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In brief

The majority of marsupial genomes are

affected by incomplete lineage sorting,

which causes unique morphological traits

in descendant species. Through in-depth

phylogenetic analyses and in vivo

validation, these data resolve the

marsupial lineage at high resolution and

suggest a strong impact of ILS on

phylogenic relationships.
ll

mailto:guojie.zhang@bio.ku.dk
https://doi.org/10.1016/j.cell.2022.03.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2022.03.034&domain=pdf


ll
Article

Incomplete lineage sorting
and phenotypic evolution in marsupials
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Chile
18Millenium Institute for Integrative Biology (iBio), Santiago, Chile
19Millennium Nucleus of Patagonian Limit of Life (LiLi), Valdivia, Chile

(Affiliations continued on next page)
SUMMARY
Incomplete lineage sorting (ILS) makes ancestral genetic polymorphisms persist during rapid speciation
events, inducing incongruences between gene trees and species trees. ILS has complicated phylogenetic
inference in many lineages, including hominids. However, we lack empirical evidence that ILS leads to incon-
gruent phenotypic variation. Here, we performed phylogenomic analyses to show that the South American
monito del monte is the sister lineage of all Australian marsupials, although over 31% of its genome is closer
to the Diprotodontia than to other Australian groups due to ILS during ancient radiation. Pervasive conflicting
phylogenetic signals across the whole genome are consistent with some of the morphological variation
among extant marsupials. We detected hundreds of genes that experienced stochastic fixation during ILS,
encoding the same amino acids in non-sister species. Using functional experiments, we confirm how ILS
may have directly contributed to hemiplasy in morphological traits that were established during rapid marsu-
pial speciation ca. 60 mya.
INTRODUCTION

A central goal of comparative genomics is to understand the

relationship between genomic and phenotypic divergence

during speciation. However, evolutionary events such as intro-
1646 Cell 185, 1646–1660, May 12, 2022 ª 2022 Elsevier Inc.
gressive hybridization, convergent evolution, and incomplete

lineage sorting (ILS) often complicate our inferences of pheno-

typic evolution by causing phylogenetic incongruence between

morphological and molecular data (Dávalos et al., 2012; Gau-

bert et al., 2005; Larson, 1998; Olsson et al., 2010; Zou and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2022.03.034&domain=pdf
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Zhang, 2016). Although hybridization events and episodes of

convergent evolution occur after speciation, ILS happens dur-

ing speciation and is particularly likely in rapid successive

speciation events, which implies that ancestral polymorphisms

persist when descendant lineages have irreversibly diverged

(Avise and Robinson, 2008; Bravo et al., 2019; Degnan and

Rosenberg, 2009; Szöll}osi et al., 2015). ILS, also called hemi-

plasy, has been an enigmatic source of topological discor-

dance between gene trees and species trees (Avise and Robin-

son, 2008). This has been reported in insects (Pollard et al.,

2006), birds (Jarvis et al., 2014), marine mammals (Lopes

et al., 2021), Australian marsupials (Gallus et al., 2015; Nilsson

et al., 2018), and great apes (Mailund et al., 2014), offering ma-

jor challenges in reconstructing phylogenetic relationships. ILS

events are most likely to occur when new lineages rapidly

descend from ancestors with large effective population sizes

(Ne), conditions that have likely applied in many lineages during

at least some part of their evolutionary history (Pease et al.,

2016; Suh et al., 2015). However, understanding the general

impact of ILS has remained elusive because reliable detec-

tion and quantification require fully sequenced reference ge-

nomes from an entire phylogeny and the application of compu-

tationally demanding algorithms for comparative bioinformatics

analyses.

The early diversification of the marsupial mammals is a

classic example of a rapid radiation that resulted in a long-

standing interpretational controversy of the phylogeny (Nilsson

et al., 2010; Szalay, 1994). The phylogenetic position of the

enigmatic Microbiotheria, represented by only a single extant

species, the South American monito del monte (Dromiciops

gliroides), has played a key role in this debate (Amrine-Madsen

et al., 2003; Burk et al., 1999; Duchêne et al., 2018; Mitchell

et al., 2014; Nilsson et al., 2003, 2010; Springer et al., 1998)

because it shares many characteristics with Australian marsu-

pials (see below). Although the most recent molecular phyloge-

netic analyses suggested that D. gliroides is the sister taxon of
Australasian marsupials, which is a monophyletic group that

reached Australasia by a single migration event from South

America (Nilsson et al., 2010), earlier analyses based on mtDNA

and morphology suggested alternate scenarios, hinging on the

phylogenetic placement of D. gliroides, that marsupials colo-

nized Australia twice via Antarctica/South America (Nilsson

et al., 2004).

D. gliroides is a special lineage because it shares various

anatomical characters with all, or some, Australian marsupials.

For example, their ankle bone articulation is more similar to

that of Australian marsupials, especially the diprotodontians

(Szalay, 1982, 1994), than to that of South American marsupials.

D. gliroides also has unpaired sperm and lacks mammary glands

in themales, similar to Australianmarsupials, but in contrast to all

other South American marsupials (Frankham and Temple-Smith,

2012; Renfree et al., 1990; Temple-Smith, 1987, 1994; Tyndale-

Biscoe and Renfree, 1987). Also, their chromosome morphology

more closely resembles that of the Australian marsupials (Shar-

man, 1982), and there is mosaicism in the D. gliroides male sex

chromosomes, similar to Australian petaurids and peramelids

but unlike other South American marsupials (Gallardo and Pat-

terson, 1987). Finally, recent comparisons of the brain structure

of D. gliroides and other marsupials showed greater similarity to

Australian marsupials, especially the diprotodontians (Gurovich

and Ashwell, 2020).

Here, we present a draft genome of D. gliroides and detailed

phylogenomic comparisons with five other marsupial species.

Our analyses confirm that exceptionally high frequencies of ILS

must have contributed to the controversy over the early

geographic speciation among ancestral marsupials. After identi-

fying a series of genes with strong signatures of ILS, we used

transgenic techniques to demonstrate that ILS can induce

morphological similarity across non-sister lineages. Our results

underline the likely pervasiveness of ILS and the urgency of

quantifying its general impact on phylogenetic reconstruction

and trait evolution.
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Figure 1. Phylogenetic tree based on WGAs using the RAxML concatenation-based method

The best-scoring ML tree had 100% bootstrap node-support values. The branch length scale refers to the expected number of substitutions per site. The sketch

map indicates the geographic distribution of monito del monte obtained fromOda et al. (2019) and the distribution data for the other fivemarsupials obtained from

International Union for Conservation of Nature (IUCN). See also Figure S1 and Tables S1 and S2.
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RESULTS

Phylogenomic analyses support themonito delmonte as
a sister lineage to the Australian marsupials
Several studies have demonstrated the power of using whole

genome data for addressing deep evolutionary relationships

(Jarvis et al., 2014; Rokas et al., 2003; Wolf et al., 2002). To

resolve themarsupial tree of life, we obtained a draft genome as-

sembly of monito del monte (Microbiotheria, Micr) using Illumina

short read sequencing for an assembly length of 3.4 Gb with a

scaffold N50 size of 17.8 Mb, a contig N50 size of 10.2 kb, and

20,639 protein-coding genes (Tables S1 and S2). We performed

comparative phylogenomic analyses with two diprotodontian

marsupials (Dipr): a phascolarctid, the koala (Phascolarctos cin-

ereus, RefSeq: GCF_002099425.1) (Johnson et al., 2018), and a

macropodid, the tammar wallaby (Macropus eugenii, GenBank:

GCA_000004035.1) (Renfree et al., 2011); two dasyuromorphian

marsupials (Dasy): Tasmanian devil (Sarcophilus harrisii, RefSeq:

GCF_902635505.1), and brown antechinus (Antechinus stuartii,

GenBank: GCA_016696395.1) (Brandies et al., 2020); and a di-

delphimorphian, a didelphid, the gray short-tailed opossum

(Monodelphis domestica, RefSeq: GCF_000002295.2, Mono)

(Mikkelsen et al., 2007) as the outgroup.

We extracted approximately 984 Mb of orthologous regions

from the whole genome alignments (WGAs) of these six spe-

cies and used these regions for phylogenetic analyses with
1648 Cell 185, 1646–1660, May 12, 2022
both the coalescence-based method, ASTRAL-III (Zhang

et al., 2018), and the concatenation-based method, random-

ized axelerated maximum likelihood (RAxML) (Stamatakis,

2006). These two approaches resulted in an identical tree

topology that placed the monito del monte outside the Aus-

tralasian group, as sister clade to the common ancestor of

Diprotodontia and Dasyuromorphia (this topology is hereafter

referred to as the ‘‘Dipr_Dasy tree’’) (Figures 1 and S1). Our

Dipr_Dasy tree conflicts with previously published phylog-

enies, including one inferred from mitochondrial data

(‘‘Dasy_Micr tree’’) (Nilsson et al., 2004) and one based on

morphological characters (‘‘Dipr_Micr tree’’) (Horovitz and

Sánchez-Villagra, 2003). The Dasy_Micr tree combined Da-

syuromorphia and monito del monte as closest relatives,

whereas the Dipr_Micr tree recovered Diprotodontia and mon-

ito del monte as closest relatives. We also obtained the

Dipr_Dasy tree when using only the coding regions, the

4-fold degenerate sites, the first and second codon positions

(C12) and the third codon positions (C3) of 9,227 orthologous

genes identified in all six species (Figure S1). Finally, given

that transposable elements (TEs) are generally free of homo-

plasy (Springer et al., 2020), we also constructed a species

tree from the retroelement bipartitions converted from a

presence/absence matrix of 401 informative markers and

once more obtained a Dipr_Dasy tree. Thus, irrespective of

the tree-building method and data used, we recovered a
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consistent topology that supports the monophyly of our sam-

pling of Australian marsupials (Figure 1), and we, therefore,

used the Dipr_Dasy tree as the marsupial speciation tree in

downstream analyses.

Pervasive incomplete lineage sorting throughout
marsupial genomes
We produced individual gene trees based on ca. 569 Mb WGAs

using non-overlapping 100 bp windows and 22,743 exon blocks

of orthologs after removing the low-quality blocks. These phylo-

genetic analyses revealed substantial discordances between the

species tree and the gene trees, with the latter generating two

alternative topologies, the Dasy_Micr tree and the Dipr_Micr

tree. Overall, we found that 59.53% of the WGAs and 62.17%

of the exon blocks supported a topology placing the monito

del monte together with the Australasian group (Figure 2A).

Such high proportions suggest pervasive marsupial gene tree

incongruence in the ancestral population of Diprotodontia and

Dasyuromorphia, which might have been significantly affected

by either ILS or hybridization. We also compared the numbers

of TEs showing presence and absence patterns following the

three topologies. We found 80 TEs supporting the Dipr_Dasy

partition with the retroelement insertion occurring in the ancestor

branch of Diprotodontia and Dasyuromorphia, and a similar

number of TEs supported each of the other two partitions

(Dipr_Micr and Dasy_Micr) as expected under ILS (Figure 2B).

By applying amulti-directional Kuritzin-Kischka-Schmitz-Chura-

kov (KKSC) insertion significance test on the number of markers

shared by the different lineages (Kuritzin et al., 2016), we found

that polytomy could be convincingly rejected (p value =

2.0437e�16) and that hybridization could not be accepted

(p value = 0.5966) as alternative explanation, which implies that

the symmetric conflicting TEs are likely to be the result of ILS.

Genome-wide signatures of ILS and hybridization can be

distinguished because coalescence times for regions under

ILS should be older than the speciation events, whereas hybrid-

ization occurs after speciation is completed (Figure S2A). To test

the ILS and hybridization models, we partitioned the genomic

sequences into three paired-topology categories (Dipr_Dasy,

Dasy_Micr, andDipr_Micr) and reconstructed phylogenetic trees

using concatenated genome sequences for each category. We

assumed that the Dipr_Dasy genomic sequences that generated

the species tree were less affected by ILS or hybridization, so we

expected that estimated divergence time (t) between Diproto-

dontia and Dasyuromorphia would approximately reflect the

time of speciation. Likewise, the estimated divergence time be-

tween monito del monte and Diprotodontia or Dasyuromorphia

from the other two categories of genomic data should corre-

spond to a longer expected coalescence time under ILS (ti) or

to a shorter expected divergence time under hybridization (th).

Our divergence time estimates with MCMCTree (Yang, 1997)

for these three alignments produced longer divergence times

between monito del monte and either Dasyuromorphia

(Dasy_Micr tree) or Diprotodontia (Dipr_Micr tree) compared

with the ones obtained from the Dipr_Dasy tree (Figure S2A).

This strongly suggests that ILS, and not hybridization, has

been themain cause of the pervasive signatures of incongruence

across the marsupial genomes.
We further applied a tree-based method, quantifying intro-

gression via branch lengths (QuIBL) (Edelman et al., 2019), to

evaluate whether ILS is the prime explanation of the mismatch

between the species tree and the gene trees across the marsu-

pial species. QuIBL distinguishes between ILS and introgres-

sion based on the distribution of internal branch lengths for a

given three-taxon subtree (triplet). For the internal branch of

Microbiotheria and two Australian groups, the Bayesian infor-

mation criterion (BIC) test indicated that the phylogenetic dis-

cordances were caused by ILS only (Figures S2B–S2E). This

conclusion was also supported by the four-taxon D-statistic

test (Green et al., 2010). By running this test on each 5-kb win-

dow, we verified that up to 95% of windows had a statistically

equal number of ABBA and BABA sites, a symmetry that cor-

roborates the conclusion that the observed discordances

across entire genomes are more likely to have been produced

by ILS than by post-speciation gene flow.

We next applied an updated version of coalescence hidden

Markov model (CoalHMM) (Dutheil et al., 2009; Hobolth et al.,

2007) that directly models heterogeneous substitution rates

across lineages to reduce the long-branch attraction effects

when detecting ILS signals from whole-genome alignments of

species with different evolutionary rates. A posterior decoding

approach was used to reconstruct the most likely genealogy

for each genomic position (Figure 2C): Dipr_Dasy relationship

without (type0) or with deep coalescence (type1); Dipr_Micr rela-

tionship (type2); and Dasy_Micr relationship (type3). The last two

genealogies represent the consequences of ILS in the speciation

period of Diprotodontia, Dasyuromorphia, and Microbiotheria.

The CoalHMM analysis was applied on four different quartet

combinations of species and showed that over half of the orthol-

ogous genome alignments in marsupials were affected by ILS

(Figure S3A). Across the four quartet combinations, we detected

on average 31.32% of genomic regions showing type2 ILS and

26.57% type3 ILS. The slightly higher proportion of type2 ILS

was attributed to the relatively higher evolutionary rate in the

common ancestor of Dasyuromorphia (Figure 1). This long-

branch attraction effect is slightly more pronounced in the quar-

tet with the koala, which had a relatively slower evolutionary rate

than the tammar wallaby (Figure 1). The orthologous coding re-

gions offered more consistent support to the species tree

when compared with the WGAs level in all four combinations

(chi-square test, p value < 2.2e�16, Figure S3A). This pattern

is consistent with coding regions being under stronger purifying

selection than the rest of the genome, reducing Ne for these re-

gions so that less ILS would be expected. In concordance with

this, we found that the whole genome conservation scores

(Haeussler et al., 2019; Pollard et al., 2010) were significantly

higher in non-ILS regions when compared with ILS regions

(Welch two sample t test, p value < 2.2e�16). Less ILS in regions

expected to be under stronger purifying selection was also re-

ported for comparisons between humans, chimpanzees, and

gorillas (Scally et al., 2012). On average, the lengths of the

genomic segments affected by ILS are very short (�80 bp)

(Figure S3B). However, we also detected hundreds of long ILS

segments (>1 kb), with about 16% of these long ILS segments

overlapping coding regions, which is significantly higher than

expected (chi-square test, p value < 2.2e�16).
Cell 185, 1646–1660, May 12, 2022 1649
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C Figure 2. Pervasive signatures of incom-

plete lineage sorting in marsupial genomes

(A) Discordance between gene trees and species

tree in WGAs and exon blocks. Red branches and

sectors represent genomic regions for which the

gene tree topology is same as the species tree

(Dipr_Dasy), blue branches and sectors represent

regions supporting Diprotodontia and Microbio-

theria as sister taxa (Dipr_Micr), and green

branches and sectors represent regions whose to-

pology supports Dasyuromorphia and Microbio-

theria as closest relatives (Dasy_Micr).

(B) Presence/absence status of retroelements in

marsupials. The horizontal bars represent the

number of retroelements that were exclusively

found in a specific combination of species shown

on the left. The gray circles indicate absence of

retroelements markers, whereas colored circles

indicate presence. The red bar indicates that the

presence pattern of retroelements markers

supported the species tree, whereas the blue bar

supported the Dipr_Micr tree and the green

bar supported the Dasy_Micr tree. A similar num-

ber of TEs supported Dipr_Micr or Dasy_Micr as

expected when created by ILS.

(C) Four potential genealogy scenarios for each lo-

cus in CoalHMM analysis. The standard relation-

ship (species tree, non-ILS) was designated as

type0 (without deep coalescence) and type1

(with deep coalescence), and two alternative

genealogies, type2 (Dipr and Micr are closest rela-

tives) and type3 (Dasy and Micr are closest rela-

tives), represent two alternative ILS scenarios. Co-

lor coding is the same as in (A).

Dasy, Dasyuromorphia; Dipr, Diprotodontia;

Micr, Microbiotheria (monito del monte); Mono,

M. domestica.

See also Figures S2 and S3.
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Molecular dating with awareness of ILS unveils
marsupial speciation times
The single base-pair map of ILS given byCoalHMMallowed us to

increase the resolution in the alignment partition. We estimated

the divergence times from concatenation of the genomic loci

that supported the canonical phylogenetic Dipr_Dasy state and

the two ILS states, respectively (Figure 3A; Table S3). These es-

timations indicated that divergence of D. gliroides and the

ancestor of Diprotodontia and Dasyuromorphia occurred 59.7

mya, much later than the time the sea-floor spreading began be-

tween Australia and Antarctica ca. 84 mya, suggested by most

studies (Tikku and Cande, 1999, 2000; White et al., 2013; Wil-

liams et al., 2019; Figure 3B). This eliminates the possibility

that the ancestral monito del monte population could have

arrived to Australia from South America via Antarctica. Our ana-

lyses confirmed that the ILS regions had an older divergence

time between monito del monte and the Dasyuromorphia (52.3

mya) or the Diprotodontia (54.0 mya) than the genomic regions

that corresponded with the actual species differentiation (45.8

mya) (Figure 3A). Moreover, the biogeographic data show that

the final separation of Australia and Antarctica along the South

Tasman Rise occurred at ca. 45 mya (Van Den Ende et al.,

2017; White et al., 2013), i.e., at the time that early diversification

of the Australian marsupials began according to our estimation
1650 Cell 185, 1646–1660, May 12, 2022
(Figure 3B). This more accurate evolutionary reconstruction is

supported by the fossil record. The oldest Microbiotherid fossil

from South America was dated to 59.2–64.5 mya (Goin and

Abello, 2013), consistent with our estimated divergence time of

D. gliroides from the Australian marsupials (59.7 mya). This sce-

nario is also consistent with strong evidence that the four Austra-

lian marsupials in our study all originated in, and remained

restricted to, Australia, as fossils of these lineages have only

been found on the Australian plate and were dated to be younger

than the separation between South America and Antarctica ca.

35mya, i.e., when Australia became an island continent (Behren-

smeyer and Turner, 2013; Livermore et al., 2005; Figure 3B). This

combined evidence makes the alternative scenario of hybridiza-

tion after Microbiotheria had separated from the Australian mar-

supials highly unlikely.

Incomplete lineage sorting affected phenotypic
diversification
The stochastic persistence of ancestral genetic polymorphisms

can by chance cause two phylogenetically distant species to

inherit the same ancestral genotypes, and, if the alleles encode

specific morphological traits, this can lead to discordance be-

tween species trees and morphological trees. Previous studies

have shown that the monito del monte and the diprotodontian
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Figure 3. Dating genetic divergence times and speciation events in early marsupials

(A) The reconstructed evolutionary history of the three-lineage bifurcation among the six extant marsupials using three types of concatenated alignments. The

Dipr_Dasy alignment (red) containing the type0 loci, where ILS was assumed to be absent, were supported by all four species combinations. The Dipr_Micr ILS

alignment (blue) and the Dasy_Micr ILS alignment (green) contained the loci identified as, respectively, type2 and type3 in all four combinations. Names were

labeled with plate colors.

(B) The known movements of the South American, Antarctic, and Australian continental plates during the crucial time window of ca. 84–35 mya. The sea-

floor spreading began between Australia and Antarctica at ca. 84 mya (left panel). The final separation of Australia and Antarctica along the South Tasman

Rise at ca. 45 mya created a shallow marine crust region between Australia and Antarctica that gradually opened further (gray area in middle panel). This

process resulted in Australia and Antarctica being fully separated ca. 35 mya at which point also the connection between South America and Antarctica

was severed (right panel). This pattern of continental drift excludes the possibility of continuing hybridization between monito del monte and Australian

marsupials after their divergence had been completed. South America, Antarctica, and Australia are represented in blue, yellow, and brown, respectively.

The contours represent the reconstructed continental plate and the black lines outside the plates represent the submerged continental plate crust areas

(Vizcaı́no et al., 1998; Williams et al., 2019).

See also Table S3.

ll
Article
marsupials share a range of similar morphological characters in

several anatomical systems, including the skeleton (Horovitz and

Sánchez-Villagra, 2003), the reproductive organs (Frankham and

Temple-Smith, 2012), and the brain (Gurovich and Ashwell,

2020), for which some Australian marsupial groups are remark-

ably different—inmany casesmismatches with the true phyloge-

netic relationships.

In particular, we found many genes related to skeletal func-

tions affected by ILS significantly, inspiring us to focus on the

skeletal system where we could obtain data for all studied spe-

cies. As expected, some examples of skeletal differences that
might be attributable to hemiplasy, according to their variable

expression across the marsupials sampled in this study, con-

cerned the curvature of the humerus, the relative length of the

spinous processes of thoracic vertebrae, and the morphology

of the incisors (Figure 4A). The curvature of the humerus in the

monito del monte and both diprotodontian marsupials is much

shallower than that in both dasyuromorphian marsupials and

the gray short-tailed opossum. To compare the curvature

pattern, we placed the bone in the side view and added a line

segment from the posterior margin of the head to the first inter-

section at which the bone made contact with the vertical plane.
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(A) Three representative morphological traits showing similar patterns of variation between the monito del monte and diprotodontian species (blue branches)

although they are not sister lineages. For the humerus, curvature of the humerus in the monito del monte and both diprotodontian species is much shallower than

in both dasyuromorphian species and the gray short-tailed opossum. Red dashed lines highlight the position of the position where the curvature changed most

(legend continued on next page)
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By comparing with the middle point of the line, we found that the

position where the curvature changed most significantly in the

monito del monte and both diprotodontian marsupials was

closer to the top of the line, whereas the other species changed

curvature in the middle. Furthermore, in the gray short-tailed

opossum and the two dasyuromorphian marsupials, the spinous

process of the first thoracic vertebra (T1) is shorter than the

spinous process of the second thoracic vertebra (T2), but they

are of equal length in the monito del monte and the diprotodon-

tian marsupials (Figures S4A and S4B). Finally, in side view, the

central and lateral maxillary incisors have different angles and

a distinct gap between them in the gray short-tailed opossum

and dasyuromorphian marsupials, but this feature is lacking in

the monito del monte, koala, and tammar wallaby.

To identify candidate ILS genes that might be responsible for

these putative examples of morphological hemiplasy, we ex-

tracted the ILS signals of orthologous coding regions from the

whole genome CoalHMM’s results, which produced 6,425

genes free from ILS effects (Dipr_Dasy genes) and 2,113 genes

significantly affected by ILS (Figure 4B). The sequence identi-

ties of the ILS genes between monito del monte and Diproto-

dontia or Dasyuromorphia were significantly higher than be-

tween the Australasian group (Welch two sample t test, p

value < 2.2e�16, Figures 4C and 4D). We also measured the

frequencies of ILS genes based on their expression patterns

at the organ level, which showed differences compared with

identified orthologs, but without obvious tissue-specific

expression features (e.g., lowest frequency is as high as 80%;

Figure 4E). The widespread expression of these genes sug-

gests that ILS events can potentially have a broad functional

impact on phenotypic variation across many organ systems.

To infer the possible functional impact of ILS events on pheno-

typic variation across species, we annotated the ILS genes with

the Mammalian Phenotype Ontology Database (Smith and Ep-

pig, 2009) and confirmed that they influence a wide spectrum of

phenotypes in the associated organ systems (Figure 4F;

Table S4). Interestingly, we found that the brain, reproductive

organs, and skeletons were among the systems with the high-

est number of ILS genes, consistent with the phenotypic differ-

ences observed.
significantly compared with the middle point of the line segment. Here, the line se

the bone made contact with the vertical plane. For the vertebrae, the spinous pr

brown antechinus, Tasmanian devil, and the gray short-tailed opossum but sim

arrows indicate the presence and absence of a gap.

(B) Distribution of ILS sites across the three types of genes (6,425 Dipr_Dasy, 1,31

loci in the coding regions of each gene. Compared with the other two types of gen

genes (WFIKKN1 and PAPSS2) used in our transgenic experiments are labeled a

(C) Among 1,310 Dipr_Micr genes, the sequence identity between the diprotodon

Australian groups (Dasy) (Welch two sample t test, p value < 2.2e�16).

(D) Among 803Dasy_Micr genes, the sequence identity between the dasyuromorp

Australian groups (Dipr) (Welch two sample t test, p value < 2.2e�16).

(E) Frequencies of ILS genes based on their expression patterns at the organ leve

total number of genes with matchings in database annotated for each organ. Chi

were significantly different for most organs, except for Dasy_Micr genes in the g

(F) Frequencies of ILS genes related to 17 organ-specific phenotypes, expressed a

these organ systems. Chi-square test showed that the gene frequencies between

except for Dipr_Micr genes in the brain, craniofacial system, and ear, and Dasy_

The center lines in boxplots (B–D) represent the median with the 25th and 75th pe

and the dots outside of the bars are outliers. *p value < 0.05; **p value < 0.01; **
Experimental evidence supporting that expressed ILS
genes affect diagnostic morphological traits
To date, there is no empirical evidence that specific allelic varia-

tion associated with ILS can induce morphological hemiplasy in

descendant non-sister lineages. Technical constraints pre-

cluded genetic manipulation experiments in marsupial species

to validate this possible effect, but the overall evolutionary con-

servation of mammalian protein-coding genes allowed us to use

mice to examine the morphological impact of alternative alleles

at two focal ILS loci. Here, we reviewed the annotation of all

ILS genes and identified the candidates associatedwith the skel-

eton anatomy that showed hemiplasy in these marsupial spe-

cies. WFIKKN1 and PAPSS2 were among the top candidates

showing significant ILS signals between the monito del monte

and two diprotodontian marsupials; so, we focused our valida-

tions on these two genes.

WFIKKN1 is known to play a role in axial skeleton patterning,

particularly of the thoracic vertebrae (Lee and Lee, 2013; Mon-

estier and Blanquet, 2016). Over 80% of its orthologous coding

region in the monito del monte was influenced by Dipr_Micr

ILS, including four continuous Dipr_Micr regions longer than

100 bp (Figure 5A). This implies that several amino acids are

shared between the monito del monte and both diprotodontian

marsupials, but not with the two dasyuromorphian species and

the gray short-tailed opossum. For example, the monito del

monte, koala, and tammar wallaby shared glutamine (Q),

whereas the gray short-tailed opossum, Tasmanian devil, and

brown antechinus had arginine (R) at amino acid position 76

(based on Mus musculus gene ENSMUSG00000071192). This

site locates in the Whey acidic protein (WAP) domain of

WFIKKN1, belonging to a long ILS region (Figures 5B and

S4C). The vertebrae in these marsupial species show a possible

hemiplasy pattern, where species carryingQ have a spinous pro-

cess of similar height on the first (T1) and second thoracic

vertebra (T2), whereas marsupials carrying R have a shorter T1

spinous process than T2 (Figures 4A and 5B). To test whether

the stochastic fixation of AA76 contributes to this vertebral hemi-

plasy pattern and whether the change from Q to R leads to the

decreased T1/T2 ratio, we assessed the morphological effects

produced by the 2-aa types in AA76 of Wfikkn1 using a
gment is from the posterior margin of the head to the first intersection at which

ocess of T1 thoracic vertebra is shorter than the spinous process of T2 in the

ilar in the monito del monte, koala, and tammar wallaby. For incisors, the red

0 Dipr_Micr, and 803 Dasy_Micr), expressed in proportion to the Dipr_Micr ILS

es, Dipr_Micr genes (blue) enriched more Dipr_Micr ILS loci. The two Dipr_Micr

nd the number of genes in each category is given below the axis.

tian species and monito del monte (Micr) was significantly higher than between

hian species andmonito delmonte (Micr) was significantly higher than between

l (annotated by the Gene Expression Database), shown as a proportion of the

-square test showed that the frequencies between ILS genes and all orthologs

land organ.

s a proportion of the total number of genes annotated as being instrumental for

ILS genes and orthologs were not significantly different for most organ systems,

Micr genes in the brain and craniofacial system.

rcentiles marked by the box limits. The bars extend to the farthest data points

*p value < 0.001. See also Figure S4 and Table S4.
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Figure 5. Transgenic evidence for ILS alleles affecting skeletal traits used in morphological phylogenies

(A) Distribution of Dipr_Micr ILS signals estimated by CoalHMM (blue bar) in the genomic regions of theWFIKKN1 gene. The gene model of the monito del monte

is shown.

(B) The target site in our transgenic experiment used to validate the phenotypic effects ofWfikkn1 gene expression located at c.227A (AA76) in mouse. The protein

domain composition in monito del monte is annotated by Pfam (Mistry et al., 2021). The alignment of nucleotide sequences and amino acid sequences in theWAP

domain are plotted for all six marsupial species and themouse, showing the variation at the target Dipr_Micr ILS sitemarked with a box. The dotted line describes

the correspondence of the target ILS site and its surrounding regions in the protein domain and coding region.

(legend continued on next page)
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transgenic mice model subjected to CRISPR-Cas9 point substi-

tution technology (Figures S5A and S5B).

The AA76 of Wfikkn1 in wild-type mice is decoded as gluta-

mine as in the monito del monte and the diprotodontian species.

Thus, we generated transgenic mice with the alternative amino

acid (arginine) in the AA76 position of this gene. We scanned

the bodies of Wfikkn1Q76R/Q76R mice and wild-type mice using

MicroXCT 400 and measured the height of the spinous process

of their first and second thoracic vertebrates (Figure S4D). The

scanning result showed that the T1/T2 ratio was significantly

reduced in Wfikkn1Q76R/Q76R mice compared with WT mice

(Welch two sample t test for T1/T2 ratio, p value = 0.0004, Fig-

ure 5C), due to a shorter T1 spinous process and a higher T2

spinous process (Welch two sample t test, p value = 0.0004 for

T1, p value = 0.0490 for T2; Figure S4E). These results confirmed

our hypothesis that changing from glutamine to arginine at this

site was sufficient to cause a decrease in the T1 spinous pro-

cess, consistent with phenotypic differences observed inmarsu-

pials. This experiment, thus, provides proof-of-concept that an

ancestral genetic polymorphism can produce different morphol-

ogies through ILS that might create a mismatch between

morphological and genomic phylogenies.

We also produced transgenic mice to validate the function of

another ILS gene PAPSS2, which encompassed a large ILS re-

gion. This gene is known to play a role in humeral morphology,

a syndrome of traits also subject to possible hemiplasy across

the six marsupials (Figure 4A). The humerus is slightly curved

in marsupials, which might be associated with terrestrial and

arboreal lifestyles requiring different types of habitual muscle

function (Henderson et al., 2017). The humerus of the monito

del monte and both diprotodontian species is curved at the up-

per part of the arm bone, whereas it is curved almost in the mid-

dle for the gray short-tailed opossum and both dasyuromorphian

species (Figure 4A). PAPSS2 is one of the top Dipr_Micr ILS

genes showing high expression in the long bones (Stelzer

et al., 2007) with 55% of its coding region exhibiting Dipr_Micr

ILS according to CoalHMM’s analyses. The protein identity of

this gene between themonito delmonte and both diprotodontian

species (92%) is higher than that within Australian groups (85%).

We first examined whether the sequence variations of PAPSS2

could affect morphology. To do so, we replaced the entire

mice ortholog with cDNA sequences of the gray short-tailed

opossum (Papss2Mono/Mono), tammar wallaby (Papss2Dipr/Dipr),

and Tasmanian devil (Papss2Dasy/Dasy) by homologous recombi-

nation (Figures S5C and S5D). We then measured the curvature

of humerusmorphology of these threemutant lines by construct-
(C) Micro-CT scan and comparison of thoracic vertebrae spinous process in Wfi

between the spinous process of T1 and T2. The accompanying plot shows the log

than wild-type mice (n = 10) (Welch two sample t test, p value = 0.0004). Scale b

(D) Curvature differences of the right humeral bone among Papss2Mono/Mono (Mon

lines based on 3D geometric morphometric analysis. Paired t test showed that t

significantly less than the Euclidean distances between Mono samples and the D

(E) Curvature differences of the right humeral bone among Papss2Dasy/Dasy (n = 11

(Mono-Micr, n = 11) mice lines based on 3D geometric morphometric analysis. Pa

Mono-Micr line were significantly less than the Euclidean distances between Dip

The center lines in boxplots (C–E) represent the median with the 25th and 75th pe

and the dots outside of the bars are outliers. CV: canonical variate.**p value < 0.

See also Figures S4 and S5 and Table S5.
ing the 3D landmarks on the humerus bone surface and evalu-

ated the morphological similarity of the three mutant lines by

calculating Euclidean distances in a canonical variate analysis

(CVA) (Figure S4F). We found that the morphological features

of the three mutant lines were clearly separated according

to their genotypes (Figure 5D), confirming that humerus

morphology is directly associated with the genotype of PAPSS2.

We also observed that the humerus morphology of the gray

short-tailed opossum mutant line was significantly closer to the

Tasmanian devil mutant line than to the tammar wallaby mutant

line in the CVA (paired t test, p value = 0.0054, Figure 5D), consis-

tent with expectation according to the gene sequence ILS

pattern.

To further validatewhether the amino acids affectedby ILShave

morphological impact,wesynthesizedamodifiedgrayshort-tailed

opossum PAPSS2 cDNA by replacing 4-aa sites affected by

Dipr_Micr ILS with genotypes shared by monito del monte and

tammar wallaby and then generated a mutant mice line with

this modified cDNA (Papss2Mono-Micr/ Mono-Micr) (Figures S4G

and S4H). We observed that the tammar wallaby mutant line

was significantly closer to the Papss2Mono-Micr/ Mono-Micr mutant

line than to the gray short-tailed opossum mutant line in CVA

(paired t test, p value = 0.0029, Figure 5E). Considering that the

only difference between the Papss2Mono-Micr/ Mono-Micr mutant

line and the gray short-tailed opossummutant line was the amino

acid changes corresponding to the loci affected by Dipr_Micr ILS,

this result confirms that introduction of these ILS amino acids

results in humerus shapes similar to the inferred hemiplastic

morphological differences in our sampled marsupials.

DISCUSSION

Adaptive radiations accompanied by substantial diversification

of morphology, physiology, and ecological niche requirements

have shaped extant biodiversity at all levels of complexity (Lo-

sos, 2010; Moen and Morlon, 2014; Schluter, 2000). However,

the reconstruction of phylogenetic bifurcation processes has

often been compromised when speciation happened in such

short evolutionary time windows that genome-wide signatures

of reproductive isolation cannot be distinguished from signals

of later hybridization or ILS, the two evolutionary processes

that have been inferred to overwrite the foundational signatures

of lineage divergence in phylogenomic reconstructions. In

contrast to other groups, such asDarwin’s finches (Lamichhaney

et al., 2015), East African cichlids (Salzburger et al., 2002),

Anopheles mosquitoes (Fontaine et al., 2015), and Heliconius
kkn1Q76R/Q76R mice and wild-type mice, showing the relative size differences

arithmic T1/T2 ratios ofWfikkn1Q76R/Q76R mice (n = 11) were significantly lower

ars, 1,000 mm.

o, n = 9), Papss2Dipr/Dipr (Dipr, n = 11), and Papss2Dasy/Dasy (Dasy, n = 11) mice

he Euclidean distances between Mono samples and the Dasy mice line were

ipr mice line (p value = 0.0054).

), Papss2Dipr/Dipr (n = 11), Papss2Mono/Mono (n = 9), and Papss2Mono-Micr/Mono-Micr

ired t test showed that the Euclidean distances between Dipr samples and the

r samples and the Mono line (p value = 0.0029).

rcentiles marked by the box limits. The bars extend to the farthest data points

01; ***p value < 0.001.
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butterflies (Edelman et al., 2019), which are characterized by

widespread hybridization and introgression, our study docu-

ments how ILS can explain widespread discordance between

gene trees and species trees. Our genome-wide analyses of

six key marsupial species showed that ILS affected more than

50%of the genome-wide sequences examined. This percentage

exceeds earlier figures for the great apes where genomic ana-

lyses showed that 30% of the human genome showed signa-

tures of ILS (Scally et al., 2012). Similar indications of ILS as a

dominant factor during rapid adaptive radiation have been re-

ported in birds (Jarvis et al., 2014), other primates (Mailund

et al., 2014), and red algae (Lee et al., 2018).

ILS can result in identical genotypes across species that are

scattered throughout phylogenetic trees independent of specia-

tion order. It is important to appreciate that ILS or hemiplasy is

fundamentally different from evolutionary convergence or homo-

plasy, another process that can produce morphological and

other similarities between phylogenetically distant lineages (Dar-

win, 1859;Muschick et al., 2012; Sackton andClark, 2019; Stern,

2013; Sun et al., 2018). Convergence produces similar pheno-

types from different and often unknown genetic encoding,

whereas ILS produces similar phenotypes from the same alleles

due to paraphyletic descent. Convergence is widely acknowl-

edged as a phenomenon affecting and explaining morphological

similarities between phylogenetically unrelated lineages. The po-

tential phenotypic consequences of ILS, on the other hand, are

generally ignored, quite likely because of the insurmountable

methodological challenges that applied until recently. However,

ignoring ILSmight lead to incorrect interpretations of phenotypic

evolutionary history in lineages that experienced speciation

events in rapid succession. Although consistent positive selec-

tion is generally assumed to explain convergent evolution, ILS

requires largeNe in ancestral lineages and the absence of strong

directional selection during subsequent speciation events. Once

reproductive isolation and speciation have occurred, themainte-

nance of ILS regions across species does not request strong nat-

ural selection. It is also possible that some of the ILS regions

might be under selection in descendant lineages, but, at that

point, the signatures of ILS have become irreversibly established

throughout genomes post speciation. Discriminating between

convergence and ILS explanations of morphological similarity

between non-sister taxa, thus, represents a profound challenge,

which our proof-of-concept results highlight as an important

future priority. Although we cannot fully exclude the possibility

that convergent evolution may have affected specific morpho-

logical traits shared by non-sister marsupial branches, the ILS

interpretation is far more plausible because convergence would

never result in genome-widemismatches. Although highly signif-

icant, our conclusions are obviously based on a limited number

of marsupial genomes. A greater variety of morphological traits

across a wider range of marsupial species will be needed to

further clarify the impact of ILS across the marsupial phylogeny.

It has often been assumed that ILS signatures should be rep-

resented by short sequences because of frequent recombination

in a large ancestral population (Scally et al., 2012). It is, therefore,

of particular interest that our results document that extant mar-

supials also maintained a substantial number of longer ILS re-

gions in their genomes, suggesting that complex adaptive
1656 Cell 185, 1646–1660, May 12, 2022
ancestral traits came under divergent and recombination-averse

selection after speciation events were completed. A long

continuous ILS fragment such as WFIKKN1 might, thus, have

been favored by selection over sufficient evolutionary time to

fix phenotypic hemiplasy in multiple marsupials. Whether such

positive selection would have continued until the present day

is unknown but, adaptive or not, phylogenetic reconstructions

need to take ILS into account as a possible mechanism for ex-

plaining mismatches between genomic variation used to

construct phylogenies and phenotypic variation mapped onto

such trees.

Limitations of the study
Our study only includes six marsupial species, which is sparse

compared with the high species diversity in this mammalian

group. A larger set of marsupial species genomes would enable

more detailed reconstruction of the rapid radiation of this lineage

and more precise analysis of the evolutionary consequences of

genomic regions affected by ILS for descendant species. Addi-

tionally, given the fragmented nature of genome assemblies

based on short-reads, our current analyses might have missed

many long TEs that could further enhance ILS signal detection.

This might be overcome by producing more complete genome

assemblies based on long-read sequencing technology (Rhie

et al., 2021; Zhou et al., 2021). Furthermore, our functional veri-

fications of phenotypic ILS effects using an indirect transgenic

mice approach have constrained us to focus on skeletal traits

that are relatively conserved in mammals. Focused development

of a marsupial animal model will be needed to allow more direct

validations (Kiyonari et al., 2021).
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact: Guojie

Zhang (guojie.zhang@bio.ku.dk).

Materials availability
This study did not generate any new unique reagents.

Data and code availability
Genome sequencing data and the genome assembly generated in this study have been deposited in the NCBI SRA under accession

PRJNA639670. The above data have also been deposited in the CNSA (https://db.cngb.org/cnsa/) of CNGBdb with accession num-

ber CNP0000563. WGAs generated by LASTZ+MULTIZ, the orthologous gene table, high-definition morphological photos and other

relevant data can be found in Mendeley data https://doi.org/10.17632/2n7jt8mvgb.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

CRISPR/Cas9 knock-in mice lines
To verify our hypothesis of the phenotypic effects of ILS genes, we used the CRISPR/Cas9 system to produce transgenic mice lines.

We designed two genetic manipulation experiments targeting the point substitution of theWfikkn1 gene (Figures S5A and S5B) and a

whole gene knock-in for Papss2 gene (Figures S5C and S5D) as described below.

Wfikkn1 point substitution

A c.227A>G mutation (Q76R) was induced into the mouse Wfikkn1 gene using CRISPR/Cas9. A guide RNA targeting this mutation

site was designed using Geneious (Kearse et al., 2012), transcribed in vitro with the mMESSAGE mMACHINE T7 Ultra Kit (Ambion,

TX, USA) according to the manufacturer’s instructions, and subsequently purified using the MEGAclearTM Kit (ThermoFisher, USA).

The guide RNA (gRNA) was: 5’ GTGTGGGCTGCAGAGCTGCG 3’. Our target sequence in exon2 of Wfikkn1 was: GACTGTGCGG

CATCCGAGAAGTGCTGCACCAATGTGTGTGGGCTGCaGAGCTGCGTgGCTGCCCGCTTTCCCAGTGGTGGCCCAGCTGTACCTG

AGACAGCAGCCTCCTGTGAAG. A single-stranded DNA was synthesized as donor oligo, comprising 68bp upstream and 46bp

downstream of the mutation site. The sequence of the oligo donor DNA was: GACTGTGCGGCATCCGAGAAGTGCTGCACCAA

TGTGTGTGGGCTGCgGAGCTGCGTcGCTGCCCGCTTTCCCAGTGGTGGCCCAGCTGTACCTGAGACAGCAGCCTCCTGTGAAG.

The boldfaced lowercase base ‘‘g’’ represents the target-point mutation, while base ‘‘c’’ is the synonymous mutation for the

gRNA PAM blocking mutation. Cas9 mRNA (10 ng/ml), gRNA (4.0 ng/ml) and the donor oligo (50 ng/ml) were co-injected into

zygotes of C57BL/6J mice to obtain F0 knock-in mice. Genotypes of F0 point substitution mice were identified by PCR. To do

this, we extracted genomic DNA from mouse tails, designed a pair of primers (Primer I: 5’ GAAGGGGACAAAGAGCTCCC 3’ and

Primer II: 5’ TACAACGTGCAGGTGGAGAC 3’) to bind to flanking regions of the target site, and performed PCR tests (Figure S5B).

PCR products were Sanger-sequenced to confirm the precise replacement of the target mutation A>G.

PAPSS2 knock-in experiment

The goal of this experiment was to knock-in the gray short-tailed opossum PAPSS2 cDNA, the modified gray short-tailed opossum

PAPSS2 cDNA, the tammar wallaby PAPSS2 Cdna (manual inspection), and the Tasmanian devil PAPSS2 cDNA (all with protein

sequence only) at the start codon position in the mouse ortholog, respectively.

The specific experiment steps to obtain F0 knock-in mice are described as follows using the gray short-tailed opossum as an

example. Two guide RNAs targeting the knock-in site were designed by Geneious (Kearse et al., 2012), in vitro transcribed with

the mMESSAGEmMACHINE T7 Ultra Kit (Ambion, TX, USA) according to the manufacturer’s instructions, and subsequently purified

using the MEGAclearTM Kit (ThermoFisher, USA). A targeting vector constructed for homologous recombination of the target

fragment consisted of a 4.7kb 5’ homology arm, 2.7kb KI of gray short-tailed opossum PAPSS2 cDNA, WPRE-BGHpA, a 4.7kb

3’ homology arm, and other necessary components. Guide sequences (gRNA1: 5’ GTAAGTAAGCCCTTGAAATC 3’ and gRNA2:

5’ AGGGCTTACTTACTCTTTTA 3’), Cas9 mRNA (5.0 ng/ml), gRNA (1.0 ng/ml) and the donor plasmid (10 ng/ml) were co-injected

into zygotes of C57BL/6J mice to obtain F0 knock-in mice. The same experiment protocol and verification procedure was used

to generate three transgenic mice lines with the modified gray short-tailed opossum PAPSS2 cDNA, the tammar wallaby PAPSS2
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cDNA, and the Tasmanian devil PAPSS2 cDNA, respectively. The modification of the gray short-tailed opossum PAPSS2 cDNA

sequence refers to changing the amino acid type at the sites from the original type to the shared type, wheremonito del monte shares

the same amino acid type only with tammar wallaby (Figures S4G and S4H). For example, the gray short-tailed opossum and Tas-

manian devil had alanine (A) at amino acid position 93 (using ENSMODG00000016494 as the reference coordinate), monito del monte

and tammar wallaby shared threonine (T), and this amino acid site would be threonine in the synthesized sequence.

Genotypes of F0 knock-in mice were verified by long overlapped PCR. We extracted genomic DNA from mouse tails and per-

formed PCR tests. Two pairs of primers were designed to bind to flanking regions of the mouse sequence outside the homology

arms and to the target KI sequence for PAPSS2 knock-in mice lines (Figure S5D). The primers for the candidate F0 knock-in mice

were as follows: Primer I - 5’ homology arm forward: 5’ CTCTGTTCATTCCTATTACTGGCTCT 3’; Primer II - 5’ homology arm reverse:

5’ CAACCCACATCTTCCACCTTCT 3’; Primer III - 3’ homology arm forward: 5’ AGAGGTGGTAATGGCAAAGACAA 3’; Primer IV - 3’

homology arm reverse: 5’ ATAAAGAGCCCAAACATAAAGGAAG 3’. As shown in Figure S5D, we expected a PCR fragment length of

7.5 kb for the 5’ homology arm and a PCR fragment length of 5.2 kb for the 3’ homology arm of the F0 knock-in mice, comparedwith a

9.7kb PCR fragment at 5’ homology arm and a 9.5kb PCR fragment at 3’ homology arm for the WT mice. F0 mice for these four lines

were selected for further experiments based on the match between the size of their PCR bands and these expectations.

Breeding of homozygous mice

F0 male mice were mated for one generation to select the individuals with the reproductive capacity. Then, IVF (in vitro fertilization)

was performed on these candidates to obtain F1 female mice (heterozygous). 3-4 weeks of F1 female mice were used in the IVF with

F0 or F1 male mice to produce the homozygous mice for the morphological analyses. The genotypes of homozygous mice were

confirmed by PCR experiment.

METHOD DETAILS

Sequencing, assembly, and evaluation
We extracted DNA from a male monito del monte for genome sequencing. Paired-end and mate-pair DNA libraries with seven

different insert sizes (250 bp, 500 bp, 800 bp, 2 kb, 5 kb, 10 kb and 20 kb) were constructed and sequenced on the IlluminaHiSeq2000

platform. In total, 370Gb of raw readswere produced. To facilitate the assembly work, a series of strict filtering stepswere conducted

to remove artificial duplications, adapter contaminations, and low-quality reads (Li et al., 2010). Before starting the assembly, we esti-

mated the monito del monte genome size to be 3.2 Gb using K-mer analysis.

The programSOAPdenovo v2.04.4 (Luo et al., 2012) was used for de novo assembly of qualified reads in threemain steps. First, the

short-insert size library data were split into appropriate K-mer sizes to construct a de Bruijn graph. The graph was simplified by

removing the tips, merged bubbles, connections with low coverage and all of the small repeats. Then, all qualified data were con-

nected into contig sequences. Second, all of the usable reads were realigned onto the contig sequences to calculate the amount

of shared paired-end relationships between each pair of contigs, and to weigh the rate of consistent and conflicting paired-ends

before further constructing the scaffolds from the short-insert paired ends with the long-insert paired ends. Last, we used the

GapCloser module in SOAPdenovo (Luo et al., 2012) to search through the read pairs and to identify those for which one end was

mapped to the unique contig and the other was in the gap region based on the paired-end information. The gaps were then closed

by the local assembly for these collected reads. The programSSPACE v2.0104 (Boetzer et al., 2011) was further applied to extend the

pre-assembled scaffolds using reads from all of the long-insert (2� 20 kb) libraries with the following parameters: -x 0 -k 5 -n 20. The

final size of the assembled genome was 3.4 Gb (scaffold N50 = 17.8 Mb and contig N50 = 10.2 kb). We performed a core eukaryotic

genemapping analysis (CEGMA) (Parra et al., 2007) to evaluate the quality of themonito del monte genome assembly. Overall, 236 of

248 (95.16%) complete core eukaryotic genes were identified.

Genome annotation
Across the monito del monte genome, we identified tandem repeats using Tandem Repeats Finder v4.04 (Table S2; Benson, 1999)

and transposable elements (TEs) using both homology-based and de novo approaches (Table S2). For homology-based predictions,

we used RepeatMasker v3.3.0 (Smit et al., 1996) for DNA level prediction and RepeatProteinMask v3.3.0 (Smit et al., 1996) for protein

level prediction to identify candidates based on the Repbase database of known repeats. For de novo predictions, we used

RepeatModeler v1.0.5 (Price et al., 2005) to construct a de novo repeat custom library, which was further used to search the whole

genome with RepeatMasker v3.3.0 (Smit et al., 1996). LTR_FINDER v1.0.5 (Xu and Wang, 2007) was used to determine the charac-

teristic structure of full-length long-terminal repeat retrotransposons (LTRs). Similar to previously sequenced marsupials, the monito

del monte genome had a high percentage (�61%) of transposable elements, most of which (38.97%) were long interspersed nuclear

elements (LINEs). This is consistent with the relative larger genome sizes of marsupials compared with other amniotic species.

We used several approaches to predict the locations and structures of protein-coding genes in the monito del monte genome

(Table S1). First, protein sequences available for three species (gray short-tailed opossum, tammar wallaby and human) from En-

sembl release-75 were mapped to the genome using TBLASTN (BLASTall v2.2.23) (Altschul et al., 1990) with an e-value cutoff of

1e-5. The aligned sequenceswere then analyzedwithGeneWise v2.2.0 (Birney et al., 2004) to search for accurate spliced alignments.

We further clustered three homologous-based gene sets into a non-redundant homologous gene set. Second, we trained the optimal

parameters for AUGUSTUS v2.5.5 (Stanke et al., 2006) using the gene models with high GeneWise scores from the homolog-based
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predictions. Third, de novo prediction was performed on the repeat-masked genome using the HMM model, AUGUSTUS, with the

homologous hits in the first step and the optimal parameters in the second step. Finally, we conducted several optimization process-

ing steps to: 1) remove the single-exon genes without any function in the known gene function databases; 2) replace split or incom-

plete genes or AUGUSTUS unique predictions without external evidence from corresponding homologous unique predictions; and 3)

filter out pseudogenes and genes containing transposable elements.

Whole genome alignment
Wegeneratedwhole genomealignments (WGAs) using the LASTZ+MULTIZpipeline (Blanchette et al., 2004; Harris, 2007) (http://www.

bx.psu.edu/miller_lab/) across the marsupial species with the gray short-tailed opossum as reference. We first carried out pairwise

WGAs between genomes of the gray short-tailed opossum and five other marsupial species using the LASTZ v1.03.34 program with

parameters: ‘‘–step=19 –hspthresh=2200 –gappedthresh=10000 –ydrop=3400 –inner=2000 –seed=12of19 –format=axt –scores=

HoxD55’’, Chain/Net package with parameters of ‘‘–minScore=5000’’ for the axtChain program and default parameters for other pro-

grams. Toprevent the use ofmultiple hits from theWGAs,we used the reciprocal bestmatches and filtered out othermultiple hits. Using

the MULTIZ v11.2 program, we initially obtained �2.77 Gb WGAs. To meet the objectives of the subsequent analyses, only blocks

longer than 100bp and containing the gray short-tailed opossum, monito del monte, at least one diprotodontian species, and at least

one dasyuromorphian species were retained. These filtering steps removed about 1.14 Gb from the initial alignment.

To reduce error in phylogenetic inferences and ILS identification, we performed two rounds of correction for the above

multiple sequence alignments using themethod developed in Jarvis et al. (2014). The first round was to identify and remove the aber-

rant sequences, including 1) any alignment where only one species contributed to the alignment; and 2) any sequence for one species

that was aligned to other sequences but did not appear to be homologous to any other species in that part of the alignment (regions

of R 36 bp window size that have < 55% sequence identity to all other species in the alignment with gaps allowed). The first case

could be the insertions in one species, but such single-species sites are not useful for tree estimation and ILS identification.

More often than not, these aberrant sequences reflect errors in assembly, or alignment, which would introduce errors in phylogenetic

inference and ILS analysis. Thus, we removed these aberrant sequences from the segments as Jarvis et al. (2014) has suggested

and a second MSA round was performed on the remaining MULTIZ segments with MAFFT v11.2 (L-INS-I, mafft –maxiterate

1000 –localpair) (Katoh and Standley, 2013). All realigned individual segments were concatenated to get a final whole genome align-

ment of 1.4 Gb. When only concatenating the realigned segments containing all six marsupial species, we could generate 984 Mb

realigned WGAs.

Ortholog assignment
Orthologs were identified among all six species based on the sequence similarity and the synteny evidence. We first aligned protein

sequences of the gene sets of the gray short-tailed opossum and another species to each other by BLASTP (BLASTall v2.2.23) with

an e-value cut-off of 1e-5, and combined local alignments with the SOLAR v0.9.6 program (Almasy and Blangero, 1998). The aligned

gene pairs with the homologous block lengths ofR 30% of length of the longest protein and identityR 50%were kept as the candi-

date orthologs. Then, the reciprocal best hit (RBH) orthologswere identified from these candidates. To save candidate orthologs from

the strict RBH method, we also included RBH orthologs from the second and third round by masking known RBH genes. RBH or-

thologs that were also supported by gene or genome synteny would be retained as the final pairwise orthologs between the gray

short-tailed opossum and another species. Detection of gene synteny and genome synteny was done following the criteria in the

published literature (Jarvis et al., 2014).

Gene synteny

The candidate RBH genes weremapped on the chromosomes according to the coordinates of gray short-tailed opossum and sorted

in order. For one RBH gene (A1A2; 1 and 2 denote the gray short-tailed opossum and another species) and its nearest RBH gene

(B1B2) were considered to have syntenic evidence if they met the following requirements: a) genes A1 and B1 are on same chromo-

some or scaffold; b) genes A2 and B2 are on same chromosome or scaffold; c) the number of genes between A1 and B1 < 5; d) the

number of genes between A2 and B2 < 5. As the literature suggests (Jarvis et al., 2014), we also retained RBH genes if one of their

scaffolds only has one gene.

Genome synteny

By placing the candidate RBH genes in the genomic syntenic blocks (pairwise WGAs between the gray short-tailed opossum and

other species), we calculated the gene-in-synteny ratio for each gene (synteny-region-length/total-coding-region-length) and the

syntenic ratio (syntenic length of the two genes/length of the shorter gene) in the coding regions. The RBH genes with gene-in-syn-

teny ratio R 0.3 and syntenic ratio R 0.3 were considered to have syntenic evidence.

In this way, we built the pairwise orthologs between the gray short-tailed opossum and another five species when considering both

the protein similarity and the synteny. We then constructed the orthologous genes of all six marsupial species through merging pair-

wise orthologs according to the reference gray short-tailed opossum gene set. There were 17,639 putative orthologs without any

species restriction. When we restricted these orthologs to be present in the gray short-tailed opossum, monito del monte, at least

one diprotodontian species, and at least one dasyuromorphian species, 13,320 orthologs were left. In the final list, 9,227 orthologous

genes were identified in all six species.
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Transposable elements (TEs) dataset
In this analysis, we focused on three major groups of retroelements: short interspersed nuclear elements (SINEs), long interspersed

nuclear elements (LINEs), and long-terminal repeats (LTRs). Since the retroelement insertions are considered to be powerful markers

for resolving phylogenetic relationships, we first constructed a presence/absencematrix of retroelement insertions across all six spe-

cies. To achieve this, we ran all-vs-all LASTZ pairwise alignment for all six marsupials. According to this genomic synteny, we then

generated the presence/absence matrix based in each pair of species on the following criteria:

1) For a TE in the reference species, if only the two flanking sequences of this TE (upstream and downstream 2kb) in the query

species can be aligned, and there is no corresponding TE in the middle, this TE element is missing in that query species (char-

acter state ‘‘0’’).

2) For a TE in the reference species, if the two flanking sequences in the query species can be aligned, and there are also orthol-

ogous TE pairs (length of the shorter/length of the longer TE > 50%) in the middle, this element exists in that query species

(character state ‘‘1’’).

3) If a TE in the reference species does not fall into either of these above categories, the corresponding status of this element in the

query species is marked as ‘‘?’’.

In this way, for each TE in the reference species, we could assign it a corresponding status in the query species. Here, we removed

the TE with a ‘‘?’’ label. We then combined these pairwise presence/absence matrices of retroelement insertions into one matrix with

401 informative markers across all six species. Here, the informative markers are those elements with ‘‘0’’ in the outgroup (Mono) and

simultaneously with ‘‘1’’ in at least two, but not all, of the five species.

Species tree inference

We converted eachmatrix of presence/absence characters into a set of incompletely resolved ‘‘gene trees’’ with each gene tree rep-

resenting a single retroelement character and executed ASTRAL-III v5.6.2 (Zhang et al., 2018) in ‘‘exact’’ mode (-x) given these

incompletely resolved ‘‘gene trees’’ as input, as a previous study suggested (Springer et al., 2020).

Multi-directional KKSC insertion significance test

To determine whether the cause of conflicting TEs is ILS or hybridization, we applied a multi-directional KKSC insertion signifi-

cance test (Kuritzin et al., 2016). According to the algorithm of this test, for a triplet to be checked, there are three possible TE

insertion modes: 1) insertions can be detected only in lineage A and B; 2) insertions can be detected only in lineage A and C;

and 3) insertions can be detected only in lineage B and C. The mode with the most insertions was considered to support the

true evolutionary path of the species, and the likely factors were then determined by testing whether the number of insertions

in the remaining two modes was statistically symmetric or not. If they are symmetric, the ILS is more likely to be the cause; other-

wise, the conflicting TEs are caused by the hybridization. In our study, lineages A, B and C are Dipr, Dasy and Micr. In total, we

obtained 80 TEs that were only inserted in both two Dipr and two Dasy marsupials (named as Dipr_Dasy partition), 18 TEs that

were only inserted in both two Dipr and Micr marsupials (named as Dipr_Micr partition), and 14 TEs that were only inserted in

both two Dasy and Micr marsupials (named as Dasy_Micr partition). The number of these markers was used in the KKSC insertion

significance test.

Robustness

Considering that the assembly procedure could result in a small number of Ns in some LASTZ synteny blocks, we found 61 informa-

tivemarkers with Ns in both upstream and downstream in the tammar wallaby and/or monito del monte genomes. By excluding these

TEs in the analyses, the above conclusion was not affected. Themonito del monte is still placed outside the Australasian group, while

polytomy remains rejected (p value = 1.1477e-14), and hybridization is not accepted either (p value = 1).

Species tree inferences
Weused twomethods to infer the phylogeny of the six species: 1) coalescence-basedmethod, ASTRAL-III v5.6.2 (Zhang et al., 2018),

and 2) concatenation-based method, Randomized Axelerated Maximum Likelihood RAxML, (v8.2.9) (Stamatakis, 2006).

ASTRAL-III strategy

ASTRAL could estimate a species tree with the branch lengths in coalescent units given a set of individual gene trees under themulti-

species coalescent model, which is useful for handling ILS events. We generated two different sets of individual gene trees from 984

Mb realigned WGAs and 9,227 orthologs of all six marsupial species using IQ-TREE v1.6.12 (Nguyen et al., 2015), respectively.

1) We divided WGAs into non-overlapping windows of 100bp and only those windows with the gap ratio % 30% for each

sequence of the six species were retained. To ensure the validity of the tree inference, the windows that consist of less

than four different haplotypes were filtered out. Also, to make the variable sites adequate for the tree inference, the windows

having > 70% constant sites (a site containing the same nucleotide in all sequences) were also filtered out. Then, we inferred

the topology for the windows that passed the above filtering steps using IQ-TREE with the ModelFinder function (Kalyaana-

moorthy et al., 2017). IQ-TREE performs a composition Chi-square test for every sequence in the alignment, the purpose of

which is to test for homogeneity of character composition: a sequence is denoted as ‘‘failed’’ if its character composition signif-

icantly deviates from the average composition of the alignment. Thus, only the individual gene trees inferred from those
e6 Cell 185, 1646–1660.e1–e11, May 12, 2022



ll
Article
windows that passed the composition Chi-square test were accepted. Further, to avoid the potential effect of the long branch

attraction on the phylogeny, we ran TreeShrink (v1.3.7) (Mai and Mirarab, 2018) to detect and filter out the inferred individual

gene trees with unexpectedly long branches caused by the erroneous sequences in any species of monito del monte, two di-

prodontian species, or two dasyuromorphian species. After the above quality control steps, 5,685,945 qualified gene trees

were used as the candidate input for ASTRAL.

2) We aligned the complete protein-coding sequences of 9,227 orthologs with MAFFT L-ins-I, and back-translated the protein

alignment into the nucleotide alignment. Then, for each alignment, we also used IQ-TREE to infer the topology for all ortholo-

gous genes with the ModelFinder function. The output gene trees were used as the input for ASTRAL.

RAxML

RAxML v8.2.9 was performed with GTRCATmodel and 100 bootstrap replicates on five different datasets: 1) WGAs containing all six

species after the realigned step (�984Mb); 2) aligned coding regions of 9,227 orthologous genes identified in all six species (�20Mb);

3) four-fold degenerate sites of these orthologs (�1.3 Mb); 4) C12 of these orthologs (�14 Mb); and 5) C3 of these orthologs

(�6.9 Mb).

Incongruence between gene trees and species trees
Results from the WGAs dataset

We used DiscoVista v1.0 to calculate phylogenetic discordance using the Dipr_Dasy tree as the species tree and 5,685,945 loci trees

inferred from 984 Mb realigned WGAs of all six marsupial species (window size = 100bp) (Sayyari et al., 2018). We focused on the

discordance occurring at the most recent common ancestor (MRCA) of the monito del monte, Diprotodontia and Dasyuromorphia.

Results from the orthologs dataset

Based on the coordinate information of 9,227 orthologs in all six marsupial species, we extracted the exon blocks that were shared

among all marsupial species from theWGAs. In total, 7,471 of 9,227 orthologs (81%) had at least one exon block that was qualified for

topology inference. We considered an exon block as qualified when it met the following criteria: a) alignment consists of more than

four different haplotypes; and b) constant sites < 70%or < 70bp. IQ-TREE v1.6.12 with theModelFinder functionwas used to infer the

topologies from these exon blocks and we only kept the gene trees inferred from those windows that passed the composition Chi-

square test. Then, we ran TreeShrink v1.3.7 (Mai and Mirarab, 2018) to detect and filter out the inferred gene trees with unexpectedly

long branches caused by the erroneous sequences in any species of monito del monte, two diprotodontian species, or two dasyur-

omorphian species. In total, 22,743 exon blocks with an average length of 281 bp were retained and DiscoVista was then applied to

measure the phylogenetic discordance at the MRCA of the monito del monte, diprotodontian and dasyuromorphian species based

on these gene trees.

Divergence time estimation
Species divergence time was estimated using theMCMCTree program in the PAML package v4.5 (Yang, 1997) with the approximate

likelihood calculation algorithm. Baseml in the PAML package was used to estimate alpha and the substitution rate before we used

gHmatrix to produce an out.BV file containing theHessianmatrix. TheMCMCTreewas then used to estimate divergence times based

on these parameters. We applied this pipeline to two sets of WGAs containing all six marsupials, and each with three types of align-

ments that supported the Dipr_Dasy tree, the Dipr_Micr tree and the Dasy_Micr tree, respectively.

Set 1: WGAs partition based on the topologies inferred from non-overlapping windows of 100bp

Asmentioned above, we totally had 5,685,945 qualified windows obtained from 984Mb realignedWGAs after a set of filters. Accord-

ing to the topologies inferred by IQ-TREE for each window, we concatenated the windows with the output tree that supported the

Dipr_Dasy tree and repeated the process for windows supporting the other two topologies. The MCMCTree program was then

used to analyze three types of alignments and the outputs are presented in Figure S2A.

Set 2: Loci partition based on the CoalHMM results

WeperformedCoalHMManalysis on four sets of themultiple alignment data, whichweremade up of different species (more details in

‘‘CoalHMM analysis’’ section). Based on the gray short-tailed opossum’s coordinates, we picked out the overlapped type 0 loci in

four combinations and concatenated these loci into a multiple alignment that supported the Dipr_Dasy tree (�43 Mb). Although

type1 loci also supported the Dipr_Dasy tree, we exclude these loci when estimating the divergence time to eliminate interference

from the loci with a deeper coalescence between diprotodontian and dasyuromorphian species. In the same way, we generated

the multiple alignment supporting the Dipr_Micr tree by concatenating the overlapped type2 loci in four combinations (�100 Mb).

We also generated the multiple alignment supporting the Dasy_Micr tree by concatenating the overlapped type3 loci in four combi-

nations (�67 Mb). The MCMCTree program was then used to analyze three types of alignments and the outputs are presented in

Figure 3A.

Three input trees corresponding to three sets of alignment used in theMCMCTree program are as follows. To improve the accuracy

of estimation, we used the estimates from independent molecular dating studies as the evidence for calibration at the root node with

the upper limit as 116 mya and the lower limit as 64 mya according to the literature (Hope et al., 1989; Nilsson et al., 2003), because

the fossil resources for the early origin of marsupials are lacking (Luo et al., 2003, 2011).
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1) species tree (Dipr_Dasy tree): ((((S. harrisii, A. stuartii), M. eugenii, P. cinereus)), D. gliroides), M. domestica)’>0.64<1.16’.

2) Dipr_Micr tree: ((((M. eugenii, P. cinereus), D. gliroides), S. harrisii, A. stuartii)), M. domestica)’>0.64<1.16’.

3) Dasy_Micr tree: ((((S. harrisii, A. stuartii), D. gliroides), M. eugenii, P. cinereus)), M. domestica)’>0.64<1.16’.
QuIBL analysis
We used 5,685,945 qualified loci trees inferred from 984 Mb realigned WGAs as the candidate input set for QuIBL analysis (Edelman

et al., 2019). We randomly selected 5,000 individual trees from this candidate set as an input for one QuIBL estimation and repeated

this random selection 100 times to generate 100QuIBL outputs. In eachQuIBL estimation, we focused on the discordance analysis in

the following four triplets: 1) D. gliroides - A. stuartii - M. eugenii; 2) D. gliroides - S. harrisii - M. eugenii; 3) D. gliroides - A. stuartii -

P. cinereus; and 4)D. gliroides -S. harrisii -P. cinereus. Taking the triplet,D. gliroides -A. stuartii -M. eugenii, as an example, themain

steps of QuIBL analysis were as follows.

1) Of the 5,000 loci trees invested, each tree would be first grouped into the following three subsets based on its topology. Since

the topologies of individual trees in Subset 1 corresponded to the species tree, we would not take them into account when

analyzing the discordances.

Subset 1 (Dipr_Dasy tree): ((M. eugenii, A. stuartii), D. gliroides).

Subset 2 (Dipr_Micr tree): ((M. eugenii, D. gliroides), A. stuartii).

Subset 3 (Dasy_Micr tree): ((A. stuartii, D. gliroides), M. eugenii).

2) QuIBL then calculated the likelihood values (Bayesian Information Criterion test, BIC) that the inner branch lengths in Subset 2

and Subset 3 were best described by a simple exponential distribution as expected under ILS (scenario 1) or a mixture of ILS

and introgression (scenario 2). The difference in BIC values (Delta.BIC) was calculated as the BIC value of scenario 2 minus the

BIC value of scenario 1. Since the BIC value is less than 0, when Delta.BIC is greater than 10, the scenario of ILS only with the

lower BIC value is preferable. However, when Delta.BIC is less than -10, the scenario of mixture of ILS and introgression with

the lower BIC value is preferable. In other cases, the two scenarios are indistinguishable.

3) QuIBL also inferred the theoretical distributions of inner branches under ILS or introgression for Subset 2 and Subset 3. After

plotting these two theoretical distributions, they could be compared visually with the observed distribution of inner branches.

All 100 QuIBL outputs were summarized in Figures S2B–S2E. In all four target triplets of these repetitions, the ILS only scenario had

a lower BIC value than the mixture scenario. Further, the overall Delta.BIC values obtained from the subset supporting Dipr_Micr tree

or the subset supporting Dasy_Micr tree in four target triplets were greater than 10. Thus, as the interpretation suggested by QuIBL,

the discordances observed in the early evolutionary period of marsupials are caused by ILS only.

Four-taxon D-statistic test
We performed a four-taxon D-statistic test, also known as the ABBA-BABA statistic test, to detect gene flow despite the existence of

ILS (Green et al., 2010). This method compares the number of parsimony-informative sites, ABBA and BABA, which support two ge-

nealogies discordant with the species tree. If the two types of sites are not statistically different, they are likely to be produced by ILS.

Otherwise, gene flow is present and causes two non-sister species to be more similar to each other than expected. We used Dfoil

software (Pease andHahn, 2015) with themode as ‘‘dstat’’ to conduct this D-statistic method. To ensure that eachwindow examined

had adequate parsimony-informative sites for the test, we combined 50 adjacent 100bp-windows into a single 5kbwindow. By doing

this, all windows met the requirements of statistical testing, and each window contained an average of 61 ABBA sites and 68 BABA

sites. We then did the four-taxon D-statistic test on these 5kb windows in four different combinations of species, each consisting of

Mono, Micr, one species from Dipr and one species from Dasy.

1) For Macr_Ante_Micr_Mono, 95.2% of the windows had no significant difference in the number of ABBA and BABA sites. 4.4%

of the windows were thought to have gene flow between Macr and Micr. The remaining 0.4% of the windows were thought to

have gene flow between Ante and Micr.

2) For Macr_Sarc_Micr_Mono, 95.2% of the windows had no significant difference in the number of ABBA and BABA sites. 4.3%

of the windows were thought to have gene flow between Macr and Micr. The remaining 0.5% of the windows were thought to

have gene flow between Sarc and Micr.

3) For Phas_Ante_Micr_Mono, 90.9% of the windows had no significant difference in the number of ABBA and BABA sites. 9.0%

of the windows were thought to have gene flow between Phas and Micr. The remaining 0.1% of the windows were thought to

have gene flow between Ante and Micr.

4) For Phas_Sarc_Micr_Mono, 90.9% of the windows had no significant difference in the number of ABBA and BABA sites. 9.0%

of the windows were thought to have gene flow between Phas and Micr. The remaining 0.1% of the windows were thought to

have gene flow between Sarc and Micr.

These outputs showed that up to 95%windowswith equal ABBA andBABA sites, which indicated that two genealogies discordant

with the species tree, ABBA and BABA, were more likely produced by ILS across almost the entire whole genome. On closer
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examination of the supposed windows of gene flow, we found that such windows had the fewer identical sites shared between Micr

and Dasy than other windows, but had the similar identical sites shared between Micr and Dipr as other windows. Rather than gene

flow between speciesMicr and Dipr, there is another possibility for this scenario: the faster substitution rate in Dasy the longer branch

length in Figure 1 had cleaned the identical sites between Micr and Dasy.

CoalHMM analysis
To clarify the extent of ILS in themarsupial genomes at the site level, we used a coalescent inferencemodel, CoalHMM, to identify ILS

regions on 1.4 Gb realigned WGAs, which contained the gray short-tailed opossum, monito del monte, at least one diprotodontian

species, and at least one dasyuromorphian species (Hobolth et al., 2007, 2011). Here, we allowed the aligned blocks where some

species were absent, because the input alignments in CoalHMM analysis consisted of data for four species. Thus, for example,

an aligned block containing the gray short-tailed opossum, monito del monte, tammar wallaby (a diprotodontian species) and brown

antechinus (a dasyuromorphian species) is valid for the CoalHMM analysis.

As we focused on the ILS occurring in the speciation of monito del monte, Diprotodontia and Dasyuromorphia, we had four

combinations:

Combination 1 (Macr_Ante): M. domestica - D. gliroides - A. stuartii - M. eugenii.

Combination 2 (Macr_Sarc): M. domestica - D. gliroides - S. harrisii - M. eugenii.

Combination 3 (Phas_Ante): M. domestica - D. gliroides - A. stuartii - P. cinereus.

Combination 4 (Phas_Sarc): M. domestica - D. gliroides - S. harrisii - P. cinereus.

Thus, we first filtered the species from the specified branch to produce four sets of the alignments. Each alignment was processed

as follows:

1) Columns where all rows were gaps were removed.

2) After merging the consecutive blocks (in the gray short-tailed opossum’s coordinates) of less than 50 nt apart, we further

removed blocks with less than 500 nt.

3) We separated the alignment blocks into sets of blocks containing roughly 1 Mb.

4) We ran CoalHMM with the unclock model, which allows one species to have a longer terminal branch. The assignment of the

longest branch was based on the inferred species tree (Figure 1), and in all cases it was the branch leading to the dasyuromor-

phian species (S. harrisii or A. stuartii).

5) To obtain the optimized starting parameters, we randomly selected three 1 Mb windows from the alignment, ran CoalHMM

under unclock model with default parameters for each 1 Mb window separately. From the parameters estimated by

CoalHMM, we calculated the optimized starting parameters as the mean of the three runs for tau1, tau2, theta1 and theta2.

6) Finally, we ran CoalHMM under the unclock model in each 1 Mb window individually, setting the starting parameters as the

ones estimated in the previous step. A posterior decoding approach was used in CoalHMM to reconstruct the most likely

genealogy for each locus: either the standard Dipr_Dasy relationship (non-ILS, type 0 and type 1) or the alternatives

Dipr_Micr (type2) or Dasy_Micr (type3), which represent the consequences of ILS in the speciation period of Diprotodontia,

Dasyuromorphia, and monito del monte. Depending on whether there was a deeper coalescence between Diprotodontia

and Dasyuromorphia, the non-ILS sites could be further distinguished as type 0 (without deep coalescence) and type1 (with

deep coalescence). The assigned genealogy of a locus is the type with the highest posterior probability.

For each combination, we collected the posterior probabilities per 1Mb run based on the gray short-tailed opossum’s coordinates.

To obtain ILS results in the orthologous coding regions, we extracted the posterior probabilities in the coding regions based on the

coordinates of gray short-tailed opossum.

We then used the detected ILS patterns to explore the selection forces during the early period of Australian marsupial speciation.

We downloaded the phyloP score of 100 vertebrate species including the gray short-tailed opossum, Tasmanian devil and tammar

wallaby from the UCSC database (Haeussler et al., 2019; Pollard et al., 2010) to check whether these ILS sites overlapped with any

conserved regions. Here, we only used the sites that were assigned the identical genealogy in four combinations with different spe-

cies, which resulted in 43 Mb type0 loci, 95 Mb type1 loci, 100 Mb type2 loci and 67 Mb type3 loci. After converting the human - gray

short-tailed opossum coordinates, 41 Mb genomic regions with phyloP scores were extracted. Chi-square test was used to detect

differences in the distribution of conserved sites among non-ILS (type0 and type1), Dipr_Micr ILS (type2) and Dasy_Micr ILS (type3)

regions.Moreover, the degree of conservation of non-ILS regionswas significantly higher than that of ILS regions (Welch TwoSample

t-test, p value < 2.2e-16 for both ILS types). This indicates that the ILS regions were less constrained by selection. Moreover, less-

constrained regions are also more likely to be more divergent, which increases their likelihood of being categorized as having been

under ILS in the CoalHMM model.

ILS candidate gene identification
When defining ILS candidate genes in 13,320 orthologs, we integrated the evidence of CoalHMM’s results and the topology inference

in four combinations. These are the steps taken:
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1) For each orthologous gene, we extracted the posterior probabilities of the coding regions from the corresponding whole-

genome level CoalHMM’s results based on the gray short-tailed opossum’s coordinates in all possible combinations that

this orthologous gene could form. For example, if an orthologous gene can be found in M. domestica, D. gliroides,

A. stuartii, S. harrisii, and M. eugenii, we would extract the posterior probabilities from Combination 1 (Macr_Ante) and

Combination 2 (Macr_Sarc), respectively. Based on the extracted information, we could further calculate four values: the total

number of extracted sites; the number of non-ILS sites (type0 and type1); the number of Dipr_Micr ILS sites (type2); and the

number of Dasy_Micr ILS sites (type3). Of the last three values, the type corresponding to the maximum value was considered

to be the ILS type of this combination. For each orthologous gene, depending on the type of combination it could form, there

should be at least one and at most four sets of these values.

2) For each orthologous gene, we extracted the species from the alignment of the coding regions based on the possible combi-

nations that this orthologous gene could form. For example, if an orthologous gene can be found inM. domestica, D. gliroides,

A. stuartii, S. harrisii, and M. eugenii, we would produce two sets of the alignment: M. domestica - D. gliroides - A. stuartii -

M. eugenii; and M. domestica - D. gliroides - S. harrisii - M. eugenii. Next, we used RAxML to calculate the likelihood values

of each alignment under three candidate topologies: Dipr_Dasy tree, Dipr_Micr tree, and Dasy_Micr tree (with the command

‘‘-z’’). The topology with the highest likelihood value would then be considered as the best tree for this alignment. For each

orthologous gene, each combination it formed would thus have its own best topology.

3) Then, we integrated the evidence from the above steps. For any combination of each orthologous gene, it would be considered

valid only if the following two criteria are met: a) the total number of extracted sites/the coding regionsR30%; and b) the best

topology assigned by RAxML is as same as the ILS type assigned by CoalHMM.

4) For an orthologous gene, if all of its valid combinations supportedDipr_Dasy, the genewas inferred to be a Dipr_Dasy gene.We

used the same criterion for Dipr_Micr genes and Dasy_Micr genes.

In total, we identified 6,425 Dipr_Dasy genes, 1,310 Dipr_Micr genes, and 803 Dasy_Micr genes by this method.

Functional annotation of Dipr_Micr and Dasy_Micr candidate genes
First, the bi-directional best hit methodwas applied to generate the orthologous relationship between themonito del monte predicted

genes and the mouse Ensembl genes. Then, we assessed the relative breadth of gene expression at the organ level based on data

from the Gene Expression Database (Smith et al., 2019). By searching the mouse’s counterparts in the database, we located 11,718

of 13,320 orthologs with hits, including 1,099 Dipr_Micr candidate genes, and 670 Dasy_Micr candidate genes. Together, there was

adequate evidence to suggest that 1,092 of 1,301 Dipr_Micr candidate genes, 666 of 803 Dasy_Micr candidate genes and 11,685 of

13,320 orthologswere expressed in at least one of the following organs: sensory organ, testis, brain, gland, ovary, metanephros, liver,

heart, skin, lung, and pancreas. The detailed frequencies of these three gene sets in each organ are presented in Figure 4E. In addi-

tion, we searched the orthologous genes in the mouse of these ILS genes in the Mammalian Phenotype Ontology Database (Smith

and Eppig, 2009) to annotate them at the phenotypic level focusing on the 17 phenotypic systems listed in Table S4. In total, 613 of

1,310 Dipr_Micr candidate genes, 335 of 803 Dasy_Micr candidate genes, and 6,710 of 13,320 orthologs with the counterparts in

mouse were involved in at least one of these 17 systems. The detailed distribution of these genes in each system is shown in

Table S4 and we further calculated the gene frequencies of each system in these three sets of genes, which are shown in Figure 4F.

The gene frequency of a phenotype system is the proportion of the total number of genes annotated as being instrumental for these

organ systems. Next, to identify candidate genes associated with the skeleton anatomy used in the transgenic experiments, we

required that the candidates should contain the same amino acids shared between monito del monte and the diprotodontian mar-

supials, and that alignment across all investigated species showed no insertions or deletions near the shared amino acid sites. We

also required that the candidate genes showed expression signals or with knockout phenotypes on the relevant tissues in mice.

Morphological analysis of knock-in mice
Entire mouse individuals at 1�2 months of age were scanned with a MicroXCT 400 (Carl Zeiss X-ray Microscopy Inc., Pleasanton,

USA) at the Institute of Zoology, Chinese Academy of Sciences, using a beam energy of 60 kV, 133 mA, absorption contrast and a

spatial resolution of 34.014�46.296 mm. From the image stacks, morphological structures, including the thoracic vertebrae and the

humerus of each specimen were reconstructed and separated with Amira 5.4 (Visage Imaging, San Diego, USA). Morphological in-

formation of each specimen was measured with Geomagic Studio 2013 (3D Systems, South Carolina, USA). Subsequent volume

rendering and animations were performed with VGStudio MAX 2.1 (Volume Graphics, Heidelberg, Germany) (Bai et al., 2016,

2018). The final figures were prepared with PhotoshopCS5 (Adobe, San Jose, USA).

In total, we had 11 Wfikkn1Q76R/Q76R mice and 10 wild-type mice for the measurement. For each individual from the

Wfikkn1Q76R/Q76R mice line, four sets of values for the morphological information of the vertebrae were measured under the mice

actual size (parity proportions) by using the measurement tool of Geomagic studio 2013 (Katz and Friess, 2014): 1) the height of

the spinous process on T1; 2) the width of the centrum of T1; 3) the height of the spinous process on T2; and 4) the width of the

centrum of T2 (Figure S4D). To be specific, the height of the spinous process was measured as the straight-line distance between

the vertex and the midpoint on the base of a spinous process, and the width of the centrum was measured as the straight-line dis-

tance between the front and rear endpoints of the inner side of the centrum. The ratio of the spinous process (T1/T2) were compared
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by the Welch Two Sample t-test between the wild type mice and theWfikkn1Q76R/Q76R mice after log-transformation (Figure 5C). To

further measure the changes of the spinous process of T1 and T2 independently, we used the width of the centrum of the vertebrae to

standardize the height of the spinous process, and compared the ratio of the spinous_process and centrum_width between the wild

type mice and the Wfikkn1Q76R/Q76R mice after log-transformation (Figure S4E).

For mice samples from the PAPSS2 knock-in experiment, we used 3D geometric morphometric analyses to compare the differ-

ences among Papss2Mono/Mono, Papss2Mono-Micr/Mono-Micr, Papss2Dipr/Dipr, and Papss2Dasy/Dasy mice lines based on the curvature of

the humerus bone. We extracted one curve from the humerus of each individual to represent its specific external form, and then re-

sampled each curve into 41 equally spaced semi-landmarks the curve tip position is highlighted with a black-dotted line on the 3D

model of the humerus just above (Figure S4F; MacLeod, 2017). These curves and semi-landmarks were then digitized using the IDAV

Landmark software package (Wiley et al., 2005). Next, the datasets used for the subsequent morphological analysis was obtained by

converting semi-landmarks into landmarks (MacLeod, 2017) in text file format: the curve number and point number for each sample

were deleted, and then landmark numbers were replaced by point numbers (Tong et al., 2021; Zhang et al., 2019). The landmark

configurations were scaled, translated, and rotated against the consensus configuration using the Procrustes superimposition

method in advance (Bai et al., 2014; MacLeod, 2017). Finally, Canonical Variate Analysis (CVA) and the degree of differentiation in

mathematical spaces formed by the first two CV axes were used to visualize the discreteness of the humerus betweenmice test lines

in Mathematica (MacLeod, 2007). Figure 5D has plotted the first two canonical variables of Papss2Mono/Mono, Papss2Dipr/Dipr, and

Papss2Dasy/Dasy mice lines, with CV1 representing 87.61% and CV2 representing 12.39% of the weighted sample variables,

respectively. Figure 5E has plotted the first two canonical variables of Papss2Dipr/Dipr, Papss2Dasy/Dasy, Papss2Mono/Mono, and

Papss2Mono-Micr/Mono-Micr mice lines with CV1 representing 66.84% and CV2 representing 24.97% of the weighted sample variables.

Next, the Euclidean distance, i.e. the absolute distance between two points in multidimensional space (all CVs were considered in

our study), meant to digitize the differences between these mice lines, was calculated based on the CVA. In the comparison of

Papss2Mono/Mono, Papss2Dipr/Dipr, and Papss2Dasy/Dasy mice lines in Figure 5D, we calculated the Euclidean distances from each

sample in the Papss2Mono/Mono mice line to the cluster center of Papss2Dipr/Dipr mice line and to the cluster center of Papss2Dasy/Dasy

mice line, respectively. In the comparison of Papss2Dipr/Dipr, Papss2Dasy/Dasy, Papss2Mono/Mono, and Papss2Mono-Micr/Mono-Micr mice

lines in Figure 4E, we calculated the Euclidean distances from each sample in the Papss2Dipr/Dipr mice line to the cluster center of

Papss2Mono/Mono mice line and to the cluster center of Papss2Mono-Micr/Mono-Micr mice line, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification approaches and statistical analyses of the genome sequencing, quality assessment of the assembly, phylogeny,

QuIBL analysis, four-taxon D-statistic test, CoalHMM analysis, as well as the morphological comparative analyses can be found

in the relevant sections of the method details.
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Supplemental figures

Figure S1. Phylogenetic tree inferences using coalescence-based (ASTRAL-III) and concatenation-based (RAxML)methods based onWGAs

and the coding regions, related to Figure 1
(A) ASTRAL output based on WGAs.

(B) ASTRAL output based on 9,227 orthologs.

(C) RAxML output based on the concatenated coding alignment of 9,227 orthologs.

(D) RAxML output based on the 4-fold degenerate sites of 9,227 orthologs.

(E) RAxML output based on the alignment of 1st and 2nd codon positions of 9,227 orthologs.

(F) RAxML output based on the alignment of 3rd codon positions of 9,227 orthologs. For ASTRAL outputs, lengths of internal branches estimated by ASTRAL-III

are labeled on the tree in coalescent units (scale bar at the bottom). For RAxML outputs, branch length scale bar at the bottom refers to the expected number of

substitutions per site. and bootstrap value is labeled at the node in parentheses if the value is less than 100.
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Figure S2. Evidence to distinguish between ILS and hybridization, related to Figure 2

(A) Using the estimated divergence times to distinguish between ILS and hybridization scenarios. As the upper schematic trees illustrate, the coalescence time

under ILS (ti) should be earlier than the speciation event (t), whereas the expected divergence time under hybridization (th) should be later than the speciation event

(t). The next trees show the divergence times across six species estimated by MCMCTree with three alternative topologies and the corresponding genomic re-

gions. Dipr_Dasy: the topology and the regions supporting the species tree. Dipr_Micr: the topology and the regions supporting Dipr and Micr as sister species.

Dasy_Micr: the topology and the regions supporting Dasy and Micr as closest relatives. The minimum and maximum calibration dates labeled at the root are 64

and 116 mya, respectively, based on the literature.

(B) QuIBL output of the triplet, D. gliroides-A. stuartii-M. eugenii. (Upper) Distribution of Delta. BIC values of the Dipr_Micr subset (blue) and the Dasy_Micr subset

(green) calculated by QuIBL. Delta. BIC value is calculated as the BIC value of scenario 2 minus the BIC value of scenario 1 (see STAR Methods). (Bottom) The

distribution of the internal branch lengths (gray) ismore in line with the inferred ILS distribution (red) than the inferred introgression distribution (black) for these two

subsets. As shown in (B), we also present the results of D. gliroides-S. harrisii-M. eugenii triplet in (C), D. gliroides-A. stuartii-P. cinereus triplet in (D), and

D. gliroides-S. harrisii-P. cinereus triplet in (E). Dasy, Dasyuromorphia; Dipr, Diprotodontia; Micr, monito del monte.
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Figure S3. The proportion and the fragment length of the predicted ILS, related to Figure 2

(A) The proportion of ILS cases observed in WGAs (left) and orthologous coding regions (right) inferred by CoalHMM in four combinations. In each combination,

the proportions of the loci belonging to the four candidate genealogies (x axis) were calculated. Four candidate genealogies are: 0 represents the species tree

(non-ILS) without deep coalescence; 1 represents the species tree (non-ILS) with deep coalescence between Dipr and Dasy; 2 represents that Dipr and Micr are

closest relatives; and 3 represents that Dasy and Micr are closest relatives. The last two represent the consequences of ILS in the speciation period of

Diprotodontia, Dasyuromorphia, and Microbiotheria. The overall proportion of ILS was equal to the sum of 2 and 3, which was marked in the bar plot with a

red dotted line and number.

(B) In the distribution of fragment lengths, the red dotted line indicates the distribution of fragments whose state is 0. The red, blue, and green solid lines

represented 1, 2, and 3, respectively. The vertical dotted line represented the average of the corresponding distributions. Macr, tammar wallaby; Ante, brown

antechinus; Sarc, Tasmanian devil; Phas, koala.
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Figure S4. Experimental evidence for ILS alleles affecting the spinous process and the ILS pattern ofPAPSS2 gene, related to Figures 4 and 5

(A) Measurements of the spinous process of the first (T1) and the second (T2) thoracic vertebra in koala.

(B) Measurements of the spinous process of T1 and T2 in Tasmanian devil.

(C) Status of the p.76 site ofWFIKKN1 gene (based onMus musculus gene ENSMUSG00000071192) in mammals. This alignment included six marsupials in this

study and nine othermammals and used platypus as an outgroup. In this alignment, Q and R are two ancestral alleles at the target site, whereas allele H in humans

is a species-specific mutation. All sequences were obtained from the Ensembl database, except monito del monte, tammar wallaby, and brown antechinus.

(D) Schematic of the measured values in the thoracic vertebrae. For each individual, we measured four sets of values: (1) the height of the spinous process of T1;

(2) the width of the centrum of T1; (3) the height of the spinous process of T2; and (4) the width of the centrum of T2.

(E) Comparison of the relative ratio of the spinous process to the width of the centrum of the thoracic vertebrae betweenmice carrying the alternative amino acid R

and theWTmice with Q. Tomeasure the changes in the spinous process of T1 and T2 independently, we used thewidth of the centrum of the T1 and T2 vertebrae

to standardize the height of the spinous process of T1 and T2, and then obtained the spinous_process/centrum_width ratio. The log-transformed ratios of T1were

significantly lower inWfikkn1Q76R/Q76R mice than in WT mice (Welch two sample t test, p value = 0.0004), whereas T2 increased significantly (Welch two sample t

test, p value = 0.0490).

(F) The 3D morphometrical black dot landmarks mapped on the right humeral bone surface were used in the CVA analysis to represent the overall curvature

characteristics.

(G) Dipr_Micr ILS signals of PAPSS2 gene estimated by CoalHMMwere shown with the gene structure of gray short-tailed opossum (ENSMODG00000016494).

(H) Four amino acid sites (red star) were replaced from the original type to the shared type between monito del monte and tammar wallaby in the gray short-tailed

opossum cDNA to generate the Papss2Mono-Micr/Mono-Micr mutant line. Non-ILS (Dipr_Dasy), and two ILS patterns were shown above the alignments.
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Figure S5. Schematic representation of the CRISPR-Cas9 strategy and the genotype verification of the F0 knockin mice, related to Figure 5

(A) TheWfikkn1 point-mutation mice line. The targeted mutation is c.227A > G (p.Q76R) of the mouseWfikkn1 gene (ENSMUSG00000071192) located in exon 2.

Cas9 mRNA, gRNA, and the donor oligo were co-injected into zygotes of C57BL/6Jmice to obtain F0 knockin mice. Site c.237G > C is the synonymous mutation

for the gRNA PAM blocking mutation. Only parts of the targeted sequence and the donor oligo sequence are shown. See STAR Methods for the complete

sequences.

(B) Genotyping of F0 Wfikkn1 point-mutation mice by PCR. A pair of primers was designed to bind to flanking regions of the target site A > G.

(C) The PAPSS2 knockin mice lines. Gray short-tailed opossum PAPSS2 cDNA, modified gray short-tailed opossum PAPSS2 cDNA, tammar wallaby PAPSS2

cDNA, and Tasmanian devil PAPSS2 cDNA were introduced at the ATG start codon located in the 50 end of mouse Papss2 gene (ENSMUSG00000024899),

respectively. The targeting vector was constructed for homologous recombination of the target fragment, comprising the homologous sequences, KI fragment,

and polyA, etc. Cas9 mRNA, gRNA, and the donor plasmid were co-injected into zygotes of C57BL/6J mice to obtain F0 knockin mice.

(D) Genotyping of F0 PAPSS2 knockin mice lines by PCR. Two pairs of primers were designed to bind to flanking regions of the mouse sequence outside the

homology arms and to the target KI sequence for PAPSS2 knockin mice lines.
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