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ABSTRACT

The timing of mammalian diversification in relation to the
Cretaceous-Paleogene (KPg) mass extinction continues to
be a subject of substantial debate. Previous studies have
either focused on limited taxonomic samples with available
whole-genome data or relied on short sequence
alignments coupled with extensive species samples. In the
present study, we improved an existing dataset from the
landmark study of Meredith etal. (2011) by filling in
missing fragments and further generated another dataset
containing 120 taxa and 98 exonic markers. Using these
two datasets, we then constructed phylogenies for extant
mammalian families, providing improved resolution of
many conflicting relationships. Moreover, the timetrees
generated, which were calibrated using appropriate
molecular clock models and multiple fossil records,
indicated that the interordinal diversification of placental
mammals initiated before the Late Cretaceous period.
Additionally, intraordinal diversification of both extant
placental and marsupial lineages accelerated after the KPg
boundary, supporting the hypothesis that the availability of
numerous vacant ecological niches subsequent to the
mass extinction event facilitated rapid diversification. Thus,
our results support a scenario of placental radiation
characterized by both basal cladogenesis and active
interordinal  divergences spanning from the Late
Cretaceous into the Paleogene.
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INTRODUCTION

Considerable efforts have been made to decipher higher-level
relationships among extant mammalian orders in recent
decades (Hu et al., 2012; Liu et al., 2017; McCormack et al.,
2012; Meredith et al., 2011; Springer et al., 2003; Tarver et al.,
2016), resulting in the categorization of placental mammals
into four superordinal groups: Laurasiatheria,
Euarchontoglires, Xenarthra, and Afrotheria. Recent advances
in genomic resources have enabled extensive investigation of
several interordinal controversies regarding the positions of
Scandentia  (tree  shrews), Perissodactyla  (horses,
rhinoceroses), Artiodactyla (cows, dolphins), Carnivora (dogs,
cats), and Chiroptera (bats) (Doronina et al., 2017a; Lv et al.,
2021; Murphy etal.,, 2021; Zhou etal., 2012). Similarly,
phylogenetic histories at the genus level have also been
intensively studied (Guo et al., 2021; He et al., 2018; Missoup
etal., 2018; Wildman et al., 2009). Nonetheless, family-level
phylogenetic relationships within the placental mammalian
tree have received less attention and remain inadequately
resolved. In their landmark study, Meredith etal. (2011)
examined relationships and divergence times among all living
mammalian families utilizing a molecular supermatrix
containing 26 gene fragments from 164 mammals and five
outgroups, vyielding the most comprehensive family-level
mammalian tree to date. They further posited that interordinal
diversification occurred after the Cretaceous Terrestrial
Revolution (KTR), whereas intraordinal diversification
occurred across the Cretaceous-Paleogene (KPg) boundary.
Nevertheless, their supermatrix exhibited some limitations due
to the occurrence of nonrandom gaps and missing data—for
example, the family Calomyscidae was represented by only
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four gene fragments —which may have introduced biases.
Emerling et al. (2015) and Foley et al. (2016) later provided
updated species-level supermatrices based on the work of
Meredith et al. (2011) but did not rectify the data gaps. Upham
etal. (2019) constructed the most expansive species-level
phylogeny for extant mammals to date, employing “backbone-
and-patch” tree methodology, similar to the supertree
approach, but did not extend their study to detailing low-
support phylogenetic relationships, such as the patch clade of
Emballonuroidea and Vespertilionoidea. More recently,
Alvarez-Carretero etal. (2022) created a species-level
mammalian timetree by integrating phylogenomic data across
13 subtree partitions, although each subtree partition
alignment exhibited more than 45% missing nuclear sites. In
parallel, Foley et al. (2023) employed 241 placental genomes
to estimate phylogenetic relationships and divergence time,
albeit with limited representation of mammalian families.

In addition to resolving phylogenetic controversies,
determining divergence times among all mammalian families
is crucial to ascertain whether placental radiation occurred
before or after the KPg boundary, which marks the extinction
of nonavian dinosaurs and many other Mesozoic vertebrates
(Archibald & Deutschman, 2001; dos Reis et al., 2012, 2014;
Grossnickle & Newham, 2016; Song et al., 2012; Springer
etal., 2003; Wible etal., 2007). For many mammalian
species, the KPg mass extinction event created ecological and
evolutionary opportunities that were previously unattainable.
However, recent research has suggested that mammalian
diversification did not occur uniformly or universally across the
KPg boundary, but rather was limited to certain placental
orders, including Artiodactyla and Chiroptera (Bininda-Emonds
et al., 2007). Consequently, three models have been proposed
to characterize the evolutionary history of placental crown
groups (Archibald & Deutschman, 2001; Springer et al., 2019):
(i) explosive model, which contends that placental origins and
diversification transpired after the KPg mass extinction
(Phillips, 2016); (ii) short fuse model, which posits that both
interordinal and intraordinal cladogenesis occurred before the
KPg boundary, indicating deeper temporal roots (Bininda-
Emonds et al., 2007; Puttick et al., 2016); and (iii) long fuse
model, which proposes that placental origins took place the
Late Cretaceous and that interordinal diversification primarily
occurred before the KPg boundary, while intraordinal
diversification primarily occurred after the boundary (Foley
etal., 2016; Springer et al., 2003). More recently, Liu et al.
(2017) proposed the trans-KPg model, which posits that
interordinal diversification began in the Late Cretaceous and
continued into the early Cenozoic without interruption by the
KPg boundary, while intraordinal diversification followed
rapidly during the Paleogene. Additionally, the explosive
radiation of angiosperms (Dilcher, 2000) and insects
(Magallén etal., 2015) during the Cretaceous Terrestrial
Revolution (KTR, 125 to 80 million years ago, Ma) raises
questions regarding whether similar radiation events occurred
at the mammalian order level. As a result, mammalian
diversification patterns and phylogenetics at the order level
remain inadequately understood. To resolve these
uncertainties, taxonomic sampling at the family level is
considered sufficient. Hence, in the current study, we aimed to
construct a robust phylogeny at the family level for extant
mammals by generating new multi-sequence alignments for a
majority of mammalian families, thereby facilitating a more
comprehensive understanding of their evolutionary history and

patterns of radiation.

MATERIALS AND METHODS

Taxonomic sampling and dataset construction

All animal care and research protocols were approved by the
Animal Care and Use Committee of the Institute of Zoology,
Chinese Academy of Sciences, China (approval No. |0Z-
IACUC-2021-129). For the purposes of this study, we
generated two distinct datasets for mammalian phylogenetic
analysis. Dataset A comprised 162 mammalian lineages,
including 141 single species and 21 chimerics, and five
nonmammalian outgroups: Danio rerio (zebrafish), Xenopus
tropicalis (African clawed frog), Anolis carolinensis (green
anole), Gallus gallus (chicken), and Taeniopygia guttata
(house finch). The primary data were downloaded from the
National Center for Biotechnology Information (NCBI)
database according to the GenBank accession numbers cited
in Meredith et al. (2011) and consisted of 21 exonic segments
(A2AB, ADORA3, ADRB2, ApoB, ATP7A, BCHE, BNDF,
BRCA1, BRCA2, CNR1, DMP1, EDG1, ENAM, GHR, IRBP,
PNOC, RAG1, RAG2, TTN, TYR1, and vWF) and five
noncoding regions (APP, BMI1, CREM, FBN1, and PLCB4).
To fill the gaps in the primary data, orthologous sequences
were extracted from available genome sequences using local
BLAST v2.10.0+ (ftp://ftp.ncbi.nim.nih.gov/blast/executables/
blast+/~LATEST/) with the parameter “-evalue 1e-5" and
human DNA sequences serving as the query. For each family
represented in the dataset, a single species was deemed
sufficient for sequence retrieval. Custom Perl scripts
(m6_file.pl and m6_get_fa.pl) were used to extract the best hit
sequence from the BLAST output files. The remaining gaps
were filled by retrieving 115 DNA sequences from available
genomes and six sequences from the NCBI nucleotide
database (Supplementary Table S1). Dataset B included 120
mammalian species, 14 of which were subjected to genomic
DNA extraction using QIAGEN DNeasy Blood & Tissue Kit
(Cat. 69504, Germany). Species identification was conducted
following lIvanova etal. (2012) using the DNA barcoding
primer sets dgLCO-1490/dgHCO-2198 (Meyer, 2003). Sample
information is provided in Supplementary Table S2.
Nondestructive blood sampling was conducted for Nycticebus
sp. (slow loris) and Paguma larvata (masked palm civet), while
the remaining 12 muscle samples were obtained from
deceased or dying individuals. All sampling protocols,
including nondestructive sampling, abided by the relevant
ethical and legal regulations and guidelines. Dataset B
contained 98 exonic markers, including 32 newly developed
primers in this research and 66 primers developed by Zhou
etal. (2012). Details on the primer sequences, annealing
temperatures for polymerase chain reaction (PCR)
amplification, and PCR conditions are provided in
Supplementary Table S3. Finally, 9 474 exonic fragments
were retrieved from 106 genomic datasets using localized
BLAST searches and custom Perl scripts. Additionally, 964
exonic sequences from 14 species listed in Supplementary
Table S2 were submitted to GenBank (accession numbers
OR503106—0OR504069). The custom Perl scripts and
sequence alignments are available in the Dryad dataset (DOI:
https://doi.org/10.5061/dryad.crjdfn36w).

Data comparison
We initially downloaded dataset information, including
sequence IDs, from the supplementary files provided by
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Meredith etal. (2011), Upham etal. (2019), and Alvarez-
Carretero etal. (2022). Because the dataset in Alvarez-
Carretero et al. (2022) lacked corresponding family and order
information for each taxon, we used NCBltaxa in the Python
package “ete3” (Huerta-Cepas etal., 2016) for family and
order identification, with manual determination for those taxa
not found in NCBItaxa. Subsequently, we developed custom
Perl scripts to obtain information on nuclear gene fragment
gaps in each dataset, with a gene fragment considered
present in a family if at least one species within that family had
the corresponding gene ID information. Furthermore, as gene
fragment lengths varied among species, we adopted the gene
fragment length of humans (Homo sapiens) before alignment.
Although Alvarez-Carretero etal. (2022) provided the gene
Ensembil IDs, they did not specify fragment lengths; thus, we
employed the maximum length across all transcripts for these
genes. Gap percentages were then calculated by dividing the
number of gaps in the alignment by the number of taxa times
the number of gene fragments. Finally, the comparison of
gene fragment gap data was visualized using the R package
“ComplexHeatmap” (Gu et al., 2016).

Alignment simulation

An increase in gene fragment gaps in alignments is often
correlated with an increase in missing sites, assuming the
length of each gene sequence is the same or extremely
similar. To investigate the effects of missing sites on
phylogenetic inference, using a maximum-likelihood (ML) tree
as an example, we simulated sequence alignments from the
OrthoMaM database (Scornavacca et al., 2019). We selected
autosomal orthologous nuclear markers based on the
following parameters: “relative evolution rate: 0-1.3; %GC:
40.0-60.0; a shape (I distribution): 1.0-5.3 and genes present
in at least one or more species”. A total of 108 filtered coding
sequences met these criteria and were concatenated
(Supplementary  Data). Subsequently, we generated
concatenated alignments for 100 species, retaining one
representative species at the genus level to infer the optimal
ML tree using IQ-TREE v2.2.0 (Minh et al., 2020) under the
substitution model “GTR+G”.

In recent phylogenetic studies, datasets have commonly
consisted of either relatively short sequence lengths and
hundreds of species or very large lengths (millions of base
pairs (bp) but limited to several dozen taxa. Accordingly, we
simulated sequence alignments with variable numbers of taxa
(20, 60, and 100) and sequence lengths (1k, 10k, and 100k).
Subtrees containing 20 and 60 taxa were extracted from the
optimal ML topology of 100 taxa to serve as the simulated
original tree. Sequence alignments without missing sites were
simulated using IQ-TREE v2.2.0 (Minh et al., 2020) under the
substitution model “GTR+G” and original trees containing 20,
60, and 100 taxa, with alignment length set with the parameter
“-length 1k/10k/100k”. Subsequently, random deletions were
applied to 20%, 40%, and 80% of alignment matrices using a
custom Python script. All simulated alignments were then
used to infer the ML tree with the consistent simulated
substitution model and 1 000 bootstrap (BS) replicates. 1Q-
TREE v2.2.0 (Minh etal., 2020) was used to evaluate the
Robinson-Foulds (RF) distance between the simulated
topology and the original tree. A Python script was used to
compute the mean BS value of the optimal ML tree. Finally,
RF distances and mean BS values were visualized using the
R package “ggplot2” (Wickham et al., 2016).
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Sequence alignment

The DNA sequences from Dataset A, used to fill the gaps in
the alignments of Meredith etal. (2011), are shown in
Supplementary Table S3. These sequences were aligned to
the original alignments in Dataset A using MAFFT v7.471
(Katoh et al., 2002), preserving the lengths of the original
alignments. In Dataset B, the sequencing base peak profiles
were verified prior to alignment using Chromas software
(http:/technelysium.com.au/wp/chromas/). The multiple
sequence alignments (MSAs) of the DNA coding sequences in
Dataset B were realigned using OMM_MACSE v10.01
(https://github.com/ranwez/MACSE_V2_PIPELINES) with
default settings (Delsuc & Ranwez, 2020). The OMM_MACSE
pipeline encompassed a series of operations, including
translation of nucleotide sequences into amino acids,
detection of frameshifts (using MACSE v2.03) (Ranwez et al.,
2018), alignment of amino acid sequences (using MAFFT
v7.471) (Katoh et al., 2002), filtering of resulting alignments
(using HmmCleaner v1.8) (Di Franco et al., 2019), and post-
filtering (using MACSE v2.03) (Ranwez et al., 2018).

Model selection

The heterogeneity in substitution rates across various
coding/noncoding sequences, genes, and codon positions can
impact both optimal substitution model selection and
phylogenetic tree inference. For nucleotide alignments in
Dataset A, the following partitioning strategies were employed:
@ concatenation; @ coding+noncoding; 3 gene; @ codon1/
2+codon3+noncoding; & gene+codon1/2+codon3+noncoding;
(® optimized partition determined by PartitionFinder2 (Lanfear
etal., 2017) according to corrected Akaike information
criterion (AICc). For amino acid alignments in Dataset A, the
following strategies were used: @ concatenation; @ gene; @
optimized partition determined by PartitionFinder2 according
to AICc. For nucleotide alignments in Dataset B, the following
partitioning strategies were used: @ concatenation; 2 gene;
® codon1/2+codon3; @ gene+codon1/2+codon3; & optimized
partition determined by PartitionFinder2 according to AlCc.
For amino acid alignments in Dataset B, the following
strategies were applied: (@ concatenation; (@ gene;
optimized partition determined by PartitionFinder2 according
to AlCc. The best-fit substitution models of nucleotides and
amino acids were chosen using IQ-TREE v2.2.0 (Minh et al.,
2020), as suggested by Bayesian information criterion. The
model selected included both a proportion of invariant sites
and a gamma distribution to account for rate heterogeneity. If
the model suggested by ModelFinder was not supported in
either RAxML-ng v1.0.3 (Kozlov etal.,, 2019) or MrBayes
v3.2.7a (Ronquist etal.,, 2012), a suboptimal model was
selected among the models available.

Phylogenetic tree analyses

Bayesian phylogenetic analyses were carried out using
MrBayes v3.2.7a (Ronquist etal., 2012). Two independent
Markov chain Monte Carlo (MCMC) sets were run, each with
three heated chains and one cold chain and 50 000 000 and
10 000 000 generations for nucleotide and amino acid
alignments, respectively. Trees were separately sampled for
5000 and 1 000 generations, and convergence was confirmed
with  Tracer v1.7.2 (https://github.com/beast-dev/tracer/
releases/tag/v1.7.2). RAxML-ng v1.0.3 (Kozlov etal., 2019)
was used for ML analyses and run for 500 BS replicates while
searching for the best-scoring ML tree. The difference in gene-
wise log-likelihood scores (4GLS) was calculated, known as



partitioned-likelihood support (Lee & Hugall, 2003) among
hypothetical topologies using the equation used in Shen et al.
(2017). The obtained 2GLS values were plotted using the
“ggplot2” package in R (Wickham et al., 2016). Approximately
unbiased (AU) tests (Shimodaira, 2002) were conducted in
Consel v0.1 (Shimodaira & Hasegawa, 2001) to evaluate the
likelihood ratio difference test between the best ML tree and
alternative topologies. The Shimodaira-Hasegawa (SH) test
(Shimodaira & Hasegawa, 1999) was performed to measure
the congruence between single-gene trees. Site-wise log-
likelihood values for the hypothetical topologies were
estimated with the substitution model “GTR+GAMMA” (Yang,
1994) using RAXML v8.2.12 (option -f G) (Stamatakis, 2014).

Guanine-cytosine (GC)-rich bias

The GC content of each gene alignment was determined
using PhyKIT v1.5.1 (Steenwyk etal., 2021). Due to the
presence of degenerate bases at the third codon position,
which could potentially introduce bias into GC content
calculations, we specifically gauged the GC content at the
third codon position for exons, named GC3. Average GC
content in human genomes ranges from 35% to 60% across
100 kb fragments (International Human Genome Sequencing
Consortium, 2001). Here, alignments exhibiting a GC content
exceeding 60% were categorized as GC-rich genes.

Species tree analyses

Coalescence-based species trees were generated with
ASTRAL v5.7.3 (Zhang et al., 2017). Support for each node
was evaluated using local posterior probabilities assigned by
calculating the proportion of gene trees containing each node
after collapsing the gene tree nodes with SH-like test scores
<80. Moreover, the quartet frequencies were checked for
controversial branching using DiscoVista (Discordance
Visualization Tool) (Sayyari et al., 2018).

Molecular clock test

Molecular substitution was evaluated under a strict clock,
relaxed clock with independent-rate (IR) and autocorrelated-
rate (AR) models using the “mcmc3r’ package in R (dos Reis
etal., 2018). The MCMCTree program in PAML v4.9j (Yang,
2007) was used to calculate Bayes factors (BF) and posterior
model probabilities assuming equal prior model probabilities.
Marginal likelihoods were calculated by sampling trees from
power-posteriors using the stepping-stone method, with
values selected using mcmc3rimake.beta (n=8, a=5,
methods="step-stones”). Due to the computational intensity of
marginal likelihood calculations for large sequence
alignments, shorter MCMC chains were run, and more
frequent sampling was conducted using nsample=10 000 000
and samplefreq=2 with 100 BS replicates to calculate the
standard error (SE) following the stationary block BS method
(Politis & Romano, 1994). Four datasets were tested but
convergence could not be achieved for nucleotide alignments
of Dataset A, even after more than one month on our server
with a 2.30 GHz Intel (R) Xeon (R) Gold 5218 CPU. The IR
and AR models were further compared by plotting mean
divergence time of the internal nodes against the width of 95%
highest posterior density (HPD).

Molecular dating analyses

Molecular dating with calibration nodes from the fossil record
was performed using the MCMCTree program. The best
optimized tree topologies were used as the input trees for

MCMCTree analyses with Datasets A and B. All timetree
analyses were performed using the IR and AR models under
soft-bounded constraints. Analyses were run for 100 000
generations after a burn-in of 10 000 generations. Chains
were sampled every 100 generations. Each run was
conducted with both evolutionary rate models (IR and AR) at
least twice to check for convergence using Tracer v1.7.2. To
test fossil effects, tree topologies and sequence alignments
were conducted without fossil calibrations.

Lineage-through-time (LTT) analysis

The accumulation of extant mammalian families was
examined using LTT plots. Diversification-rate, pure-birth, and
birth-death scenarios were applied to fit the LTT model
(Etienne et al., 2016). The R packages RPANDA v2.2 (Morlon
etal.,, 2016) and Laser v2.3 (Rabosky, 2006) were used to
describe the diversification rate-constant (RC) and rate-
variable (RV) models using likelihood tests. The AICc scores
of the best-fitting RC and RV models were obtained following
the birth-death likelihood tests (Rabosky, 2006). Laser v2.3
included two RC models identical to those in RPANDA v2.2,
along with four distinct RV models. To further confirm whether
lineage accumulation showed continuous growth in marsupials
around the KPg boundary, LTT and diversification rate shifts
were analyzed using our timetree as well as those in Duchéne
et al. (2018) and Upham et al. (2019).

Branch-specific diversification rate estimation

To ascertain the heterogeneity of speciation rates across
different clades, three approaches were used to mitigate
potential bias associated with any individual method. Initially,
Bayesian analysis of macroevolutionary mixtures (BAMM) was
used to identify distinct diversification models across the
phylogeny. BAMM employs reversible-jump MCMC to
transition among rate frequencies configurations derived from
various prior models, including constant rate, birth-death,
pure-birth, and modeling evolutionary diversification using
stepwise AIC (MEDUSA)-like model. The RV model is
considered optimal compared to the RC model, contingent
upon the observed results. Accordingly, an RV MEDUSA-like
model was adapted to describe the evolutionary scenario. The
BAMM sample priors were inferred from setBAMMpriors, and
a no-data run was conducted to assess estimates based only
on prior information. Each analysis was run for 200 million
generations with sampling every 20 000 generations. BAMM
outputs were analyzed using BAMMtools v2.1.10 (Rabosky
etal,, 2014). Multiple runs were conducted to check for
convergence using Tracer v1.7.2. The effective sample size
(ESS) in each estimation exceeded 200. The first 10% of
samples were discarded as burn-in. Subsequently, branch-
specific diversification rates were evaluated under the
conditional birth-death-shift process via RevBayes v1.0
(Hohna et al., 2016). Priors for both speciation and extinction
rates followed a lognormal distribution, containing six and 20
rate categories, respectively. Two independent MCMC chains
were executed in RevBayes, each with 10 000 generations,
and a burn-in of 1 000 generations. Convergence within and
between MCMC chains was confirmed using Tracer. Lastly,
the fit_ClaDS function (Maliet etal., 2019) in the RPANDA
package was employed, using a Bayesian method to estimate
the branch-specific diversification rates in a phylogeny
context, which accounts for changes in diversification rates,
from multiple small shifts to occasional major shifts (Maliet
et al., 2019). Inference of branch-specific speciation rates and
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the hyper parameters was conducted under a constant
turnover rate (ClaDS2) over a span of MCMC 5 000 step.

RESULTS

Improvement in dataset matrices by filling gaps and
expanding alignment length

As both complete alignment and dense sampling are crucial
for estimating phylogeny and divergence time, we generated
two datasets in this study (Figure 1). Dataset A, derived from
Meredith etal. (2011), comprised an extensively augmented
alignment of 26 nuclear gene fragments (35 063 bp),
containing 21 protein-coding genes, plus five noncoding
fragments (Supplementary Table S1) from 162 mammalian
lineages within 147 families (accounting for approximately
95%—-99% of all extant mammalian families) (Duff & Lawson,
2004), as well as five nonmammalian outgroups. Meredith
etal. (2011) initially reported 74 species with missing gene
fragments. However, Dataset A added corresponding
sequences for 30 of these species, reducing the proportion of
missing genes from 6.3% in the previous study to 1.8% in this
study, markedly lower than the missing rate (>12%) reported
in Upham et al. (2019) (Figure 1).

Alvarez-Carretero et al. (2022) performed a multisequence
alignment involving 168 nuclear genes from 2 939 species.
Notably, the majority of families included only fragmentary
gene sequences, with the exception of Hominidae and
Muridae, which contained complete genes (Figure 1). As such,
Dataset B was generated, consisting of an alignment of 98
nuclear gene fragments (67 080 bp, Supplementary Table S2)
from 120 mammalian species (including species in
Supplementary Table S3) representing 105 families. The
proportion of missing nuclear gene fragments at the family
level in Dataset B was 11.8%, substantially lower than the
70.1% missing rate reported in Alvarez-Carretero et al. (2022).
Dataset B additionally incorporated sequence alignments for
the Tachyglossidae and Calomyscidae families, absent from
Dataset A. Reduced proportions of missing sequences in
Datasets A and B were expected to enhance the accuracy of

phylogenetic topologies and BS support. This expectation was
supported by our simulations, which indicated that decreased
rates of missing data and/or increased alignment lengths,
assuming a constant number of taxa, tended to diminish
deviations in accurate phylogenetic topologies and improve
BS support (Supplementary Figure S1).

New phylogenies resolved several relationships
Phylogenetic relationships were reconstructed using both
datasets based on Bayesian inference (BI) and ML
approaches. Given that concatenation strategies under a
single substitution model may not adequately represent the
substitution rate heterogeneity evolutionary history, multiple
partition strategies were employed, including noncoding+
coding regions, genes, codon positions and PartitionFinder.
AICc selected GTR+F+I+G as the optimal model for most
DNA partitions in all partitioning strategies.

The resulting phylogenies revealed robust support, with
approximately 88% of the internal nodes exhibiting BS support
290% and Bayesian posterior probabilities (BPP) =0.95
(Figure 2A, B). In these phylogenetic reconstructions, the
Theria clade bifurcated into marsupials and placentals. Within
marsupials, paraphyletic Ameridelphia was rooted prior to
monophyletic Australidelphia, while placentals were divided
into Atlantogenata (Afrotheria+Xenarthra) and Boreoeutheria
(Euarchontoglires+Laurasiatheria). In both datasets, over 94%
of internal nodes demonstrated concordance between the Bl
and ML trees, regardless of partitioning strategies or
sequence types (DNA or protein) (Figure 2A, B), strengthening
some relationships and resolving certain controversial
relationships. For example, BS support for the sister groups
Laonastidae and Ctenodactylidae increased to 100% in our
study compared to less than 90% in Meredith et al. (2011) and
Gatesy etal. (2017). The taxonomic organization of the
marsupial suborder Phalangeriformes, comprising two
superfamilies: Phalangeroidea (Burramuidae+Phalangeridae)
and Petauroidea (Pseudocheiridae+Petauridae+Tarsipedidae+
Acrobatidae), was previously based on morphological traits
related to the auditory region bone, e.g., fusion of the

Meedih et al Upham et al
(2011) (2013)

Alvarez-Garretero et al. (2021)
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Figure 1 Comparison of datasets between this and previous studies

Top panel is length of gene fragments corresponding to each column in bottom panel. Left and right annotations are family name (ordered by
phylogenetic relationships). Left four panels follow left family name annotation and right panels follow right family name annotation. Gap information
of gene fragments from Dataset A, Meredith et al. (2011), Upham et al. (2019), Alvarez-Carretero et al. (2022), and Dataset B. Blue and yellow
indicate present gene fragments in this and other studies, respectively, white indicates missing gene fragments.
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Figure 2 Phylogenetic trees and estimated divergence times of extant mammalian families

A: Phylogenetic timetree of 162 mammals, rooted with five vertebrate outgroups (chicken, zebra finch, green anole, frog, and zebrafish) generated

with Dataset A. B: Phylogenetic timetree of 120 mammals, rooted with one Monotremata outgroup (platypus) generated with Dataset B. All nodes

were strongly supported (BS=90% and Bayesian posterior probabilities (BPP)=0.95) except for nodes denoted by solid blue circles (consistent
between DNA and amino acid trees, with BS=70<90, BPP=0.90) or solid red circles (conflict between DNA and amino acid trees under different
partitioning strategies). Strongly supported nodes showing disagreement between the two datasets are indicated with solid black circles. Fossil
calibration points are tagged with bone cartoon icons. Dashed line corresponds to KPg boundary. Long branches are truncated with double slashes.
C: Improved phylogenetic relationships among families compared to previous studies or different datasets with consistent topology. Meredith et al.
(2011) & Dataset A/protein mean topologies between Meredith et al. (2011) and Dataset A/protein are consistent, and BS values sourced from the

Dataset A/protein.

ectotympanic bone with other bones of the skull (Springer &
Woodburne, 1989), with the recent identification of
orthologous short interspersed element (SINE) markers
attesting to its monophyly (Doronina et al., 2022). However,
molecular sequence data have challenged the monophyly of
Phalangeriformes, favoring a closer affinity between
Macropodiformes and Phalangeroidea (Beck, 2008; Meredith
etal.,, 2009; Phillips & Pratt, 2008) or Petauroidea (May-
Collado etal., 2015; Mitchell etal., 2014), with the latter
relationship supported by recent research of 1 550 exonic loci
(Duchéne etal.,, 2018). Consistent with these molecular
insights, Dataset A also favored the latter grouping, with more
than 90% BS support, higher than the support levels reported
in previous studies (Figure 2C).

The high degree of consistency in phylogenetic
relationships between the two alignments was considered
reliable as BS support exceeded 90% for the consistent
nodes. For example, analyses of Dataset A and data from
Meredith etal. (2011) showed inconsistent positions for
Ursidae within Caniformia. However, nucleotide and protein
alignments of Dataset B positioned Ursidae as the basal-most
lineage of Arctoidea, with identical BS support for the DNA
and protein alignments (BSgata 8oNA=BSdata Biprotein=100%),
regardless of partitioning strategies (Figure 2C). This
placement is supported by retrophylogenomic evidence
(Doronina et al., 2015) and mitogenomic data (Arnason et al.,
2007) but contradicts the reported sister relationship of
Ursidae and Pinnipedia (Yu etal., 2011). Similar conflict
occurred for the placement of Soricidae within Eulipotyphla. In
the ML tree generated from Dataset B, Erinaceidae, not
Talpidae, was strongly supported as the sister group of
Soricidae (Bsdata B/DNA—genezgS%; Bsdata B/protein—genezgs%)
(Figure 2C), as substantiated by nuclear and mitochondrial
gene analyses (Brace etal., 2016; Narita et al., 2001; Sato

et al., 2019) and dental characteristics (Archer et al., 2011). In
contrast, nucleotide alignment of Dataset B only moderately
supported Cricetidae as sister to Muridae (BSyata sioNA-gene™
84%), while protein alignment weakly supported Cricetidae as
sister to Nesomyidae (BSyata giprotein-gene=47%). The ML tree
generated from Dataset A, which involved dense sampling,
yielded concordant evidence grouping Cricetidae with Muridae
(Bsdata A/DNA-gene+codon™ 100%; Bsdata A/protein—gene=63%)
(Figure 2C), as verified by multiple mitochondrial and nuclear
genes (Blanga-Kanfi etal., 2009; Steppan etal., 2004;
Steppan & Schenk, 2017) and thousands of ultraconserved
elements (UCEs) (Swanson et al., 2019).

Exploration of sequence and tree heterogeneity for
conflicting topologies

We adopted two methods to estimate the reliability of optimal
topologies in long-standing phylogenetic relationships,
including placental root, phylogenetic position of Scandentia,
interordinal  relationships  within  Laurasiatheria  and
Paenungulata, and intraordinal group surrounding the sister
group of Sciuromorpha in Rodentia (Figure 3; Supplementary
Tables S4-S7). First, recent research has suggested that a
small subset of genes in a large data matrix may yield extreme
log-likelihood scores that bias specific topologies, thereby
obscuring the unbiased phylogenetic signals of the remaining
genes (Shen etal., 2017). Based on 2GLS values between
contentious branches, our results revealed no pronounced
bias towards any specific branch (Figure 3) and no substantial
difference in the number of genes supporting conflicting
topologies (Figure 3). Second, the AU (Shimodaira, 2002) and
SH tests (Shimodaira & Hasegawa, 1999) applied to
nucleotide alignments demonstrated no significant differences
across various branch arrangements (Supplementary Tables
S4, S6). However, when the two tests were applied to amino
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acid alignments, they consistently rejected the sister-group
relationships between Artiodactyla and Ferae
(Carnivora+Pholidota) (Pyata asprotein-sn<0.05, SH probability of
amino acid alignment A; Pyata arprotein-au<0.05; Supplementary
Table S5) and between Perissodactyla and Ferae
(Pdata B/protein-SH<0-O1; Pdata B/protein—AU<O-001; SuPpIementary
Table S7) in Laurasiatheria. In our previous work, we used 97
orthologous genes and 1 608 exons to resolve this puzzle with
reliable topology, (Chiroptera, ((Perissodactyla, Artiodactyla),
Ferae)) (Zhou etal., 2012), as corroborated by datasets
containing 12 931 genes (Jebb et al., 2020) and 3 787 UCEs
(Esselstyn et al., 2017). This topology currently represents the
prevailing phylogenetic relationship at the genomic level data,
although 3 638 intron sequences displayed a different
phylogenetic topology: ((Perissodactyla, Chiroptera), (Ferae,
Artiodactyla)) (Chen et al., 2017).

Recent phylogenomic studies have reported that base
composition of markers carries unambiguous phylogenetic
signals, but GC-content rich genes are biased phylogenetic
tree reconstructions (Betancur-R etal., 2013; Collins etal.,
2005; Nabholz et al., 2011; Rodriguez-Ezpeleta et al., 2007;
Romiguier et al., 2013a, 2013b). The ML tree exclusive of GC-
rich genes (Supplementary Table S8) showed no differences
in topologies (Supplementary Table S9), indicating the GC-
rich regions introduced no bias in this study.

Incomplete lineage sorting (ILS), a process whereby
different loci yield topologically distinct phylogenies, is a major
source of ambiguous relationships. To address this, we
applied coalescent-based “species tree” methods (Edwards,
2009), known to perform well in situations involving conflict
caused by ILS. While Meredith etal. (2011) and Song et al.
(2012) stated that 26 gene fragments either introduce bias or
are insufficient for resolving the phylogeny of Eutherian
mammals using coalescence-based methods, Gatesy et al.
(2017) argued that the observed limitations may be
attributable to simplistic DNA substitution models rather than
insufficient fragments. In that respect, our coalescence-based
results from Datasets A and B were still reliable. Moreover, the
phylogenetic relationships between the “species tree” and ML
tree were highly consistent, even when resolving conflicting
relationships, including those within Laurasiatheria and
Paenungulata, the placental root, and the sister group of
Sciuromorpha in Rodentia (Figure 3). Here, we focused on the
relative frequency of gene trees, rather than “species trees”, to
analyze ambiguous relationships and avoid potential bias
associated with the “species tree” method. First, over 45% of
gene tree quartets in ASTRAL analyses of the two datasets
supported Proboscidea and Hyracoidea as a sister group, as
corroborated by multiple nuclear and mitochondrial gene
fragments and thousands of UCEs (Esselstyn etal., 2017;
Meredith et al., 2011; Shimodaira, 2002). However, the AU
and SH tests applied to the amino acid alignment of Dataset B
contradicted the monophyly of Tethytheria (Proboscidea plus
Sirenia) (Pdata B/protein-SH<0-05; Pdata B/protein—AU<0-05:
Supplementary Table S7), as previously proposed by various
studies based on nuclear and mitochondrial sequences,
transposon insertion/deletion matrices, fossil records, and
morphological characters (Beck et al., 2014; Lavergne et al.,
1996; Murata et al.,, 2003; Nishihara et al., 2005; Puttick &
Thomas, 2015; Romiguier et al., 2013a). Second, although the
AU tests applied to the amino acid alignment of Dataset B
opposed the Atlantogenata rooting hypothesis (Pgata g/protein-au<
0.05; Supplementary Table S7), 40% of gene tree quartets

supported Atlantogenata as the root of placental mammals
(Figure 3), consistent with many genomic data studies
(Esselstyn etal., 2017; Liu etal., 2017; Song etal., 2012;
Tarver etal.,, 2016). Third, more than 70% of gene tree
quartets placed Sciuromorpha at the basal position of
Rodentia, followed by divergence  between the
Hystricomorpha and mouse-related clades (Figure 3). This
topology coincides with phylogenomic analyses based on
exons (Feijoo & Parada, 2017; Scornavacca & Galtier, 2017)
and transposons (Churakov etal., 2010; Doronina etal.,
2017b) but conflicts with the proposed sister relationship
between Sciuromorpha and Hystricomorpha (Montgelard
et al., 2008; Swanson et al., 2019). Finally, with respect to the
position of Scandentia, although the relative frequency of gene
tree quartets indicated Scandentia and Primatomorpha as
sister groups over the other two topologies, the evidence was
not highly compelling (Figure 3). Based on 3 787 UCEs,
Esselstyn et al. (2017) also supported Scandentia as a sister
group to Primatomorpha but failed to reject a sister
relationship between Scandentia and Glires. Moreover, Liu
etal. (2017) constructed a species tree using 4 388 genes,
suggesting a sister group between Scandentia and Glires.
However, this phylogenetic affinity was challenged by Lin et al.
(2014), who posited that the perceived relationship could be
attributed to an accelerated evolutionary rate in these two
groups. Consequently, Scandentia is more likely to be a sister
group of Primatomorpha than to Glires. In summary, these
findings indicate that ILS is a critical determinant in existing
deep-level incongruences in the phylogeny of placental
mammals.

Placental diversification initiated in Late Cretaceous
We conducted dating analyses using MCMCTree (Yang,
2007), incorporating 76 and 43 selected fossil calibrations for
Datasets A and B, respectively (Supplementary Table S10).
Inaccurate application of molecular clocks may introduce bias
to dating estimates (dos Reis et al., 2015, 2016). Thus, we
employed two strategies to determine the most appropriate
molecular clock for estimating divergence time. Bayesian
model selection using thermodynamic integration indicated
that the AR model exhibited the highest marginal likelihood for
both the amino acid alignment of Dataset A and nucleotide
alignment of Dataset B (posterior model probability=1.00),
while the IR model exhibited the highest marginal likelihood for
the amino acid alignment of Dataset B (posterior model
probability=0.98) (Supplementary Table S11). Given the
computational burden of marginal likelihood calculations,
particularly for the nucleotide alignment of Dataset A, we
plotted the mean divergence time of internodes against the
95% HPD width for this dataset. The divergence time plot
showed that the IR model was positively correlated with finite-
sites from Dataset A nucleotide alignment (Supplementary
Figure S2). The divergence times for most interordinal and
intraordinal lineages determined from nucleotide alignment
exhibited narrower 95% HPD intervals compared to the
estimates derived from amino acid alignment (Supplementary
Figure S2). Therefore, the IR model was preferable to the AR
model in divergence time estimation for Dataset A nucleotide
alignment and Dataset B amino acid alignment, whereas the
AR model was preferable over the IR model for Dataset A
amino acid alignment and Dataset B nucleotide alignment.
Compared with the timetree reported in Meredith etal.
(2011) (Figure 4), the divergence time of the nucleotide
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Figure 4 Divergence times of extant mammals

A, C: Mean values (solid dots) and 95% HPD intervals (solid lines) for interordinal (left part of gray vertical line) and intraordinal (right part of gray
vertical line) divergence times, derived from DNA sequences (purple solid dots and lines) and protein alignments (orange solid dots and lines) of
Datasets A and B, respectively. B, D: Intraordinal divergence times as reported by Meredith et al. (2011) from corresponding sequences of A and C,
respectively. 26 DNAs and 98 DNAs represented DNA sequences, 21 AAs and 98 AAs represented protein alignments. AR represented
autocorrelated clock and IR represented the independent clock. Dotted line indicates KPg boundary.

alignment of Dataset A was more ancient (Supplementary
Table S12), while the amino acid alignment estimation was
relatively younger (Supplementary Table S13). This may have
resulted from the efforts of filling the gaps in Meredith et al.
(2011) and/or updated fossil calibrations (Supplementary
Table S14). Our dating analyses revealed that placental
radiation was incompatible with current placental radiation
models. The split of Theria occurred approximately 163 Ma,
close to the recent species-level mammalian tree (Upham
etal.,, 2019). The diversification of placentals was dated to
101.4 Ma (95% HPD, 94.6-108.2 Ma) for the DNA alignment
(Supplementary Table S12) and 92.2 Ma (95% HPD,
85.1-99.8 Ma) (Supplementary Table S13) for the protein
alignment of Dataset A. These estimates correspond with, or
even predate, the Late Cretaceous (66.0-100.5 Ma),
consistent with the dates reported in Bininda-Emonds et al.
(2007) (mean: 98.5 Ma, 95% HPD: 93.2-108.1 Ma) and
Upham et al. (2019) (mean: 91.8 Ma, 95% HPD: 77.4-105.0),
but older than the trans-KPg (mean: 75.2 Ma) (Liu et al., 2017)
and explosive models (mean: 77.2 Ma) (Phillips, 2016) and
Alvarez-Carretero etal. (2022) (mean: 80.3 Ma) (Table 1;
Supplementary Figure S3). In parallel, the most recent
interordinal split, between Sirenia and Proboscidea, was
estimated at approximately 56.6 Ma (95% HPD, 48.8-
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66.6 Ma), which was not accounted for by either the long or
short fuse models. Consequently, our results suggested that
placental diversification may have commenced during, or even
prior to, the Late Cretaceous, with subsequent interordinal
lineage divergences extending to the Paleocene (56-66 Ma)
and more than 40% (10/21) of intraordinal lineages crossing
the KPg boundary (Figure 4A, C), a model we termed the long
trans-KPg model.

Progressive radiation of extant mammals after KPg
boundary

We examined the dynamics of lineage accumulation through
time in the mammalian timetree by fitting the RC and RV
models to mammalian diversification. The likelihood tests
using RPANDA (Foley etal.,, 2016) and Laser (Rabosky,
2006) both demonstrated that the best RC model of extant
mammalian diversification was pure birth, and that the RV
models were superior to the RC models for fitting mammalian
lineage accumulation throughout evolutionary history (Table 2;
Supplementary Table S15).

Our results further showed that lineage accumulation
progressively increased from 100 Ma to 20 Ma for extant
mammals, marsupials, and placentals (Supplementary Figures
S4, S5). Only one order, Eulipotyphla, had a 95% HPD that
was entirely restricted to the Cretaceous, with the remaining



Table 1 Divergence time (Ma) differences between this and other studies

Taxon This study Bininda-Emonds et al., 2007  Phillip, 2016 Upham et al., 2019 Alvarez-Carretero et al., 2022
Mean Mean Difference Mean Difference Mean Difference Mean Difference
Placentalia 101.4 98.5 29 77.2 24.2 91.8 9.6 80.3 211
Xenarthra 60.3 70.5 -10.2 46.8 13.5 67.4 =71 63.6 =83
Afrotheria 77.8 90.4 -12.6 57.7 201 80.0 -2.2 70.8 7.0
Afrosoricida 64.9 82.4 -17.5 51.4 13.5 70.4 -5.5 60.0 4.9
Macroscelidea  48.4 47.5 0.9 38.7 9.7 59.0 -10.6 49.8 -1.4
Paenungulata 63.4 75.8 -12.4 452 18.2 54.0 9.4 60.3 3.1
Hyracoidea 71 18.6 -11.5 3.1 4.0 10.0 -2.9 13.14 -6.04
Proboscidea 6.0 19.5 -13.5 1.3 4.7 10.1 -4.1 5.44 0.56
Sirenia 324 52.2 -19.8 5.7 26.7 14.3 18.1 34.3 -1.9
Boreoeutheria  91.8 96.1 -4.3 72.3 19.5 83.5 8.3 751 16.7
Laurasiatheria  84.1 87.8 -3.7 64.6 19.5 751 9.0 73.8 10.3
Eulipotyphla 78.1 82.5 -4.4 59.1 19.0 74.3 3.8 70.1 8.0
Chiroptera 64.7 71.2 -6.5 50.3 14.4 571 7.6 57.9 6.8
Perissodactyla  57.6 55.8 1.8 27.9 29.7 38.7 18.9 59.5 -1.9
Pholidota 52.6 19.1 33.5 15.3 37.3 271 255 34.8 17.8
Carnivora 56.3 63.4 =71 36.7 19.6 40.2 16.1 51.7 46
Artiodactyla 64.9 70.7 -5.8 45.4 19.5 58.4 6.5 55.7 9.2
Euarchontoglires 81.3 91.8 -10.5 67.6 13.7 77.0 43 69.8 11.5
Primatomorpha 79.4 88.5 -9.1 66.9 12.5 / / 66.5 12.9
Primates 64.7 84.5 -19.8 59.9 4.8 67.1 -24 63.1 1.6
Dermoptera 524 15.0 37.4 5.5 46.9 9.6 42.8 20.5 31.9
Scandentia 111 31.7 -20.6 44.3 -33.2 52.8 -41.7 58.1 -47.0
Glires 77.0 88.9 -11.9 65.8 11.2 72.4 46 66.2 10.8
Rodentia 67.0 82.8 -15.8 60.4 6.6 67.9 -0.9 60.8 6.2
Lagomorpha 55.7 64.3 -8.6 414 14.3 50.9 4.8 48.3 7.4
Sum (P=4.34e-03) -149.1 (P=1.94e-05) 389.9 (P=1.12e-02) 111.9 (P=5.17e-04) 130.82

Difference represented the mean value of our study minus other studies.

intraordinal diversification occurring later or across the KPg.
To further confirm whether lineage accumulation showed
continuous growth around the KPg boundary, we analyzed
lineages through time and diversification rate shifts using our
timetree as well as those from Duchéne etal. (2018) and
Upham et al. (2019) (Table 2; Supplementary Figure S5B).
The significantly negative Gamma statistic rejected the
constant diversification rate through time hypothesis and
indicated a concentration of nodes toward the root of tree,
suggesting a decreasing diversification rate over time for
extant family-level mammals, marsupials, and placentals (r<0
and P <0.05; Table 3). Additionally, branch-specific
diversification rate shifts appeared to be randomly distributed
and discordance shifts were disordered on the mammalian
tree (Supplementary Figure S6), thereby excluding the
possibility that specific taxonomic groups exerted a
disproportionate influence on overall patterns of diversification.
Therefore, the legacy of KTR boosted mammalian
diversification and was not interrupted by the KPg boundary in
living placentals and marsupials. Thus, it is reasonable to
speculate that numerous vacant niches after the KPg
catastrophe contributed to extant mammalian radiation,
especially intraordinal diversification (Meredith et al., 2011).
However, we cannot rule out the benefits of angiosperm
radiation (Liu etal.,, 2017) and mammalian adaptation to
environmental challenges (Upham et al., 2019).

DISCUSSION

Our study resolved the phylogenetic relationships among the

vast majority of extant mammalian families, including specific
nodes that have been the subject of long-standing debate.
Resolution was achieved using multiple partitioning strategies
employed in the ML and BI phylogenetic reconstructions, as
well as the relative frequency of gene tree quartets. Our
results corroborated the division of Theria into marsupials and
placentals. Furthmore, within marsupials, Ameridelphia was
paraphyletic and gave rise to a monophyletic Australidelphia,
whereas, within placentals, the Atlantogenata and
Boreoeutheria clades were distinctly delineated. No evidence
was found that extreme log-likelihood values from a limited
number of genes or GC-rich regions led to biased results.
Rather, ILS was identified as a crucial factor contributing to
the existing deep-level incongruences found in the phylogeny
of placental mammals, refuting the suggestion that ILS is the
minor determinant of existing phylogenetic conflicts in
mammals (Scornavacca & Galtier, 2017).

The proper translation of fossil data into calibration points is
essential for the reliability of divergence dating estimations.
Here, the estimated divergence times for the calibration
internodes in the phylogenetic tree largely coincided with
known fossil records (Supplementary Figures S7-S13), with a
few exceptions. Notably, we identified several ghost lineages,
inferred to exist but with no fossil record, in three placental
groups, ie., Anthropoidea, Octodontoidea, and
Loridae+Galagidae  (Supplementary Table S16). The
divergence times for Anthropoidea, estimated using the IR
clock applied to DNA and amino acid alignments of Dataset B,
were 6.4-27.5 Ma and 6.9-26.7 Ma, respectively
(Supplementary Figures S11-S14 and Table S16). However,

Zoological Research 44(6): 1064—1079, 2023 1075



Table 2 Likelihood tests of RC and RV models of mammalian diversification from R packages

R package laser RPANDA

Model Parameter LH AlIC LH AlCc

RC model PB -114.036 230.071 -773.751 1549.528
BD -111.036 232.071 -773.752 1551.578

RV model yuleZrate -78.601 163.202 - -
yule3rate -69.722 149.444 = =
B-Lin_D - - -752.352 1510.855
B_D-Lin = = -741.540 1489.232

LH, log-likelihood; AIC, Akaike information criterion; AlCc, corrected Akaike information criterion; PB, pure birth (Yule) model with constant
speciation rate; BD, birth-death model with constant speciation and extinction rate; yule2rate, pure birth model, assumes clade has diversified under
net diversification rate r1 until some time point st, at which point the diversification rate shifts to a new rate r2; yule3rate assumes a diversification
rate r1 until some time point st7 shifts to a new rate r2, then until another time point st2 shifts to a new rate r2; B-Lin, pure birth with linear variation
of speciation rate; D-Lin, birth-death model with linear variation of extinction rate. —: Not available,

Table 3 Test for deviations from constant diversification rate through time using y statistic

Group Number of lineages y value P-value Reference

Mammals 162 -8.119 2.36x107"8 This study
Placentals 138 -8.650 0 This study
Marsupials 24 -2.740 2.00x107% This study
Marsupials 45 -1.325 0.185 Duchéne et al., 2018
Marsupials 362 2.007 0.045 Upham et al., 2019

these estimates conflict with the youngest known fossil of the
Anthropoidea genus Branisella, dated at 28.3 Ma (Kay et al.,
1998). Comparable discrepancies were observed for
Octodontoidea and Loridae+Galagidae. We also identified two
zombie lineages, which extended beyond known fossil
records. Specifically, the divergence times of Primates and
Haplorrhini, estimated using the AR clock applied to
nucleotide alignment of Dataset A, were approximately
67.5-71.7 Ma and 62.2—67.5 Ma, respectively (Supplementary
Figure S8 and Table S16). These estimates exceed the
maximum known fossil ages for these groups: 66 Ma for
Primates, based on early Paleocene fossils of plesiadapids,
paromomyids, and carpolestids (Springer etal., 2017); and
59.2 Ma for Haplorrhini based on the potential late Paleocene
discovery of the stem anthropoid genus Altiatlasius (Springer
etal., 2017).

Additionally, the mean divergence time estimated for the
most common ancestor of Cetacea was 31.8 Ma, according to
Dataset A (Supplementary Figures S7-S10). This is more
recent than the oldest known crown cetacean fossil, the stem
mysticete Mystacodon selenensis, dated at around 36.4 Ma
(Lambert et al., 2017). The mean divergence time estimated
from the amino acid alignment of Dataset B did not precede
the oldest known fossil time for crown cetaceans. The
maximum mean divergence time for the Cetacea split was
37.1 Ma, aligning more closely with the estimates of McGowen
etal. (2020) and predating those of Chen etal. (2011) and
Zhou etal. (2011). To assess the influence of calibration
points falling outside the 95% HPD interval, we conducted
additional dating without those points. Results showed that the
recalibrations had no obvious effect on mean estimated
divergence times (Pgata A-DNAT0.89;  Pgata  A-protein=0.02;
Supplementary Tables S17, S18), although they did potentially
impact the 95% HPD of divergence times (Pyaia a-ona=0.27;
Pyata A-protein=4.46€-05; Supplementary Tables $17, S18).
Consequently, both zombie and ghost lineages should be
carefully compared to the fossil record in divergence time
estimation analyses.

Our timetree offered a comprehensive dating estimation for
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mammalian radiation, with extensive coverage of extant
families and approximately 100 molecular markers. However,
our divergence dating differed from previous molecular clock-
based estimates (P<0.05, Table 1). Long-standing
discrepancies surround the onset time of placental radiation
and whether interordinal and intraordinal diversification
occurred before or after the KPg boundary. Neither the
morphological-based short fuse model (Archibald &
Deutschman, 2001), which posits interordinal radiation prior to
the KPg, nor the molecular-based explosive and soft explosive
models (Archibald & Deutschman, 2001), which posit that
intraordinal radiation occurred post-KPg, were consistent with
placental radiation patterns identified in our study. Our findings
were similar with the trans-KPg model (Liu et al., 2017), i. e.
interordinal and intordinal radiations across the KPg boundary,
but showed more ancient divergent onset time than trans-KPg
model (Liu etal., 2017). Specially, the diversification of
placental orders began approaching (the mean value of 92.2
Ma estimated from protein sequences) and even earlier the
Late Cretaceous (the mean value of 101.4 Ma estimated from
nucleotide sequences). Our model of placental radiation was
constructed using carefully aligned DNA and protein
alignments and an appropriately selected molecular clock.
However, we noted that certain lineages, such as the
aforementioned zombie and ghost lineages, may lie outside
the scope of fossil calibration. Gatesy & Springer (2017)
suggested that the presence of zombie lineages may
compromise the reliability of timetree estimates. Whether the
disparities in our results are due to limitations in clock
methodology or inconsistencies in the fossil record remains a
subject for future investigation.
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