excessive gaps among quartets around a branch) are left blank. 
Sliding-window analyses were based on the MULTIZ human-reference 
alignment.



Extended Data Fig. 7 | Within the family Phyllostomidae, Lonchorhininae 
was consistently recovered across genomic data sets and inference 
methods as the earliest-diverging lineage within a clade comprising 
Stenodermatinae, Rhinophyllinae, Glyphonycterinae, Carolliinae  
and Lonchophyllinae, with Glossophaginae sister to this clade.  
(a,g) Hypotheses tested for higher-level relationships among phyllostomid 
subfamilies, (b,h) Results from protein-coding datasets inferred under 
coalescent and concatenated methods. (c,i) Analyses of neutral intergenic 

windows (* 500#bp) extracted from human-referenced alignment.  
(d,j) Whole-genome phylogenies based on two alignment methods  
(MULTIZ and CACTUS). (e,k) Chromosome-scale trees. (f,l) Non-overlapping 
sliding-window analyses; bars indicate the proportion of windows supporting 
each topology. To avoid including windows containing poorly aligned 
repetitive regions and frequent assembly gaps, we excluded windows with 
more than 20% missing data from the analyses. Sliding-window analyses were 
based on the MULTIZ human-reference alignment.
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Extended Data Fig. 8 | Genome-wide analyses confirm the monophyly of 
the genus Pipistrellus. (a) Hypotheses tested for monophyly relationships 
among species of the genus Pipistrellus and Nyctalus. (b) Results from 
protein-coding datasets inferred under coalescent and concatenated 
methods. (c) Analyses of neutral intergenic windows (*500#bp) extracted  
from human-referenced alignment. (d) Whole-genome phylogenies based on 
two alignment methods (MULTIZ and CACTUS). (e) Chromosome-scale trees. 
(f) Non-overlapping sliding-window analyses. (g) Branch support tested in 
CASTER analyses, and (h) normalized CASTER support scores for main and 
alternative topologies of each branch shown in (g), averaged over 5Mbp sliding 
windows for each chromosome. Regions missing from the alignment or 
showing low branch-specific coverage (for example, excessive gaps among 
quartets around a branch) are left blank. Sliding-window analyses were based 
on the MULTIZ human-reference alignment.



Extended Data Fig. 9 | Phylogenetic comparison of trees reconstructed 
from “dark genome”. (a) Number of phyloP–based SNPs in subset– 
genome datasets across different alignments. (b) Multidimensional scaling 
(MDS) plot based on Robinson–Foulds distances among all the phylogenetic 
trees. (c) Summary of superfamily–level topologies across all the trees.  
P: Pteropodidae; RH: Rhinolophoidea; E: Emballonuroidea; N: Noctilionoidea; 
V: Vespertilionoidea. M1: Maximum likelihood; M2: SVDQuartets; M3: CASTER. 
Grey square: Other topologies. (d) Violin plot for the Robinson–Foulds 

distance of all the trees relative to the T1 and T2 topologies. RF, Robinson–
Foulds; T1, protein-coding genes tree topology; T2, XLRD tree topology. Con, 
conserved; Neu, neutral; Acc, accelerated. (e) Dot plot for the Robinson–Foulds 
distance of all the neutral trees relative to T1 and T2 topologies. Alignments are 
abbreviated as mHR, mMR and mRR for MULTIZ Homo sapiens, Myotis myotis 
and Rhinolophus ferrumequinum references, respectively, and cHR, cMR and 
cRR for the corresponding CACTUS references. ML, maximum likelihood; 
SVDQ, SVDQuartets.
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Extended Data Fig. 10 | Chromosomal landscape of phylogenetic support 
across yangochiropteran superfamilies reveals a diagnostic signal on  
the X chromosome and the X-linked Recombination Desert (XLRD)38.  
(a) Hypotheses tested for branch-specific support in CASTER analyses.  
(b) Normalized CASTER support scores for the branch highlighted in the  
three alternative topologies depicted in (a), averaged across 5-Mbp sliding 
windows for each chromosome. Windows lacking alignment coverage or with 
insufficient branch-specific information (for example, excessive gaps in the 
quartets) are left blank. (c) Zoomed view of the X chromosome highlighting the 
X-linked recombination desert (XLRD) spanning the interval between JADE3 
and CHRDL1 (coordinates 47,061,242–110,673,856 in the MULTIZ-human 
reference genome).
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