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PUBLIC SUMMARY
= Changes in promoter methylation are related to trait evolution.

= Genomic imprinting accumulated in a stepwise fashion during mammalian evolution and mostly functions in embryonic development.

= Epigenomic evolution should be incorporated to develop a unified evolutionary theory.
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DNA methylation is an epigenetic modification that plays a crucial role in
various regulatory processes, including gene expression regulation, trans-
posable element repression, and genomic imprinting. However, most
studies on DNA methylation have been conducted in humans and other
model species, whereas the dynamics of DNA methylation across mammals
remain poorly explored, limiting our understanding of epigenomic evolution
in mammals and the evolutionary impacts of conserved and lineage-specific
DNA methylation. Here, we generated and gathered comparative epige-
nomic data from 13 mammalian species, including two marsupial species,
to demonstrate that DNA methylation plays critical roles in several aspects
of gene evolution and species trait evolution. We found that the species-spe-
cific DNA methylation of promoters and noncoding elements correlates with
species-specific traits such as body patterning, indicating that DNA methyl-
ation might help establish or maintain interspecies differences in gene regu-
lation that shape phenotypes. For a broader view, we investigated the evolu-
tionary histories of 88 known imprinting control regions across mammals to
identify their evolutionary origins. By analyzing the features of known and
newly identified potential imprints in all studied mammals, we found that
genomic imprinting may function in embryonic development through the
binding of specific transcription factors. Our findings show that DNA methyl-
ation and the complex interaction between the genome and epigenome have
a significant impact on mammalian evolution, suggesting that evolutionary
epigenomics should be incorporated to develop a unified evolutionary
theory.

INTRODUCTION

DNA methylation at cytosines (5-methylcytosine, 5mC) occurs in most eukary-
otic groups, with evolutionarily variable levels and genomic distributions.'? In
mammals, it is a key epigenetic modification involved in a variety of biological
processes, including the regulation of gene expression, regulation of chromatin
structure, repression of transposable elements, X chromosome inactivation,
and genomic imprinting.® Numerous studies have demonstrated that hyperme-
thylation in the promoter typically results in decreased transcription of down-
stream genes by blocking transcription factor binding and altering chromatin
states.*® In addition, 5mC is epigenetically heritable through mitotic cell divisions
andis thus conserved in somatic tissues®”; it is also transgenerationally heritable
at certain loci and may persist over evolutionary time.®°

However, studies on DNA methylation in mammals have focused mainly on
mice and primates. They have revealed the basic pattern of extensively methyl-
ated cytosines (~70%) in the context of CpG and epigenetic dynamics during hu-
man evolution.'® '® Less is known about the roles of DNA methylation in gene
evolution under selective forces and in the development of mammalian traits,
especially in root lineages such as marsupials.

Moreover, genomic imprinting in mammals, a phenomenon in which genes
are expressed according to parental origins, is also intimately associated with dif-
ferential DNA methylation in imprinting control regions (ICRs) in the two parental
genomes.'” Parental epigenetic memory in ICRs can withstand genomic reprog-
ramming during early embryogenesis and maintain allele-specific methylation in
somatic cells, which controls the allele-specific expression of a single or multiple
neighboring imprinted genes.'® Due to the relative scarcity of genomes and epi-
genomes in non-model animals, examining these allelic DNA methylation marks
at whole-genome scales and across the mammalian phylogeny remains chal-

lenging, and many questions persist about the evolutionary origins and functions
of genomic imprinting in mammals.

In recent years, omics advances have provided a strong foundation for
comparative epigenomics research, enabling the comprehensive investigation
of epigenomic evolution in mammals.'® In this study, we utilized comparative ep-
igenomic data from 13 mammalian species to explore the epigenetic regulation
of mammals from an evolutionary standpoint, while accounting for mammalian
phylogenetics. Our aim was to investigate the relationship between promoter
methylation and coding sequence molecular changes, as well as explore
the evolutionary significance of DNA methylation in promoters and noncoding
sequences for species trait evolution, to draw connections between regulatory
adaptations and physiological or morphological phenotypes. In addition, we
explored the evolutionary conservation of allelic methylation associated with
genomic imprinting, specifically for the stepwise accumulation of 88 known
ICRs. We also conducted the de novo identification of allelic methylation regions
(AMRs) in each species and analyzed their genomic distribution, gene functional
enrichment, and the motif enrichment of potential imprints.

Based on a combination of comparative genomics and comparative epige-
nomics approaches, we could investigate a relatively unexplored research
avenue in the evolution of mammalian epigenomics: the conservation and diver-
gence of mammalian epigenomes and the potential connections between these
epigenomic patterns and gene evolution, species trait differentiation, and
genomic imprinting. Our findings could prove foundational for a better under-
standing of systematic evolutionary theories that incorporate both genomic
and epigenomic evolution.

RESULTS
WGBS of 13 mammalian species

We generated and collected single-base-resolution methylome data by whole-
genome bisulfite sequencing (WGBS) for 13 mammal species spanning the
mammalian phylogenetic tree, representing eight orders and 13 families (human
[Homo sapiens], macaque [Macaca mulatta], mouse [Mus musculus], cow [Bos
taurus), bottlenose dolphin [Tursiops truncatus), pig [Sus scrofa], horse [Equus
caballus], giant panda [Ailuropoda melanoleuca), dog [Canis lupus familiaris],
greater horseshoe bat [Rhinolophus ferrumequinum], Linnaeus's two-toed sloth
[Choloepus didactylus], red kangaroo [Osphranter rufus], and sugar glider [Petau-
rus breviceps]; see Figure 1A for phylogenetic relationships, Tables ST and S2 for
detailed information on the WGBS data). Among these species, five were
sequenced to examine base-resolution DNA methylation for the first time. Liver
and skeletal muscle samples from two different individuals were utilized as rep-
licates in all species with the exception of the bottlenose dolphin, for which only
one muscle sample could be obtained. The CpG methylation levels of the two
replicates were significantly correlated across all species (p < 2.2 x 107'® for
all species, Pearson correlation coefficients from 0.64 to 0.82, Figure S1). The
genome tracks of methylation profiles in the two replicates are provided in
Figure S2.

Although previous studies have reported tissue differences in DNA methylation
both within the same species and between closely related species,'®'>?%?! our
analysis showed that the hierarchical clustering of samples based on the methyl-
ation levels of syntenic CpG sites or syntenic regions longer than 100 base pairs
(bp) both grouped the same species tightly together (Figure S3). The only excep-
tion was the clustering of human and macaque samples, where DNA methylation
was more consistent between the same tissue across the two species, in line
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Figure 1. Interspecies conservation of DNA methylation among various genomic features (A) Each violin plot depicts the distribution of the DNA methylation levels in the genomic
regions of gene bodies, exons, introns, intergenic regions, and TEs in the species that we analyzed, as shown in the phylogenetic tree. (B) This figure shows the methylation levels of
regions 10 kb upstream and 10 kb downstream of the TSS of genes in each species calculated using 100 bp bins, indicating that the regions around the TSS have the lowest
methylation levels. (C) This figure shows the average methylation levels of each genomic feature in each species.

with previous research.'®'® The closely clustered epigenomic structure of tis-
sues within most species suggests that species characteristics take precedence
over tissue specificity on the wider scale of mammalian evolution. Intriguingly,
the clustering dendrograms based on the methylation levels of CpG sites or syn-
tenic regions both resembled the phylogenetic tree to some extent (species from
Primates, Cetartiodactyla, Carnivora, and Marsupialia were clustered together,
respectively) but also differed significantly for distantly related species, indicating
that changes in DNA methylation may follow phylogeny for closely related spe-
cies but evolve faster than genetic variations after species diverge substantially.
This also implies that the epigenomic landscape is influenced by other factors in
addition to genetic inheritance.

DNA methylation patterns of genomic features across mammals

The DNA methylation patterns of gene bodies, exons, introns, intergenic
regions, and transposable elements (TEs) were largely comparable across all
species examined (Figure 1A) and between replicates from the same species
(Figure S4). TEs were the most heavily methylated among these genomic fea-
tures, with an average methylation level of 77% (Figure 1C). We found that Alu
elements, a family of short interspersed nuclear elements that arose recently
in primate ancestors, were significantly more methylated than older TE families
(p < 0.05, Kruskal-Wallis test, Figure S5). This supports the importance of DNA
methylation in the epigenetic regulation of TE activity. In contrast, the methylation
levels around transcription start sites (TSSs) were the lowest, compared with
other genomic regions (Figure 1B), with promoter regions showing a bimodal dis-
tribution pattern of methylation levels (Figure S6), in accordance with their func-
tion in controlling gene expression. Overall, the genomic distribution of DNA
methylation was relatively conserved in mammals.

Promoter methylation evolves in synchrony with gene evolution

We identified 10,219 single-copy orthologous genes in at least 11 eutherian
mammals. For each pair of orthologous genes from two species, promoter
methylation divergence (see material and methods for details) was significantly

positively correlated with synonymous substitution rates (dS) of the coding
regions, which represents the evolutionary distance of each gene pair
(p < 2.2 x 107'® Figure 2A). This finding is consistent with previous research
on primate orthologous gene pairs and human duplicated gene pairs,'>?* sug-
gesting that interspecies promoter methylation differences are correlated with
interspecies changes in coding sequences.

We further investigated whether genes under distinct selective constraints
showed variable degrees of promoter methylation. Indeed, there was a strong
positive correlation between the average dN/dS ratio (non-synonymous substitu-
tion rate over synonymous substitution rate, a measure of the evolutionary
pressure on the gene) of the orthologous gene in all species and the average pro-
moter methylation level (p < 2.2 x 1076, Figure 2B). The promoters of genes
with low dN/dS ratios remained constitutively unmethylated across species,
and these genes were usually evolutionarily conserved under strong purifying se-
lection and may possess essential functions and active expression. In contrast,
genes with higher dN/dS values among all species, which indicate a greater accu-
mulation of non-synonymous mutations, are typically more likely to have high
DNA methylation levels in their promoters. One possible driving force underlying
the synchronized evolution of promoter methylation and coding sequence mo-
lecular evolution is the ability of epigenetic gene silencing to alleviate the impacts
of genetic changes on drastic shifts in gene expression and immediate pheno-
typic effects while maintaining phenotypic flexibility. Another explanation is
that sequence change is a result of the epigenetic silencing of genes, which re-
laxes the selection pressure on genes. These results together indicate that
gene evolution and epigenomic evolution co-occur to regulate gene activities.

Lineage-specific methylation patterns of promoters and noncoding
sequences are associated with species traits

Previous studies have shown that DNA methylation in one tissue could predict
gene expression in other tissues.”® Therefore, we utilized two samples from
different developmental origins (endoderm and mesoderm) to account for
most intraspecies differences in DNA methylation and represent the epigenomic
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Figure 2. Epigenomic evolution of promoter methylation in synchrony with the molecular evolution of genes (A) The boxplot shows the distribution of promoter methylation
divergence values for ~660,000 orthologous gene pairs with dS < 3, divided into six bins by dS values. The regression line with the 95% confidence interval demonstrates a significant
correlation (p < 2.2 x 107 '®) between promoter methylation divergence and dS of all gene pairs, indicating that gene pairs with larger dS values and higher evolutionary distances
tended to differ in promoter methylation. (B) The boxplot shows the distribution of mean promoter methylation levels for more than 10,000 genes, divided into five bins by dN/dS
values. The regression line with the 95% confidence interval demonstrates a significant correlation (p < 2.2 x 107 ') between mean promoter methylation and dN/dS of all these
genes, indicating that genes with lower evolutionary rates tend to have lower mean promoter methylation levels.

profiles throughout the body in each species. Across all the orthologous genes
examined, 12% of them had consistently hypomethylated promoters across spe-
cies, whereas 5% had consistently hypermethylated promoters across species
(Figure 3A). The genes with hypomethylated promoters showed significant
gene ontology (GO) enrichment in important developmental processes, including
the development of cells (such as cell morphogenesis, cell fate commitment, and
negative regulation of cell differentiation), development of tissues and systems
(tissue morphogenesis, head development, brain development, limb morphogen-
esis, and reproductive system development) as well as the development of em-
bryos and entire organisms (embryonic morphogenesis, pattern specification
process, and regionalization) (Figure 3B and Table S3). These genes with permis-
sive epigenetic states are involved in developmental processes at various scales
and are most likely activated to play essential roles in organism survival. In
contrast, genes with heavily methylated promoters were primarily associated
with immune system processes (Table S4). DNA hypermethylation targeting
these genes likely maintains their repressed state in most somatic lineages, while
they might be specifically turned on in the immune system.

Atotal of 2,701 genes exhibited species-specifically upregulated or downregu-
lated methylation levels in promoters. In addition, another 145 gene promoters
displayed altered methylation patterns that were shared by marsupials (Fig-
ure 3A). The lineage-specific altered methylation levels in promoters may reflect
a different schema of gene expression, which might be associated with or result
in phenotypic outcomes of evolutionary significance. We also identified differen-

tially methylated nonpromoter and noncoding regions in each species and found
that genes with altered promoter methylation patterns and the differentially
methylated noncoding regions of species were enriched in many identical or
closely related functions related to species-specific traits (Figures 3C and S7).
For instance, genes in cows with altered promoter methylation as well as non-
coding regions were significantly involved in digestive tract development and
the response to alkaloid, which are relevant to the specialized anatomy of the
ruminant digestive tract and diet adaptations. Dog-specific enriched biological
processes include the development of sensory organs (ear and olfactory organs),
sensory processing, and olfactory behavior. In pandas, differentially methylated
genes played roles in pigmentation and embryo implantation, and the differen-
tially methylated noncoding regions were related to in utero embryonic develop-
ment. This may be correlated with obligate delayed implantation in the giant
panda, as they produce underdeveloped cubs with the lowest neonate-maternal
weight ratio among all eutherians.?* Of special note were the genes showing al-
terations of promoter and noncoding region methylation unique to bats, which
were significantly enriched in immune-related processes, such as innate immune
response, modulation by host of symbiont transcription, regulation of viral entry
into host cells, and regulation of viral genome replication. Limb development
and embryonic digit morphogenesis were also enriched, and the differentially
methylated genes include SHH, a key factor in limb development examined in
vertebrates,”® 2% which has been reported to specifically influence bat digit
development in previous comparative transcriptomic research.?>° Our finding
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Figure 3. Promoter methylation patterns of orthologous genes are associated with important developmental processes and species traits (A) This heatmap shows the methylation
levels of four groups of gene promoters: consistently hypomethylated, lineage-specifically hypermethylated, lineage-specifically hypomethylated, and consistently hypermethylated.
(B) The functional analysis of consistently hypomethylated gene promoters reveals the enrichment of developmental processes, including cell development, tissue and system
development, embryo development, and organism morphogenesis. (C) Promoters and noncoding sequences with lineage-specific altered methylation patterns exhibit enriched GO
annotations (selected from all significant results) associated with species traits. The biological processes in black letters are enriched in the promoters, whereas the biological
processes in blue letters are enriched in both the promoters and noncoding sequences.

of bat-specific altered methylation of the SHH promoter may contribute to the
mechanism of the differential expression of this gene during development and
assist in understanding the adaptive evolution of bat wings. In contrast to terres-
trial mammals, dolphins exhibit a streamlined body shape and numerous skeletal
adaptations facilitate swimming, including a telescoped skull, hindlimb loss, the
flattening of the forelimbs into flippers, a large number of short vertebrae, and so
forth.®" Interestingly, dolphin-specific altered genes and noncoding regions were
found to be enriched in developmental processes related to these features,
including anterior/posterior pattern specification, skeletal system development,
osteoblast differentiation, bone development, post-anal tail morphogenesis,
and limb development. Among these, SCUBE3 had a dolphin-specifically hyper-
methylated promoter, and this gene has been reported to cause malformations
of vertebrae and shorter thigh bones in mutant mice.®> The two marsupial
species shared many specific modifications in gene promoters and noncoding
regions, and these changes were involved in reproductive processes such as em-
bryonic placenta development, post-embryonic development, reproductive struc-

ture development, mammary gland development, and so forth. These are related
to the most distinct features between marsupials and eutherians, since marsu-
pials typically exhibit a short gestation time but a long and sophisticated lactation
period to nurture their highly altricial newborns.® These findings may help eluci-
date the regulatory mechanisms by which the mammary gland compensates for
the functions of the short-lived, simple placenta of marsupials.* In addition, the
reproductive system also evolved differently in marsupials and eutherians, as
marsupial females have three vaginas and two separate uteri and males have
a bifurcated penis. The epigenetic differences among these orthologous genes
involved in the gene regulatory network of reproduction might partially explain
the distinct discrepancies between marsupials and eutherians.

The correlations of DNA methylation and species traits were apparent in pro-
moters and noncoding regions but not in the coding sequences of the genes, as
very few genes exhibited altered methylation patterns in their coding sequences
(less than 0.7% of orthologous genes in each species on average), and they were
not significantly enriched in any of the above biological processes associated
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with species traits. The lineage-specific differentially methylated noncoding re-
gions may act as cis-regulatory elements to control the expression of neigh-
boring genes. In fact, approximately 30% of these regions overlap with the
conserved noncoding elements (CNEs) that we identified across all species,
and they cover 2,576 CNEs with lineage-specific altered methylation patterns.
Together, these results demonstrate that the DNA methylation of promoters
and noncoding elements, but not coding sequences, can coordinately act on mul-
tiple levels of the regulatory cascades of mammals to facilitate many biological
processes during development, hence potentially influencing or reflecting a vari-
ety of complex lineage-specific phenotypes.

Evolutionary history of known ICRs reveals stepwise accumulation of
mammalian imprints

A fundamental process in establishing ICRs in mammals, which cis-regulate
the allelic expression of neighboring genes in imprinting clusters, is the methyl-
ation of allelic DNA on one of the paternal chromosomes. Given the wealth of
research on human and mouse imprinted genes, we collated information on
88 documented ICRs from humans and mice with expression data as a starting
point for reconstructing the evolutionary history of imprinting in mammals
(Table S5).%7%€ These ICRs included 53 known human ICRs, 56 known mouse
ICRs, and 23 shared ICRs. We examined the overlap between the syntenic re-
gions of the known ICRs and the de novo identified AMRs in each species.
Most of the known ICRs were located in imprinting clusters with clear evolu-
tionary origins that could be inferred from the methylation profiles of the species
we studied (Figure S8). These known ICRs were grouped into the following cat-
egories: four therian-shared ICRs, 17 eutherian-shared ICRs, two Boreoeuther-
ians-shared ICRs, three Euarchontoglires-shared ICRs, nine primate-specific
ICRs, and seven rodent-specific ICRs (Figure 4). As epigenetic regulation may
change as species evolve, leading to the loss or relaxation of DNA methylation
marks at these loci, methylation patterns may not be strictly consistent in all spe-
cies. In addition, our data may not be able to detect all AMRs in all species. Thus,
we regarded the remaining documented ICRs with divergent or inconsistent
methylation patterns relative to phylogeny to be non-conserved or data deficient,
and we did not make inferences about their evolutionary history.

The evolutionary histories of the imprinted domains exhibited a stepwise
accumulation process in mammals. Marsupials diverged with eutherians
approximately 159 million years ago and do not appear to share many ICRs
with eutherians. Three of the imprinting domains shared by marsupials and

maternal-fetal communication through a well-
developed placenta during gestation, which
may benefit from the parental-specific expres-
sion of development-related genes. In contrast,
imprinted genes that emerged later in primates
or rodents have more specialized functions and may be related to more specific
features. For example, aberrant methylation of the primate-specific imprinted
gene PPIEL is associated with intellectual disability and bipolar disorder*
whereas the mutation of another imprinted gene, WDR27, may cause develop-
mental abnormalities of the brain.** In addition to the known human and mouse
ICRs, other species have likely evolved their own imprints, as will be covered later.

Germline ICRs are more conserved than somatic ICRs

Using methylome data from human and mouse gametes and early em-
bryos,*>** we classified ICRs as germline ICRs (also known as primary ICRs)
and somatic ICRs (or secondary ICRs). Germline ICRs inherit allelic methylation
from germ cells and are maintained after fertilization throughout development,
whereas somatic ICRs are only established during early embryonic develop-
ment.*® We found that a larger proportion of the germline ICRs were shared at
least among Boreoeutherians (emerged about 105 Mya), indicating that germline
ICRs are significantly more phylogenetically conserved than somatic ICRs
(p < 0.05, chi-square test). Indeed, many of the known somatic ICRs of humans
and mice showed variable methylation patterns across species and even be-
tween different individuals or tissues of the same species, as demonstrated
not only by our analysis but also by other studies.**~*" For instance, we found
in the longest contiguous allelic methylated regions in the human genome
(once dysregulated, could lead to Prader-Willi syndrome),*® the germline ICR at
the SNRPN-SNURF locus was likely established in the ancestor of eutherians,
whereas the methylation patterns of several somatic ICRs near the protein-cod-
ing genes MKRN3, MAGEL2, NDN, and long noncoding RNA (IncRNA) genes,
varied considerably between species and even between the replicates of some
species (Figure S9). Since only germline ICRs are established with differential
methylation in maternal and paternal germ cells during gametogenesis, the
less conserved somatic ICRs at surrounding loci may acquire allele-specific
methylation in a germline ICR-dependent manner or as a result of germline
ICR expansion. This distinction between germline ICRs and somatic ICRs in
terms of conservatism is critical for determining their roles in embryonic develop-
ment or in specific tissues.

Genomic imprinting mainly affects embryo development in mammals

To further understand the evolution of genomic imprinting in all mammalian
species, we filtered the AMRs from prior analyses using more stringent criteria
(see material and methods), only including AMRs supported by both replicates
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Figure 5. Genomic distribution, functional enrichment, and motif enrichment of AMRs (A) The pie chart indicates the proportions of AMRs that overlapped with genes (including
protein-coding genes, INcRNA genes, and both) and intergenic regions. (B) The distances of the AMRs to the nearest transcription start sites of genes (black line) were significantly
closer compared with those of random regions of similar length (gray line). (C) Gene functions enriched in the commonly shared AMRs were mostly associated with embryonic
development. (D) Motifs enriched in the commonly shared AMRs were associated with development and gene expression regulation.

in each species. Thus, we identified the highly credible AMRs, which were puta-
tively ICRs in each species, without referring to known imprints. Not surprisingly,
the highly credible AMRs list also retained those conserved known ICRs
described above, such as the ICRs at GNAS, PEG10, PEG3, SNRPN-SNURF,
MEGS, and BLCAP-NNAT, demonstrating the effectiveness of our strategy in
locating potential ICRs in other mammalian species.

Nearly 70% of the highly credible AMRs overlapped with genes, including
61.0% overlapping with protein-coding genes, 10.1% overlapping with INcRNA
genes, and 2.7% overlapping with both (such as AMRs at DIRAS3, GNAS, SNURF,
MEST, and IGF2R) (Figure 5A). Compared with random autosomal regions of
similar length, the AMRs were significantly enriched around the TSS of genes
(p=38 x 1073 chi-square test), indicating their important activities in requlating
gene expression in cis (Figure 5B). Ideally, the imprinted genes with allele-specific
expression could be identified based on heterozygous single nucleotide polymor-
phisms (SNPs) from transcriptome data. Here, due to the dynamics of gene

expression and the lack of hybrids of diverged strains for most species, we
only examined the relationship between AMRs and allele-specific expression
genes (ASEGS) in several species with available data, including human, mouse,
and pig. We found that the highly credible AMRs we identified overlapped with
a large number of verified ASEGs in public datasets,* including 163 out of 226
human AMRs that overlapped with 181 ASEGs. For example, one human AMR
located at the ZNF597/NAA6O locus (chr16: 3442660-3445364) overlapped
with the ASEGs ZNF597 and NAA60O in 125 independent human transcriptomes
from 12 different cell lines and embryonic tissues; another AMR (chr22:
41681733-41683152) overlapped with SNU73, which is allelic expressed in
118 independent human transcriptomes from nine different sources. The allelic
methylation patterns of these AMRs are shown in Figure S10. Similarly, 800 out
of 1,356 mouse AMRs we identified overlapped with 723 ASEGs supported by
309 samples from at least 24 cell types. In addition, 405 out of 660 pig AMRs
overlapped with 391 ASEGs from six available muscle transcriptomes. The full
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lists of AMRs overlapping with ASEGs are provided in Tables S6—-S8. The per-
centage of AMRs that overlap with the ASEGs found in other independent studies
was similar to the percentage of AMRs that directly overlap with genes in all spe-
cies (~70%), supporting that they potentially control the allelic expression of the
imprinted genes, whereas the other AMRs located in intergenic regions may
regulate gene expression as distal regulatory elements.

The functional enrichment of highly credible AMRs shared by at least three
species revealed that these regions were significantly enriched in GO biological
processes related to embryo development, embryo morphogenesis, cell differen-
tiation, and regulation of transcription (Figure 5C). Additionally, these regions
were significantly enriched in imprinting and embryonic development according
to the mouse phenotype database (Figure S11). These findings suggest that the
primary function of imprinting in mammals is to act as a key regulator of
embryonic development, not just for the dozens of known imprints but also for
the potential imprints in other species that have been subject to little research.

The highly credible AMRs were also enriched in specific transcription factor
binding sites involved in the establishment and functioning of genomic
imprinting (Figure 5D). These included the binding sites for ZFP57 and CTCF,
two DNA binding factors that have been reported to regulate the allelic expres-
sion of imprinted genes. ZFP57 and its cofactor KAP1 could bind selectively to
the methylated alleles at the ICRs to maintain asymmetric histone modifications
and DNA methylation during early embryogenesis.’®®' CTCF is reported to regu-
late genomic imprinting as a distal regulatory element through differential allelic
binding at ICRs to organize the topologically associating domains (TADs) that
insulate genes and their regulatory elements, which is best illustrated by the
IGF2/H19 locus.®>%® The other enriched motifs, including NRF1, SP1, PBX3,
SP5, NANOG, and TWIST2, are engaged in the expression regulation of cell
growth or organ development, helping to elucidate the mechanisms whereby
genomic imprinting influences embryo development.

Novel imprint origination is associated with more specific functions

We further identified species-specific AMRs to facilitate the understanding of
the mechanisms of novel imprint origination. On average, 9.8% of the highly cred-
ible AMRs in each species were species-specific, and 59.9% of them overlapped
with verified ASEGs in humans, mice, and pigs in public datasets.”® As species-
specific AMRs likely emerged more recently, their functions may differ from
those AMRs shared by multiple taxa. We found that genes overlapping with
species-specific AMRs were enriched in various biological processes but not in
embryo development. The most frequently enriched GO terms were brain
development, head development, regulation of neuron projection development,
synapse organization, and behavior, all of which are related to the less-studied
functions of imprinting in influencing gene expression in brains and behavior
modes from the postnatal period to adulthood.®*> Thus, species-specific
AMRs imply more specialized roles of imprinting during mammalian evolution
that may influence brain function and behavior by affecting neurodevelopment.

DISCUSSION

To the best of our knowledge, this study presents the first comprehensive ex-
amination of epigenomic evolution spanning from marsupials across the major
lineages of eutherian mammals using WGBS data. Several species were
sequenced to examine DNA methylation for the first time, including two evolu-
tionarily distinct marsupials. We found that the distribution of DNA methylation
among genomic features was evolutionarily conserved in mammals and that
the evolution of promoter methylation was significantly correlated with the mo-
lecular evolution of coding sequences. Through comparative analyses, our data
also highlight both the conservation and divergence of promoter and noncoding
element methylation as well as their potential roles in the evolution of traits. In
addition, we performed analyses on the evolutionary origins of known imprints
and the de novo identification of putative imprints in mammals, revealing their
common functions in embryonic development through several transcription
factor binding motifs.

Notably, we found that while the DNA sequences of orthologous genes and
noncoding elements were mostly conserved, differing methylation levels across
species at particular loci suggested that epigenomic state was decoupled from
sequence conservation, leading to lineage-specific innovations in epigenetic
regulation. These evolutionary innovations could result in alterations in gene
expression regulation, which is a fundamental mechanism leading to the emer-
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gence of functional and structural novelty.*® The placenta, for example, has been
proposed as a good candidate for neo-organ origination research.*” Here, we
discovered that marsupials exhibit altered methylation patterns related to placen-
tation and mammary glands, possibly helping to explain why marsupial and
eutherian placentas display transcriptional differences; this could help us under-
stand how marsupial mammary glands employ genes expressed in eutherian
placentas to perform similar functions in supporting offspring development.>*°®
Thus, the evolution of placentation and embryogenesis that differentiates marsu-
pials and eutherians may be partially due to or reflected by divergent strategies of
epigenetic regulation.

Although our study demonstrates the potential for exploring DNA methylation
in promoters and noncoding elements to reveal the regulatory underpinnings of
phenotypic diversity and adaptive evolution in mammals, we were unable to
determine when these changes initially occurred over the course of evolution.
Questions also remain concerning the causes of epigenetic changes—whether
they result from the expression dynamics of active genes or the effects of
repressed genes, and whether and how other epigenetic marks, such as histone
modifications, are involved in the process of epigenomic evolution. Studies
focused on other types of epigenetic modifications are beginning to address
these questions,” % but there is still much to learn in this emerging and exciting
field of research. With additional data integrating DNA methylation, histone
marks, chromatin interaction, transcription, and genomics across taxa and tissue
types, we can more carefully investigate how epigenetic marks precisely function
in the evolution of complex traits.

By determining the origins of known imprints and performing de novo identifi-
cation of potential imprints, our findings also help address hypotheses related to
imprinting, such as the parental conflict hypothesis,* the coadaptation hypoth-
esis,** and the host defense hypothesis,®® all of which attempt to understand the
evolutionary driving forces of imprinting evolution and the mechanisms of its
origination. The parental conflict hypothesis proposes that the conflict between
paternal and maternal interests in resource allocation to offspring drives the dif-
ferential expression of paternal and maternal genes. The coadaptation hypothe-
sis, however, suggests that imprinting evolved as a result of the coadaptation of
the maternal hypothalamus and placenta, which governs the mother-infant rela-
tionship. These two hypotheses were first posed based on the functions of a
limited number of imprinted genes (IGF2, IGF2R, GRB10, PEG3, etc.). Particularly,
IGF2 and IGF2R are expressed from different parental origins and act in synergy
to control embryo size, which is assumed to be vital for regulating in vivo embry-
onic growth in mammals.®® Our results concerning putative imprints on a larger
scale confirm the critical role of imprinting in regulating embryonic development
via a number of transcription factors involved in development. The hypothesis of
genomic imprinting evolution in mammals also ties the phenomenon to viviparity
due to its putative absence in monotremes (platypus and echidna).®® Unfortu-
nately, WGBS data are not available for monotremes, limiting our ability to
conduct comparative epigenomic analysis of these ancient and enigmatic ani-
mals. In addition to the question of origination, it is also challenging to identify
the evolutionary forces leading to imprint gains and losses during species evolu-
tion. However, the species-specific AMRs that we identified suggest that these
AMRs may be coupled with more specific functions in brain development and
behavior, rather than embryonic development. This could be explained by a
model based on bet-hedging trade-offs between reproductive mean and variance
that results in differing behavioral strategies in males and females under the in-
fluence of brain-expressed imprinted genes.®” The variable reproductive modes
in mammals may drive the evolution of lineage-specific imprinted genes that are
expressed in the brain and contribute to specific cognitive and behavioral
phenotypes.

CONCLUSION

By combining these findings, we conclude that epigenomics plays a crucial yet
underappreciated role in evolution. Specifically, the epimodification of DNA
methylation may not only evolve along with molecular changes in genes, but
also affects gene expression to generate different phenotypes. Numerous prior
studies have shown that the 5mC modification can directly facilitate nucleotide
substitution, as it is more mutagenic than cytosine.®®"° Several studies have
consolidated the impacts of epigenomics on adaptation, speciation, species
symbiosis, and so forth,”' ™" reiterating the notion that the research field of epi-
genomic evolution can shed new light on a range of evolutionary phenomena.
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Our comparative analysis framework and methodology could be extended to
other taxa, possibly including microorganisms, plants, other animals, and
especially non-model organisms, to disentangle the mysteries of epigenomics
throughout all manner of life forms. We suggest that evolutionary epigenomics
should be more thoroughly and consistently incorporated into existing evolu-
tionary theories to develop a more comprehensive and unified theoretical frame-
work. In addition, future research that strengthens the interdisciplinary crossover
and integration of epigenomics, genomics, and evolutionary biology will further
our understanding of why and how life evolved into its current multitude of forms.

MATERIALS AND METHODS
WGBS of 13 mammals

Thirteen species were chosen for this study based on phylogenetic representativeness,
the quality of their genome assemblies (Table S9), and sample availability. The procedures
were conducted following the approval of the Animal Experiments Ethics Committee at the
Institute of Zoology, Chinese Academy of Sciences. Genomic DNA was extracted from liver
and skeletal muscle samples and pooled with lambda phage DNA, fragmented to 200—
300 bp, bisulfite converted using an EZ DNA Methylation Gold Kit (Zymo) and PCR amplified.
WGBS libraries were sequenced on a HiSeq sequencer (lllumina) to produce 2 x 150 bp
paired-end reads. Reads were first timmed with Trimmomatic v0.39"® and then mapped
to the corresponding genomes using Bismark v0.23"° with the default parameters and
cleaned to remove duplicates. CpG methylation calls were extracted using in-house scripts.
Public WGBS sequencing data were analyzed using the same pipeline. The mapping effi-
ciency was ~70% for all samples, and the average sequencing depth was 13.2x (ranging
from 10.5x to 15.6x) after deduplication, which is sufficient for methylation analysis accord-
ing to Ziller et al.®° and the mean CpG methylation level was 69.0%.

Multi-species whole-genome alignment and identification of CNEs and
orthologous genes

The human genome was used as the reference and aligned with other genomes using
LASTZ v1.02°' and the whole-genome alignment of 13 species was generated using
Multiz-TBA v11.2.5? A total of 714,784 CNEs longer than 50 bp were identified using the
PHAST package.® The homology between the coding genes of 13 species was determined
using OrthoFinder v2.5.4%* with sequence similarity searches performed via DIAMOND.*®
We identified 7,365 single-copy orthologous genes shared by all 13 species. Given the rela-
tively high evolutionary distance between marsupials and eutherians, we included another
2,241 single-copy orthologous genes from all eutherians and one marsupial species as
well as 613 single-copy orthologous genes from all eutherians. Therefore, we conducted
comparative analyses with a total of 10,219 orthologous genes shared by at least 11 euthe-
rian species.

Hierarchical clustering analysis based on CpG and syntenic region
methylation profiles

The epigenetic distances between samples were calculated using the “dist” function with
the Euclidean distance measure in R, and hierarchical clustering analysis was performed
with the “hclust” function with Ward's minimum variance method.®® The methylation levels
of shared CpG sites and syntenic regions longer than 100 bp with at least three CpGs were
used to calculate sample distances. Since the methylation levels of replicates were highly
correlated, we merged the data of each species to represent their methylation profiles in
the following analysis.

Gene evolution analyses

We used MACSE v2.04%" to align the coding sequences of orthologous genes and used
gBlocks v0.91% to obtain conserved blocks. The dS of orthologous gene pairs was calcu-
lated using KaKs_Calculator v2.0°? with the parameter ““m YN,” and the dN/dS ratios of
each gene in all species were estimated using PAML under the “free ratio” model.”° Methyl-
ation divergence was calculated as (M1-M2)/(M1+M2), where M1 and M2 are the methyl-
ation levels of two gene promoters. Only promoters with at least three CpG sites were used
to calculate methylation levels.

Consistent and divergent DNA methylation of promoters and noncoding
sequences

Promoter methylation levels were determined using 2,000 bp upstream to 50 bp down-
stream of TSS of genes. Based on the bimodal distribution of promoter methylation, we
defined consistently hypermethylated promoters as those showing methylation levels
>50% in all species with an average methylation level above 70% and consistently hypome-
thylated promoters as those showing methylation levels <50% in all species with an average

methylation level below 30%. Lineage-specific altered methylation indicates that the species
or taxon exhibits unique hypermethylation (>50%) or hypomethylation (<50%), where the
methylation difference between this species/taxon and the average methylation level of
other species is greater than 30%. Functional enrichment analyses of genes with consistent
and specific promoter methylation were conducted using Metascape.”' To identify differen-
tially methylated noncoding regions, we scanned the multi-species syntenic regions using a
sliding window approach with a window length of 200 bp and a step size of 50 bp in a
manner independent of genomic annotations. Blocks with lengths less than 200 bp were
also retained. Then, we excluded regions that overlapped with promoters and coding se-
quences and calculated the methylation levels of these noncoding regions containing at
least three CpG sites. Species-specific differential methylation was defined using the
same standard as described above, and differentially methylated regions located within
200 bp were merged. Functional enrichment analyses of these differentially methylated non-
coding regions were conducted using GREAT v4.0.4 with the “basal plus extension” model
and default parameters.”

Identification and functional analyses of AMRs

We identified the AMRs in each species with AMRFinder from MethPipe v4.1.1% with the
parameters “-g 1000 -b." The minimum coverage per CpG to test windows was set to half of
the genome depth after deduplication to adjust for differences in sequencing depths. These
AMRs in each species were used to check if they overlapped with the syntenic regions of
known human and mouse ICRs to determine the evolutionary origins of the known ICRs.
The syntenic regions of known ICRs were first identified based on whole-genome alignment
and double checked against gene orthology and gene structure.

To obtain more accurate results for potential imprints, we further filtered AMRs with the
following criteria: (1) the region was covered by at least eight all-methylated reads (>80% of
CpG sites were methylated per read) or al-unmethylated reads (>80% of CpG sites were un-
methylated per read); (2) the ratio of all-methylated to all-unmethylated reads covered in the
region is between 0.5 and 2; (3) the average methylation level of the region is between 30%
and 70%; (4) AMRs containing SNPs at CpG sites, identified with BS-SNPer v1.1,°* were
excluded to mitigate the influence of individual genetic polymorphisms on DNA methylation;
and (5) AMRs located at sex chromosomes were excluded. Finally, AMRs located within
1,000 bp of each other were merged in each sample, and only the overlapping AMRs among
the replicates from the same species (including AMRs located within 1,000 bp) were re-
tained to represent highly credible AMRs in each species. The bottlenose dolphin was
excluded from these analyses due to the lack of replicates. Altogether, this filtering process
resulted in an average of roughly 1,300 highly credible AMRs in each species, with an
average length of 2,000 bp and an average methylation level of 54%, in accordance with
the known ICRs. Species-specific AMRs were defined as the highly credible AMRs in the
target species shared by at least eight eutherians, where the syntenic regions in other spe-
cies did not cover any allelic methylated fraction of a window size of 10 CpG sites.

GO enrichment analyses of AMRs were conducted with Metascape,”' and the motif
enrichment analysis was performed using HOMER with the default parameters.®®

DATA AND CODE AVAILABILITY

The WGBS data generated by this research are deposited in NCBI
(PRJINA8B96705) and other data needed to evaluate the conclusions are present
in this paper and/or the supplementary materials. Original scripts used in the
analysis are available upon request.
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