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This important study of regulatory elements and gene expression in the craniofacial
region of the fat-tailed dunnart shows that, compared to placental mammals,
marsupial craniofacial tissue develops in a precocious manner, with enhancer
regulatory elements as primary driver of this difference. The compelling data,
including a new dunnart genome assembly, provide an invaluable reference for
future mammalian evolution studies, especially once additional developmental time
point for the fat-tailed dunnart become available.

https://doi.org/10.7554/eLife.103592.2.sa2

Abstract

Marsupials and placental mammals exhibit significant differences in reproductive and life
history strategies. Marsupials are born highly underdeveloped after an extremely short
period of gestation, leading to prioritization of the development of structures critical for post-
birth survival in the pouch. Critically, they must undergo accelerated development of the oro-
facial region compared to placentals. Previously we described the accelerated development of
the oro-facial region in the carnivorous Australian marsupial, the fat-tailed dunnart
Sminthopsis crassicaudata that has one of the shortest gestations of any mammal. By
combining genome comparisons of the mouse and dunnart with functional data for the
enhancer-associated chromatin modifications, H3K4me3 and H3K27ac, we investigated
divergence of craniofacial regulatory landscapes between these species. This is the first
description of genome-wide face regulatory elements in a marsupial, with 60,626 putative
enhancers and 12,295 putative promoters described. We also generated craniofacial RNA-seq
data for the dunnart to investigate expression dynamics of genes near predicted active
regulatory elements. While genes involved in regulating facial development were largely
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conserved in mouse and dunnart, the regulatory landscape varied significantly. Additionally,
a subset of dunnart-specific enhancers were associated with genes highly expressed only in
dunnart relating to cranial neural crest proliferation, embryonic myogenesis and epidermis
development. Comparative RNA-seq analyses of facial tissue revealed dunnart-specific
expression of genes involved in the development of the mechanosensory system. Accelerated
development of the dunnart sensory system likely relates to the sensory cues received by the
nasal-oral region during the postnatal journey to the pouch. Together these data suggest that
accelerated face development in the dunnart may be driven by dunnart-specific enhancer
activity. Our study highlights the power of marsupial-placental comparative genomics for
understanding the role of enhancers in driving temporal shifts in development.

Introduction

The vertebrate head is a highly complex region of the body that plays a key role in an organism’s
ecology by centralizing numerous structures involved in diet, sensory perception and behavior!Z.
Consequently, evolution has modified craniofacial development across lineages, producing a wide
array of head morphologies concomitant with the diverse niches that vertebrates occupy.
Craniofacial diversity among the major mammalian lineages in particular has long been of great

interest, due to the striking differences in their developmental ontology.

Placental mammals are characterized by a long gestation with a high maternal investment during
pregnancy with a considerable degree of both orofacial and neurocranial development occurring
in the embryo in utero. As a result, the placental young experiences little functional constraint
during early developmental stages. By contrast, marsupials have a short gestation and give birth to
highly altricial young that must crawl to the teat, typically located within the maternal pouch,
where they complete the remainder of their development ex utero. This unique reproductive
method is thought to have imposed strong pressures on the evolution and development of the
limbs and head. In particular, marsupials show accelerated development of the nasal cavity,
tongue, oral bones and musculature relative to the development of the posterior end of the
body.z..@.‘ 5'3 and generally when compared to placental embryonic development.z...[._?..’%.'.—.—’."..’?.[._?...
Additionally,aspects of the peripheral nervous system appear to be accelerated in the face. We and
others have observed large medial nasal swellings early in marsupial development that are
innervated and proposed to be necessary for the sensory needs of newborn young in their journey
to the pouch.7...'.—.—'."..‘9.'?—’.‘)... Comparative morphometric studies have provided a wealth of evidence that
this stark difference in craniofacial development has imposed different regimes of constraint on
marsupial and placental mammals?%.3%.22.02.10 1205 with marsupials in particular showing
significantly less interspecies variation in orofacial structures and nasal morphology than
placental mammals! 22142 1n spite of these observations, the molecular mechanisms that
underlie these differences in early craniofacial development between marsupial and placental

remain poorly understood.

Cis-acting regulatory regions have been proposed to play a significant role in morphological
divergence in the face, with a number of well-described enhancers that fine-tune face shape in
mammals'>%. There is also some evidence of a role for regulatory regions in craniofacial
heterochrony in marsupials. One recent study found a marsupial-specific region within a Sox9
enhancer that drives early and broad expression in pre-migratory neural crest cell domains
contributing to early migration of cranial neural crest cells relative to the mouse!852:1752,
However, no study has thus far attempted to compare the overall regulatory landscape between
marsupials and placentals at developmentally comparable stages. Such surveys have the potential
to provide functional insights into the loci controlling craniofacial heterochrony in mammals and
consequently the causative evolutionary changes in the genome that have driven the divergent

ontogenies of marsupials and placentals.
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In recent years, the fat-tailed dunnart (Sminthopsis crassicaudata, hereafter referred to as the
dunnart) has emerged as a tractable marsupial model species§.@z.1.§.@.. Dunnarts are born after
13.5 days of gestation and craniofacial heterochrony in line with what has been reported in other
marsupials is readily observable? 238 -128, making this species an excellent system
for comparative studies with placental models. Being one of the most altricial marsupials, the
dunnart provides an ideal model in which to study the regulatory landscape during craniofacial
development in marsupials, as they rely entirely on the advanced chondrocranium with bony
elements of the skeleton not present until approximately 24 hours after birth>%. To investigate a
potential role for regulatory elements in this heterochrony, we used ChIP-sequencing and RNA-
sequencing on craniofacial tissue (fronto-nasal, mandibular and maxillary prominences) collected
from new-born dunnart pouch young to perform a detailed characterization of chromatin marks
during early craniofacial development and then to facilitate comparative analyses with the
placental laboratory mouse. Our work provides valuable insights into genomic regions associated
with regulatory elements regulating craniofacial development in marsupials and their potential

role in craniofacial heterochrony.

Results

Defining craniofacial putative enhancer-

and promoter regions in the dunnart

After validating the ability of our antibodies to enrich for dunnart chromatin marks (SupNote1l),
ChIP-seq libraries were sequenced to average depth of 57 million reads and mapped to a de novo
assembly of the dunnart genome generated for this study (Methods for more details). Peak calling
with MACS2 (q < 0.05) identified 80,989 regions reproducibly enriched for H3K4me3 and 121,281
regions reproducibly enriched for H3K27ac in dunnart facial prominence tissue. As this is the first
epigenomic profiling for this species we performed extensive data quality control to ensure the

all H3K4me3 peaks) co-occupied the genome with H3K27ac (Fig1A (@) while 50% of H3K27ac-
enriched regions were only associated with this mark (Fig1A2). Active enhancers are generally

We initially defined promoters as those marked by only H3K4me3 or with >50% of reciprocal peak
length for H3K27ac and H3K4me3 peaks, and enhancers as those marked only by H3K27ac,
identifying 66,802 promoters and 60,626 enhancers. Enhancers were located on average 77 kb
from TSS, while promoters were located on average 106 kb from the nearest TSS, despite there
being a greater number of peaks located <1 kb from the TSS (1,008 enhancers versus 9,023
promoters; Fig1B ). This was an unexpected finding as a large fraction (0.41) of promoters were
located >3 kb from an annotated TSS (see SupNote2). H3K4me3 activity at enhancers is well-
established??>" , however, compared to H3K4me3 activity at promoters, H3K4me3 levels at
enhancers are low2”"”. This is in line with our observations that H3K4me3 levels at enhancers are
nearly 7 times lower than those observed at promoter regions (see SupNote2). Distance from TSS is
frequently used to filter putative promoters from other elements. Therefore, we grouped peaks
characterized as promoters based on their distance to the nearest TSS (see Methods), resulting in
12,295 high-confidence promoters for all of the following analyses (see SupNote3).

Candidate dunnart regulatory elements are associated with highly

expressed genes involved in muscle, skin and bone development
Next, we asked what biological processes are associated with active regulatory regions in the
dunnart face. To accomplish this, we linked peaks to genes in order to associate functional
annotations of coding genes with the candidate regulatory elements that likely regulate their
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Figure 1.

Analysis workflow and quality control of H3K4me3 and H3K27ac
peaks in the fat-tailed dunnart (Sminthopsis crassicaudata).

(A) Drawing of a DO dunnart pouch young with dissected orofacial tissue shown in gray. Short-read alignment and peak
calling workflow and numbers of reproducible peaks identified for H3K27ac (orange), H3K4me3 (blue) for craniofacial tissue.
(B) Logqq distance to the nearest TSS for putative enhancer (orange) and promoters (blue). (C) Logy, of peak intensity and
peak length are represented as boxplots and violin plots for putative enhancers (orange) and promoters (blue). Peak
intensities correspond to average fold enrichment values over total input DNA across biological replicates. (D) Dunnart pouch
young on the day of birth. Scale bar = Tmm. (E) Adult female dunnart carrying four young.
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expression. To make use of resources available in model organisms such as GO databases, we
converted all dunnart gene IDs to mouse orthologous genes for downstream applications. This
reduced the dataset to 35,677 putative enhancers and 8,589 promoters near (within 1Mbp) genes
with a one-to-one ortholog in mouse (SupTablel).

We found that gene annotations for both promoters and enhancers were enriched for 23% of the
same GO terms, including cellular processes (protein localisation to plasma membrane, protein
localisation to cell periphery, regulation of cell morphogenesis, positive regulation of cell
migration) and development (axon development, camera-type eye development, muscle tissue
development, striated muscle development). By contrast, 44% of GO terms were uniquely enriched
amongst genes assigned to promoters and were related to mRNA processing, transcription, mRNA
stability, cell cycle, and mRNA degradation (Fig2A @2, SupTable2) anduniquely enriched GO terms
for genes assigned to candidate enhancers corresponded to processes indicative of early
embryonic development (Fig2A (2, SupTable3).

Terms related to facial skeleton development were enriched amongst genes assigned to putative
dunnart enhancers, including bone cell development, muscle cell development, secondary palate
development, roof of mouth development and mesenchyme development, consistent with dunnart
craniofacial morphology.S....@‘y... Enhancers active near important palate genesgsu..@‘)..’gg..@".. such as SHH,
SATB2, MEF2C, SNAI2 and IRF6 in the dunnart at birth may highlight potential regulatory
mechanisms driving early palatal closure. In addition, terms related to development of the
circulatory system, including regulation of vasculature development, circulatory system process
and blood circulation were enriched amongst genes linked to predicted enhancer regions (for
example, ACE, PDGFB, GATA4, GATA6, VEGFA). This is consistent with observations that show the
oral region of newborn dunnarts is highly vascularised, with blood vessels visible through their
translucent skin at birth>%%,

To gain further insight into dunnart gene regulation at this developmental stage, we scanned
putative enhancers and promoters for 440 known Homer vertebrate motifs and tested for

of random GC- and length matched sequences (FDR-corrected, p < 0.01), including those with
known roles in differentiation of cranial neural crest cells (TWIST, HOXA2), skeletal
morphogenesis (DLX5, CREB5, HOXA2), bone development (ATF3, RUNX), cranial nerve
development (ATOH1) and/or facial mesenchyme development (LHX2, FOXP1, MAFB; Fig2B (%,
SupFig1®). Consistent with the GO enrichment, TFBS in promoter sequences were dominated by
transcriptional initiation regulatory sequences, with significant enrichment for 13 TFs (FDR-
corrected, p < 0.01) including RFX3, RFX2, NRF, NRF1, GRY, ZBTB33, RONIN, JUND and GFX

(Fig2B (2, SupFig1®).

Next, we assessed predicted target gene expression by performing bulk RNA-seq in dunnart face
tissue collected on the day of birth. There were 12,153 genes reproducibly expressed at a level > 1
TPM across three biological replicates, with the majority of genes expressed (67%; 8158/12153)
associated with an active enhancer and/or promoter peak. Most enhancers (78% of all enhancers,
SupTable4) or promoter (87% of all promoters, SupTable5) were linked to a reproducibly
expressed gene in the dunnart (Fig3A 2) Additionally, the majority of reproducibly expressed
genes near a regulatory peak (61%) were associated with both an enhancer and promoter region
(Fig3B @), highlighting the correspondence in active regulatory elements and expressed genes at
this time point in the dunnart face. Genes with a medium-to-high expression level at this stage
(>10 TPM) and associated with at least one putative enhancer and promoter were enriched for
biological processes including “in utero embryonic development”, “skeletal system development”,
“muscle tissue development”, “skin development”, “vasculature development” and “sensory organ
development” (Fig3C &, SupTable6). Enrichment for the term “in utero embryonic development”
is indicative of the altricial nature of the dunnart neonate. In a previous study, we showed that in
the dunnart ossification begins post-birth (day of birth young corresponding approximately to
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(A) 304 significantly enriched GO terms clustered based on similarity of the terms. The function of the terms in each group
are summarized by word clouds of the keywords. Rows marked by P were driven by genes linked to putative promoters, rows
marked by E were driven by genes linked to putative enhancers. (B) Enriched TF motifs for transcription factor families
(HOMER). PWM logos for preferred binding motifs of TFs are shown. The letter size indicates the probability of a TF binding

given the nucleotide composition.
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embryonic day (E) 12.5 in mouse) and that the dunnart neonate instead likely relies on the well-

developed cranial muscles and an extremely large chondrocranium for structural head and

feeding support during early pouch life>2:31%. Consistent with this, we observed high expression

w

FGFR1, FGFR2 (SupTable4 and SupTable5).

Comparative analyses of regulatory elements in
mouse and dunnart reveal conserved and dunnart-

specific enhancers during craniofacial development

Previously, we defined the postnatal craniofacial development of the dunnart and characterized
the developmental differences between dunnart and mouse>™. Marsupials, including dunnarts,
have accelerated development of the cranial bones, musculature and peripheral nerves when
compared to placental mammals such as the mouse2 2252, Having now characterized the
chromatin landscape of the dunnart’s craniofacial region, we next sought to compare it to that of a
placental mammal. From our morphological study of dunnart craniofacial bone development, we
estimated that craniofacial development in the newborn dunnart is approximately equivalent to
E12.5 in mouse>™. However, we compared the dunnart to all available stages in the mouse to also
provide insights into the regulation of additional craniofacial features (e.g. muscle, cranial nerves,
sensory system, skin). To do this, we took advantage of publicly available craniofacial ChIP-seq
data for H3K4me3 and H3K27ac generated by the mouse ENCODE consortium32Z415, spanning

multiple developmental time-points (E10.5-E15.5).

After applying consistent peak calling and filtering parameters to the dunnart ChIP-seq data we
found ~17K enhancers and ~10K promoters per stage in the mouse (Fig4A (@, see SupNote4). The
features of mouse predicted enhancer and promoters (percentage CpG, GC content, distance from
TSS, peak length and peak intensity) were consistent with the observations in the dunnart
(FigdA 2, SupFig2B-E (). After building dunnart-mm?10 liftover chains (see Methods and
SupNote5) we compared mouse and dunnart regulatory elements. The alignability (conserved
sequence) for dunnart enhancers to the mouse genome was ~13% for 100bp regions
(Supplementary Table 22). Between 0.74-6.77% of enhancer regions out of all alignable enhancers
were present in both mouse and dunnart (SupTable7B). In contrast, between 45-57% of alignable
promoter regions were present in mouse and dunnart (SupTable7A). Although this is a small
fraction of the total peaks (~8% for promoters and ~0.5% of enhancers (SupTable?), it suggests
that, consistent with the literaturel?.@, promoter regions are more stable over large evolutionary
distances and that shifts in developmental timing of craniofacial marsupial may be more likely to
be driven by recently evolved enhancer regions in marsupials.

To further contextualize the regulatory patterns in the dunnart compared to mouse, we retrieved
mouse gene expression data from embryonic facial prominence tissue collected from E10.5 to

analyses. We considered only one-to-one orthologous genes in mouse and dunnart. Predicted
dunnart enhancers with sequence conservation in mouse and matching peak activity at any of the
five mouse embryonic stages (461 regions) were located near genes reproducibly expressed (>1
TPM, 89%) in both species (SupTable8). Genes in this group were enriched for core developmental
and signaling processes; BMP signaling, cartilage development, ossification, skeletal development
and chondrocyte differentiation (SupTable9). Taking the predicted dunnart enhancers alignable to
the mouse but without a matching peak, we looked at nearby genes and compared expression
between mouse and dunnart. For the 4,311 dunnart-specific enhancers we found that 2,310 (54%)
were linked to genes expressed >1 TPM in all stages and species, suggesting that these genes in
mouse could be regulated by a different set of regulatory regions or could be accounted for by the

Laura E Cook et al., 2025 eLife. https://doi.org/10.7554/eLife.103592.2 7 of 51


https://doi.org/10.7554/eLife.103592.2

A

50% 75%

enhancers

1075
promoters [
genes)

Wnearest gene not expressed
[ nearest gene reproducibly expressed (>1TPM)

B
genes linked genes linked
to enhancers to promoters
1133 | 2076
(14%) | (25%)
Figure 3.

100%

C

embryo development ending in birth or egg hatching
chordate embryonic development

hemopoiesis

vasculature development

blood vessel development

blood vessel morphogenesis

embryonic morphogenesis

in utero embryonic development

transmembrane receptor protein tyrosine kinase
morphogenesis of an epithelium signaling pathway
apoptotic signaling pathway

sensory organ development

skeletal system development

muscle cell differentiation

embryonic organ development

camera-type eye development

cardiocyte differentiation

blastocyst development

eye morphogenesis

camera-type eye morphogenesis

positive regulation of mitochondrion organization
positive regulation of membrane permeability

0.025 0.050

GeneRatio

0.075

p.adjust

0.001
0.002
0.003
0.004

Count

QO 50
O 10
QO 0
O 0
O 250

Genes linked to craniofacial enhancers and promoters in the dunnart are reproducibly expressed
and involved in embryonic vasculature, muscle, skin and sensory system development.

(A) The majority of nearest genes assigned to candidate enhancers and promoters were reproducibly expressed in dunnart
face tissue, and (B) reproducibly expressed genes in dunnart were associated with both a promoter and enhancer region. (C)
Biological processes enriched for genes medium to highly expressed (>10TPM) and linked to both a promoter and enhancer

region (FDR-corrected, p < 0.01).

Laura E Cook et al., 2025 eLife. https://doi.org/10.7554/eLife.103592.2

8 of 51


https://doi.org/10.7554/eLife.103592.2
https://doi.org/10.7554/eLife.103592.2

A mm10 ENCODE dunnart unflitered
unflitered aligned reads aligned reads
L o
BO®Y
E10.5-E15.5 Po

\ Filtering /

v randomly
mulmanne subsample
reads, ity A
MAPQ < 40 10 million aligned
reads

MACS?2 peaks

B

60000
8
S 40000-
=
5
s
2
£ 20000-
z
= -
e e S e B
0,

dun;ﬂart E1‘0.5 E1.1.5 E1.2,5 E1‘3.5 E1.4.5 E15.5
12500

10000 -
5000+
2500+

0-

dunnart E10.5 E11.5 E12.5 E13.5 E14.5 E15.5

~
a
o
o

Number of high-confidence
promoters

Figure 4.

@)

enhancers (density)

O

annotation

s

s

I Distal

| Downstream
Exon
Intron

. Promoter

Proportion of high-confidence
promoters

0.3

o
n

°©
=

0.0-

7.5

5.0

2.5

0.0: ==

-200

Analysis workflow and features of H3K4me3 and H3K27ac
enhancers and promoters in dunnart and mouse.

stage
[ dunnart
i E105
L E11/5
L 1 E125
E13.5
E14.5
E15.5
-4 0 4
log,q distance to TSS
)
H
1 stage
K
i
e
i
([
i
I
-100 0 100 200

log distance to TSS

10

(A) Alignment filtering and peak calling workflow and (B) number of reproducible predicted regulatory elements identified in

the dunnart and mouse embryonic stages. Logq, of distance to the nearest TSS for putative (C) enhancers and (D) promoters.

Laura E Cook et al., 2025 eLife. https://doi.org/10.7554/eLife.103592.2

9 of 51


https://doi.org/10.7554/eLife.103592.2
https://doi.org/10.7554/eLife.103592.2

v eLife

reduced enrichment in the mouse ENCODE ChIP-seq face datasets for H3K27ac (SupFig2@). We
found a smaller subset (179 regions, 114 unique genes) where the nearest genes were highly
expressed (>10 TPM) only in the dunnart with low to no activity in the mouse at any of the
embryonic stages (E10.5-E15.5; SupTable10). This included genes involved in cranial neural crest
proliferation and migration (INKA2, TFAP2E, OVOL2, GPR161), keratinocyte proliferation (PLAU,
HOXA1), embryonic myogenesis (PDF4), development of the ectodermal placodes and sensory
systems (CNGA2, ELF5, EDN1, HOXA1, ATOH1, NPHP4, CFD, WNTZ2B) and vomeronasal sensory
neuron development (TFAP2E; SupTable10).

Dunnart-specific expression of genes involved in

the development of the mechanosensory system

Given the large evolutionary distance between the mouse and dunnart and low recovery of
alignable regions, we performed a comparison between species at the gene level, by comparing
genes assigned to putative enhancers and promoters between the dunnart and mouse. The
number of genes that intersect can provide an idea of the similarities in genes and pathways
regulated across a larger subset of the total regulatory dataset. The largest intersection size in
genes with putative promoters was between the six mouse embryonic stages (1,910 genes; 21.2%)
and between the dunnart all six embryonic mouse stages (1,908 genes, 21.2%; Fig5A (2 ). Overlap
between enhancers was more restricted, with 4,483 predicted target genes (56%) being unique to
the dunnart at DO (Fig5A%). The top enriched terms for biological processes were largely shared
across dunnart and mouse, with the exception of one GO term, “sensory system development”
(SupFig3A@). We further investigated this by incorporating gene expression data for mouse and
dunnart for genes near putative enhancers. Genes highly expressed in dunnart but lowly or not
expressed in mouse (537 total; see SupTablel1) were related to three main developmental
processes, “epidermis/skin development and keratinization", “sensory system development” and
“muscle development and contraction” (Fig5C @2 ,D; SupTable12). The majority (70/114) of genes
associated with the sequence conserved dunnart-specific enhancers (see SupTable10) overlapped
with the list of genes reported here.

Genes critical for development of keratinocytes and the establishment of a skin barrier were
highly expressed in dunnart facial tissue with lower expression or no transcripts expressed across
the mouse embryonic stages including IGFBP2, SFN, AQP3, HOPX, KRT17, KRT7, KRT8 and KRT78
(Fig5D @, SupTable12). Keratin genes are also critical for the development of the mammalian
mechanosensory system‘@..%. A3 Krt17 expressing epidermal keratinocytes are necessary to
establish innervation patterns during development and Krt8 and Atoh1 expression is required for
the specification of the Merkel cells (touch sensory cells)’3%2. KRT17, ATOH1 and KRTS are all very
highly expressed in dunnart compared to the low expression in mouse facial tissue. Other genes in
the keratin family such as KRT35, KRT79, KRT4 and KRTS80 did not vary greatly between mouse
and dunnart (Fig5E (3). Additionally, we observed high expression of genes involved in
development of the olfactory system including CCK, OTX1 and ISLR (expressed in olfactory
epithelium)- 70 2, and Ybx347"2. (expressed in the nasal eplthehum FigsD 2, SupTable12).
Muscle contraction genes such as TNNI2*3% and TNNT3*2%:5057 and genes involved in skeletal
muscle development>!. =24 2. (CAR3, ATP2A2, IGFBP6 and TRIM72) were upregulated in dunnart
craniofacial tissue (Fig5D (Z, SupTable12). The majority of conserved toolkit genes involved in
embryonic development had consistent expression across mouse and dunnart (SupFig4 (2). To
explore the relationship between genes expressed in the dunnart face and temporal gene
expression dynamics during mouse development, we categorized mouse gene expression into five
distinct temporal patterns (SupFig5A ). Each of these groups appeared to reflect biological
processes occurring during development (SupFig5B ). Although dunnart facial development
more closely resembles approximately E12.52%. in the mouse, when compared to the temporal
gene expression dynamics during mouse craniofacial dunnart expressed genes were associated
with two distinct clusters: a set of genes upregulated specifically at E15.5 in mouse (cluster 2: OR =
1.30, CI = 1.15-1.46; SupFig5C(Z; FigoA (@) and a set of genes upregulated at E14.5 (cluster 3: OR =
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1.99; CI = 1.78-2.24; SupFig5C (Z; Fig6B (@ ). Cluster 2 genes were enriched for functions related to
sensory perception, skin development and keratinization (Fig6C @) while cluster 3 genes were
enriched for muscle development (FigéD @ ). These results align with our observations in dunnart
enhancer and gene expression data, suggesting that shifts in the developmental timing of the skin,
muscle and sensory perception may play a role in marsupial early life history.

Discussion

Marsupials display advanced development of the orofacial region relative to development of the
central nervous system when compared to placental mammals3Z:0%. Specifically the facial
skeleton and muscular tissues begin development early relative to the neurocranium
differentiation3 %2231 25358 Although development of the central nervous system is
protracted in marsupials compared to placentals, marsupials have well-developed peripheral

. . . 7 7 . . .
motor nerves and sensory nerves (eg. the trigeminal) at birth>?%2.22Z. Despite increasing

descriptions of craniofacial enhancers in model species.1..§.@.’§.1..9.‘.6..‘19., the genetic drivers of
variation in craniofacial development between mammalian species is largely unexplored. We
examined the similarities and differences in genomic regions marked by H3K4me3 and H3K27ac
between the dunnart and mouse during early craniofacial development and incorporated

comparisons of gene expression between species.

Given the large evolutionary distance (~170 million years) between the mouse and
dunnart>2.:2222.52 and high turnover of non-coding DNA sequencesﬁzg"..’.@?.g‘l regulatory elements
in the dunnart were largely not sequence conserved in the mouse (~8% for promoters and ~0.5%
of enhancers). Despite this, regions with conserved activity between the two species were
predominantly near genes consistently expressed in both, and were enriched for core craniofacial
developmental and signaling processes. Additionally, 54% of dunnart enhancers aligned to the
mouse genome but lacking active marks in the mouse were associated with genes expressed
throughout all mouse developmental stages, suggesting these genes might be regulated by
different enhancers in mice. Moreover, despite differences in experimental methods, when taking
a gene level approach there was significant overlap in genes near regulatory elements in both
species, with high concordance in enriched biological process terms. The majority of craniofacial
developmental genes had highly consistent gene expression levels across the mouse and dunnart,
highlighting the substantial conservation of gene regulatory networks driving facial development.
This supports the notion that conserved genes and signaling pathways are crucial for mammalian

facial development?2%2.

Although there was generally a high-level of concordance between the dunnart and mouse, we
discovered dunnart-specific regulatory elements near highly-expressed genes in the dunnart that
were lowly or not expressed in the mouse. These genes were related to three main developmental
processes, “epidermis/skin development and keratinization”, ”sensory system development” and
“muscle development and contraction”. In marsupials, pharyngeal muscles are well differentiated
before birth preceding development of both the central nervous system and the skeletal

systemz..o..'?... Additionally, in the first two days immediately after birth, marsupial pouch young

undergo considerable differentiation of the facial muscles’%Z. This pattern varies significantly
from rodents where the events of skeletal and muscular development generally occur

simultaneouslyzg.@... Consistent with this, we found that dunnart expressed genes were associated

Our data also revealed a less evident developmental constraint experienced by marsupials, with
dunnart-specific enhancer and gene expression data showing an enrichment of genes related to
skin development. Newborn dunnarts exhibit high expression of KRT17 in the face and other

genes essential for periderm establishment and maintenance/2%7752. Unlike placental mammals,
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Dunnart expressed genes are associated with two gene clusters
with distinct temporal expression patterns in the mouse.

(A) Genes in cluster 2 and cluster 3 plotted with their z-scaled temporal expression (logCPM). Color-coding represents
membership value (degree to which data points of a gene belong to the cluster). Gene Ontology enrichment for biological
processes enriched in (B) cluster 2 and (C) cluster 3 (FDR-corrected p<0.01).
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marsupials retain the periderm post-birth-2=. =222 L20 , which may relate to neonatal
transcutaneous gas exchange observed in marsupials in the first few days after birth=-=:20 5 n
placental mammals such as mouse and human, the periderm only exists in utero and disappears
late in gestation with the eruption of hair and the development of a thick keratinized stratum
corneum’2%2. The persistence of the periderm aligns with the observation that dunnarts rely
heavily on gas exchange through the skin and only begin lung respiration around 5 days

postpartum coinciding with the disappearance of the periderm??.f?’.’.z?%‘.—.—’."...

The recurrence of genes related to development of the sensory systems in our comparative
analyses spotlights a highly unique aspect of early pouch life in marsupials. Newborn marsupial
young require highly developed sensory systems (mechanosensory and olfactory systems) to
respond to the cues that guide them to the teat inside the mother’s pouch, with the nasal-oral
region making regular contact with the mother’s belly during the crawl to the pouchggzﬁ?.@z%@..
The snout epidermis of newborn marsupials has been shown to be innervated with presence of
mature Merkel cells with connected nerve terminals’ %8283, We observe high expression of
key genes involved in the development of Merkel cells and sensory placodes uniquely in the
dunnart face. In the mouse, Merkel cell development doesn’t begin until later at approximately
E16.5825, Upregulation of Merkel cell genes in dunnart facial tissue could be a result of
prioritization of sensory development required for life outside the womb in a highly

underdeveloped state.

In summary, our work suggests that craniofacial developmental constraints in the dunnart may be
driven by dunnart-specific gene regulation. Future studies will apply single-cell multi-modal
technologies to dunnart tissues to investigate the specific regulatory differences between CNS and
orofacial development.

Methods

Tissue Collection

All animal procedures, including laboratory breeding, were conducted in accordance with the
current Australian Code for the Care and Use of Animals for Scientific Purposes§§.'?’.7.. and were
approved by The University of Melbourne Animal Ethics Committee (AEC: 1513686.2) and with the
appropriate Wildlife Permit (number 10008652) from the Department of Environment, Land,
Water and Planning. Animals were housed in a breeding colony in the School of BioSciences, The

University of Melbourne. For details on animal husbandry and collection of dunnart pouch young

After removal of pouch young from the teat, young were killed by decapitation and craniofacial
tissue dissected using insulin needles (Becton Dickinson). The tongue, neural tube and eye
primordia were removed to limit tissue collected to the facial prominences. Specifically, the
mandibular, maxillary and fronto-nasal prominences were collected and snap frozen in liquid
nitrogen. All pouch young were determined to be <24 hours old but to account for variability in
time since birth we scored pouch young based on head shape. Immediately after birth the dunnart
has a flat neurocranium that by approximately 1 day after birth has begun to round (see Cook et

replicates ensuring that sex, head shape, and parentage were accounted for (SupTable13).

Immunofluorescence

We assessed the reactivity of the ChIP antibodies in the dunnart using immunostaining on dunnart
head sections. Frontal head sections (7 um thick) on superfrost slides (Platinum Pro, Grale) were
deparaffinized and rehydrated according to standard methods?iz.@., followed by antigen retrieval
using pH 8.8 unmasking solution (Vector) at 99°C for 30 minutes. We then incubated the sections

with either rabbit anti-H3K4me3 primary antibody (1:500 dilution; Abcam ab8580) or rabbit anti-
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H3K27ac primary antibody (1:500, Abcam ab4729). Sections were then incubated with Alexa Fluor
555 donkey anti-rabbit antibody (1:500 dilution; Abcam in 10% horse serum in PBS with 0.1%
Triton X-100; Sigma). All sections were counterstained with 300 nM DAPI to visualize cell nuclei.
We observed no staining in the negative controls (no primary antibody). Images were captured
using fluorescence microscopy (BX51 Microscope and DP70 Camera; Olympus) and processed in
Image] v 2.0.058%,

Chromatin immunoprecipitation and sequencing

Chromatin immunoprecipitation (ChIP) was performed using the MAGnify Chromatin
Immunoprecipitation System (Thermo Fisher, 492024) according to manufacturer’s instructions.
Briefly, frozen dunnart tissue samples (see SupTable13) were diced quickly with two razor blades
in cold dPBS (Gibco) followed by crosslinking in 1% formaldehyde solution (Sigma) for 10 minutes.
We then added 0.125 M glycine and incubated for 5 minutes at room temperature to neutralize the
formaldehyde. Chromatin was fragmented to 300 bp average size by sonication on a Covaris S2
using the following parameters [duty cycle = 5%, intensity = 2, cycles per burst = 200, cycle time = 60
seconds, cycles = 10, temperature = 4°C, power mode = frequency sweeping, degassing mode =
continuous]. In each ChIP experiment, we used sheared chromatin from each replicate for
immunoprecipitation with antibodies against H3K4me3 (Abcam ab8580) and H3K27ac (Abcam
ab4729). An input control was included for each replicate. DNA was purified according to kit
instructions using a DynaMagTM—PCR Magnet (Thermo Fisher).

We assessed the success of the immunoprecipitation in dunnart craniofacial tissues by performing
gPCR for primers designed to amplify genomic regions expected to be occupied by H3K4me3
and/or H3K27ac based on mouse and human enhancers active in facial regions of E11.5 mice in

regions we predicted would be unoccupied by these histone modifications (enhancers active in
heart tissue of E11.5 mice in VISTA enhancer browser82%. (SupTable14). gPCR using SYBR Green
Supermix (Bio-Rad Laboratories) was performed in triplicate on a QuantStudio™ 5 System
(Thermo Fisher) as per manufacturer’s instructions (primers listed in SupTable14). The cycling
conditions were [one cycle of 95°C for 15 s, followed by 40 cycles of 95°C for 15 s, 57°C for 30 s and
72°C for 30 seconds]. A dissociation curve was also generated for each primer pair. No-template
controls were included in triplicate on each plate as a negative control. Regions expected to be
enriched in the test sample were quantified by expressing the test sample as a fold change relative
to a control sample (no antibody control).

Nlumina sequencing libraries were prepared from ChIP-enriched DNA by GENEWIZ (Suzhou,
China). Libraries were constructed following the manufacturer’s protocol (NEBNext UltraTMII
DNA Library Prep Kit for Illumina). For each sample, a minimum of 10 ng of ChIP product was
used and libraries were multiplexed and sequenced on an Illumina HiSeq 4000 instrument
according to manufacturer’s instructions (Illlumina, San Diego, CA, USA). Sequencing was carried
out using a 2x150 paired-end configuration to an average depth of 57 million read pairs per
sample.

Genome assembly and annotation

Previously there was no fat-tailed dunnart genome available to map ChIP-seq reads against. In
order to generate a genome for dunnart, tissue was collected and four sequencing libraries were
prepared following methods 2152, Four libraries were generated to improve molecular complexity
and genome representation of input DNA. These libraries were then sequenced using the following
technologies: Illumina X Ten 2x150 bp, PacBio Sequel I CLR, ONT PromethION and ONT GridION

(SupTablel5).
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Quality trimming and residual adaptor removal from dunnart Illumina libraries (Library 1) was

AVGQUAL 30]. Contigs were assembled using 200 Gb of PacBio CLR subreads (Library 2) using Flye
v2.73% with options [-iterations 4 —trestle -pacbio-raw —genome-size 3.0g]. Removal of redundant
contigs and two rounds of short-read and long-read scaffolding were performed using Redundans
0.14a24% with options [--nogapclosing --limit 1.0]. Inputs for redundans scaffolding were short-
insert paired-end reads (Library 1) and 6.5 gigabases of Oxford Nanotechnology reads
corresponding to 2 libraries (Library 3 and Library 4). Scaffolds then underwent two rounds of
polishing to improve base quality using Pilon v1.2372.. with lumina Library 1 as input and with
options [--vcf --diploid --chunksize 10000000 --fix snps,indexls,gaps --minqual 15]. The resulting
genome assembly had a total size of 2.84 Gb and an N50 length of 23 megabases (Mb). We used
BUSCO v5.2.2 to assess genome completeness [v3.0.2, -l mammalia_odb10 -m genome]. BUSCO gene
recovery was 89.9% for complete orthologs in the mammalia_odb10 lineage dataset which
includes 9226 BUSCOs. Together, these metrics indicate that the assembly is of comparable
completeness and contiguity to other recently-published marsupial genomes2%192%. and
therefore represents an excellent resource for downstream functional genomic experiments. The
resulting de novo assembly with a resulting scaffold N50 of 23 Mb and a total size of 2.84 Gb
making it comparable to other marsupial genomesgég‘)..’?.??.‘lqgg.. The G+C content of the de novo
contigs in the dunnart (~36.25%), was similar to other marsupial species (Tasmanian devil;
36.4%22%, thylacine; ~36%28% wallaby; 34-38.8%23Z, opossum; 37.8%190% woylie; 38.6%191%.

Gene annotations from the high-quality genome assembly of the Tasmanian devil (Sarcophilus
harrisii, GCF_902635505.1 - mSarHar1.11), which has a divergence time with the dunnart of
approximately 40 million years, were accessed from NCBI and then lifted over to dunnart scaffolds

using the program liftoff v1.0 19322 with option [--d 4].

Whole genome alignment

To compute pairwise genome alignments between the mouse and dunnart, we used the mouse
mm10 assembly as the reference. We first built pairwise alignments using Lastz and axtChain to
generate co-linear alignment chains!%4%2, using the previously described Lastz parameters for
vertebrates, [K = 2400 L = 3000 Y = 3400, H = 200] with the HoxD55 scoring matrix'%2>. After
building chains, patchChain]..Q?.@. was applied to extract all the unaligned loci and create local

alignment jobs for each one. The new local alignments were combined with the original local
1062

alignments for an improved set of chains. We then applied chainCleaner-..-".=. with the parameters
[-LRfoldThreshold = 2.5 -doPairs -LRfoldThresholdPairs = 10 -maxPairDistance = 10000 -
maxSuspectScore = 100000 -minBrokenChainScore = 75000] to improve the specificity of the
alignment. After generating an improved set of chains, we applied chainPreNet, chainNet and
ChainSubset to filter, produce the alignment nets and create a single chain file using only the

chains that appear in the alignment nets! %%, Alignment nets are a hierarchical collection of the

chains that attempt to capture orthologous alignmentsl%.@.. Chain fragments were joined using

chainStitchld and dunnart to mouse chains generated using chainSwaplel..'.—.—'.‘)... For quality control,

maf files were generated using netToAxt and axtToMaf!%*%Z. Block counts, block lengths and

pairwise divergence in the alignments were assessed using MafFilter!%7%.

ChIP sequencing data analysis

First, we assessed the raw sequencing read quality using FastQC v0.11. . Raw data were
processed by adapter trimming and low quality read removal using Cutadapt v1.9.1199%2 [-q 20 -a
AGATCGGAAGAGCACACGTCTGAACTCCAGTCA -A AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT -
max-n 0.10 -m 75]. ChIP sequencing statistics for raw reads and trimmed reads are described in
SupTable16. Sequencing reads were aligned to the dunnart genome with Bowtie2 v.2.3.5.1112%. [
-X 2000 —-very-sensitive]. Unfiltered aligned reads from ChIP-seq experiments performed using
mouse embryonic facial prominence for E10.5, E11.5, E12.5, E13.5, E14.5 and E15.5 were

9108c2
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both dunnart and mouse aligned reads, low-quality and unpaired reads were removed using
Samtools v.1.9.1...1..%.@‘y..[-q 30 -f2] and duplicate reads removed by the MarkDuplicates tool from
picard v.2.23.1 (http://broadinstitute.github.io/picard/2). Mapping statistics and library complexity
for dunnart and mouse reads are described in SupTable18 and SupTable19, respectively. Effective
genome Eize for the dunnart was calculated using the [unique-kmers.py] script from khmer
v.2.0013%,

Peaks were called on the dunnart-aligned reads using MACS2 v.2.1.11145 [-f BAMPE] and the
mouse aligned reads using MACS2 v.2.1.1 with default parameters for mm10, using total DNA input
as control and retaining all statistically significant enrichment regions (FDR-corrected P < 0.01).
Reproducible consensus peaks for biological replicates within a species were determined using the
ENCODES3 [overlap_peaks.py] script2=.25 . Enriched regions were considered reproducible when
they overlapped in two biological replicates within a species by a minimum of 50% of their length
using bedtools intersect v2.29.2115% Peak-calling statistics for dunnart and mouse are described
in SupTable20 and SupTable21, respectively. Similar to Villar et al. 2015.1..?.@.., we overlapped
H3K4me3 and H3K27ac reproducible peaks to determine promoter-associated peaks (marked by
only H3K4me3 or both H3K4me3 and H3K27ac) and enhancer-associated peaks (marked only by
H3K27ac). H3K4me3 and H3K27ac reproducible peaks were overlapped to determine genomic
regions enriched for H3K4me3, H3K27ac or both marks using bedtools intersect v2.29.21125,
Double-marked H3K4me3 and H3K27ac elements were defined as regions reproducibly marked by
H3K4me3 and H3K27ac and overlapping by a minimum 50% of their reciprocal length and were
merged with bedtools v2.29.2115% Mouse and dunnart peaks called on 10 million aligned reads

are deposited at 10.7554/eLife.103592.1.

Gene Ontology Enrichment Analyses

For the dunnart peaks, gene annotations lifted over from the Tasmanian devil annotation were
associated with ChIP-seq peaks using the default settings for the annotatePeak function in
ChiPseeker v1.26.21%. As there is no equivalent gene ontology database for dunnart, we
converted the Tasmanian devil RefSeq IDs to Ensembl v103 IDs using biomaRt v2.46.3112,12052,
and then converted these to mouse Ensembl v103. In this way we were able to use the mouse
Ensembl gene ontology annotations for the dunnart gene domains. We were able to assign Devil
Ensembl IDs to 74% of genes with peaks, and mouse IDs to 95% of genes with a devil Ensembl ID.
For calculating enrichment in GO in the dunnart, the list of Tasmanian devil genes with an
orthologous Ensembl gene in the mouse were used as the background list. All gene ontology
analyses were performed using clusterProfiler v4.1.4117%2 with Gene Ontology from the
org.Mm.eg.db v3.12.0 databasell.?..‘?’.., setting an FDR-corrected p-value threshold of 0.01 for

statistical significance.

Short sequence motifs enriched in dunnart peaks were identified with Homer v4.11. 3002, using
[findMotifsGenome.pl]. In this case random GC- and length-match sequences for all promoters and
enhancers were used as the background set to test for enrichment compared to random

expectation. Enriched motifs were clustered into Homer motif families30%.

Mouse and dunnart peak comparison
Dunnart and mouse peaks called from normalized input reads were filtered to 50 bp regions

mouse (mm10) genome and then back to the dunnart genome. Alignable peaks were kept if after
reciprocal liftOver they had the same nearest gene call (SupTable22). Alignable peaks were then
intersected with enhancer and promoters at each stage in the mouse with bedtools intersect
v.2.30.0112% to assess peaks with conserved activity (SupTable23).
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RNA-sequencing and analyses

The reads for three replicates were generated from facial prominences of PO dunnart pouch
young. Each replicate is a pool of two pouch young. Libraries were prepared using the Illumina
stranded mRNA kit and were sequenced to a depth >=50M read pairs (i.e. 25M F + 25M R) in
2x100bp format. The raw reads were first trimmed using trimmomatic v0.3 920
[ILLUMINACLIP:2:30:10 SLIDINGWINDOW:5:15 MINLEN:50 AVGQUAL:20]. Reads were mapped
with hisat2 v2.2112.%Z. [--fr --no-mixed --no-discordant] and alignments were filtered using

11205 [£1 -F 2316). Finally the count table was generated using featureCounts from
the Subread package v2.0.1 1222 152 -p -t exon --minOverlap 10]. Mouse gene count tables were
acquired from ENCODE (see SupTable17). Mouse and dunnart gene expression data were
normalized for library size with edgeR v.4.0.16..52.7. and lowly expressed genes filtered (>2 cpm)
for at least two out of three replicates.

For mouse gene expression data the resulting gene list was tested for differential expressed genes
with the [DBanalysis] function in TCseq package.lgf.g".. which implements edgeR to fit read counts
to a negative binomial generalized linear model. Differentially expressed genes with an absolute
log, fold-change > 2 compared to the starting time-point (E10.5) were determined. The optimal
division of clusters was determined using the Calinski criterion implemented with the
[cascadeKM] function in the vegan v. packagelg.?.@.. with the parameters [inf.gr = 1, sup.g = 10 iter =
1000, criterion = “calinski"]. Time-clustering for 5 clusters was performed using the [timeclust]
function with the parameters: [algo = ‘cm’, k = 5, standardize = TRUE] which performs
unsupervised soft clustering of gene expression patterns into five clusters with similar z-scaled
temporal patterns. Orthologous genes reproducibly expressed >1 TPM in the dunnart were
compared to the list of genes for each cluster using Fisher’s Exact Test followed by p-value
corrections for multiple testing with the Holm method. Gene Ontology enrichment was performed
using [enrichGO] as part of the clusterProfiler v4.10.1.....5%. with the 9933 genes present across the

clusters as background and a false discovery rate of 1%.

Supplementary Notes

Supplementary Note 1. Validation of

ChIP-seq in dunnart craniofacial tissue

As the H3K4me3 and H3K27ac antibodies used in this work had not been previously used in
marsupials, we first tested their reactivity in the dunnart using immunofluorescence and
observed strong positive staining for both antibodies (SupFig6A,B ). Therefore, before
sequencing, we validated the levels of enrichment in the ChIP libraries using gPCR and primers for
sequences in the dunnart that were orthologous to the craniofacial enhancers mm428, mm387,
mm423, hs466 and GH07J005561 and an enhancer active in the heart as a negative control, hs222
(SupTable14). All primer sets were enriched as a percentage of the input control, and as expected
no enrichment was observed in the rabbit and mouse mock IgG negative control samples
(SupFig6C (). Although the dunnart ortholog of the human heart enhancer (hs222) was also
enriched in both ChIP samples, this enhancer has only been tested at E11.5 in mouse embryos??...@..
and may have alternative roles at other stages in development or in different species.

Having validated the ability of our antibodies to enrich for dunnart chromatin marks, ChIP-seq
libraries were sequenced to average depth of 57 million reads. Reads were mapped to a de novo
assembly of the dunnart genome generated for this study (SupTable15), which we annotated using
the publicly available high-quality genome assembly of the Tasmanian devil (mSarHar1.11; see
Methods for additional details). After mapping and filtering, we retained an average of 43 million
mapped reads per library (SupTable16). All samples had a NRF of between 0.76-0.85

Laura E Cook et al., 2025 eLife. https://doi.org/10.7554/eLife.103592.2 18 of 51


https://doi.org/10.7554/eLife.103592.2

7 eLife

r > 0.99) and also between marks (Pearson’s r > 0.88; SupFig7A ). Read coverage for replicate
input controls was also correlated, but as expected due to enrichment for specific genomic regions
in IP samples, there was no correlation in read coverage observed between the input controls and
IP samples (Pearson’s r range = 0.03 to 0.08, SupFig7A2). Similarly, alignment BAM files for
H3K4me3 and H3K27ac IP replicates show strong and specific enrichment indicated by a
prominent and steep rise of the cumulative sum towards the highest rank, whereas input control
alignment BAM files are roughly diagonal, highlighting even coverage across the genomic
windows (SupFig7B ). Fraction of reads in peaks was approximately 60% for consensus H3K27ac
and H3K4me3 peaks (SupTable20).

Supplementary Note 2. Investigating

promoters located >3 kb from an annotated TSS

To investigate the large number of putative promoters located >3kb from an annotated TSS, we
first looked at the relationship between the number of peaks per gene and the distance to the next

genes had at least 1 predicted promoter or enhancer, with 81 genes having more than 50
promoters (SupFig8A @). The number of promoters per gene was weakly positively correlated
with distance to the next closest gene (Pearson’s r = 0.36, p < 2.2 x 10°1%), suggesting that this
observation was partially due to the presence of unannotated transcripts between genes
(SupFig8B (¥). Enhancers can also be associated with H3K4me3..5".=%. However, enrichment levels
(peak intensity) tend to be lower than that of H3K27ac'27%. Hence, peaks characterized as
promoters that were located more than 3 kb from a known TSS may instead represent active
enhancer regionsj..%?.@.. To assess this we compared mean peak intensity in H3K4me3 peaks
located greater than 3 kb from the nearest TSS, to H3K4me3 peaks located within 3 kb of the TSS.
We found that H3K4me3 peaks located closer to the TSS had a stronger peak signal (mean = 46.10)
than distal H3K4me3 peaks (mean = 6.95; Wilcoxon FDR-adjusted p < 2.2 x 1016). This suggests that
although some distal promoter peaks may be due to missingness in the annotation, the majority

likely represent peaks associated with enhancer regions.

Supplementary Note 3. Defining high-confidence promoter regions
This analysis identified 3 clusters: upstream distal peaks (cluster 3, 31,285 peaks), downstream
distal peaks (cluster 2, 22,863 peaks) and peaks centered on the TSS (cluster 1, 12,295 peaks;
SupFig9B @). Cluster 1 peaks had a higher intensity (SupFig9C @) and length (SupFig9D ©) when
compared to clusters 2 and 3 (Wilcoxon FDR-adjusted p < 2.2 x 1016) and compared to all
predicted enhancers and promoters (Wilcoxon FDR-adjusted p < 2.2 X 10°16). Furthermore, peaks
in cluster 1 (those closest to annotated TSS) had a higher GC and CpG island content than clusters 2
and 3 (Wilcoxon FDR-adjusted p < 2.2 X 1016) and higher than enhancers (Wilcoxon FDR-adjusted
p < 2.2 x 1071%), consistent with known features of mammalian promoters (SupFig9E,F (2).
H3K4me3 ChIP-seq peak intensity has previously been correlated with transcriptional

activityl%?i.@.. and a higher peak intensity has also been observed in promoters in mammalian liver

tissue!2. We thus used cluster 1 (12,295 peaks) to define a set of high-confidence promoters for

all of the following analyses.

Supplementary Note 4. Investigating differences

in the number of mouse and dunnart peaks called

After applying consistent peak calling and filtering parameters to the dunnart ChIP-seq data we
found that the number of peaks were fairly consistent across mouse embryonic stages (~20-30,000
total peaks; Fig4A @). This number was significantly lower than the total number of peaks
observed in the dunnart (~150,000 peaks; Fig4A (@). We investigated this further and found that
the strength and specificity of enrichment differed between the mouse and dunnart datasets.
Dunnart alignment BAM files for H3K4me3 and H3K27ac immunoprecipitation replicates show
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strong and specific enrichment (SupFig7B @ ); however, mouse alignment BAM files show a
weaker enrichment with the immunoprecipitation samples for H3K27ac being closer to the input
(SupFig10®). This was also reflected in the similarity between mouse IPs and input controls
based on read coverage, with correlation coefficients higher (H3K4me3, Pearson’s r range = 0.17 to
0.32, SupFig11B % ; H3K27ac, Pearson’s r range = 0.39 to 0.64, SupFig11A(2) than the
corresponding dunnart values (SupFig7A (@). Therefore, this is likely a technical confounder that
may be responsible for the lower numbers of enriched regions called in the mouse, as peaks with
lower enrichment signal might not be identified by the peak caller. This was consistent with the
distribution of peak enrichment values in the dunnart and mouse for H3K4me3, with a lower
mean peak enrichment value in the dunnart compared to all mouse stages (Kruskal-Wallis FDR-
corrected p = 6.7 x 101%; SupFig2A ™). However, this was not the case for peak enrichment values
for H3K27ac peaks (SupFig2A (2 ), which generally have lower peak enrichment values than

Supplementary Note 5. Whole genome

alignment between mouse and dunnart

In order to compare activity in orthologous mouse and dunnart peaks, liftOver chains are needed
to find the corresponding coordinates in the alternative genome. After building a dunnart-mm10
liftOver chain, we examined the quality of the WGA between mouse and dunnart. Approximately
a quarter of both genomes were recovered in the WGA, with 26% of the dunnart genome and 28%
of the mouse genome were present with an average mismatch between the dunnart and mouse of
37.2% (SupFig12@). Previous WGAs between placentals and marsupials (opossum versus human,
tammar wallaby versus human) have recovered approximately 6-8% of the genomes with

like chainCleaner and patchChain. Given the higher conservation of coding regions than non-
coding regions, exon coverage is a useful metric for assessing the quality of the alignment. 92% of
mouse exon sequence and 69% of dunnart exon sequence was present in the WGA (SupFig122).
Coverage of the exons recovered after liftOver were 82.7% and 57.8% in the mouse and dunnart,
respectively (SupFig12 ). The lower exon coverage in the dunnart could be due to the
missingness in the dunnart annotation. The majority of the alignment blocks fell within the 100 bp
to 1000 bp size range with a total of 578.3 Mb of DNA sequence alignment out of a total of 801 Mb
in the alignment within this range (SupFig12 ™). This is very similar to the existing opossum-

human WGA where 83% of alignment blocks fall within the size range of 100 to 1000 bp22%Z.

We then used the liftOver chains to find corresponding coordinates for dunnart peaks in the
mouse genome. Given the majority of the alignment blocks for the mouse and dunnart WGA fell
between 100-1000 bp in length ((SupFig12C @), we first assessed the impact of peak length
(centered on the peak summit, which represents the point with the highest signal in the peak
region) on inter-species recovery of peaks. We defined dunnart peak regions as alignable if they
could be reciprocally lifted over to the mouse genome and then back to the dunnart genome.
Unsurprisingly, for both enhancers and promoters the number of alignable peaks recovered
decreased with increasing peak length (SupTable22 and SupTable23). Promoters had the highest
number of regions alignable (17%) using 50 bp peak summit widths which decreased to 1.8% with
a 500 bp peak summit length (SupTable23). Similarly, 19% of enhancers were alignable using a 50
bp peak summit length and this decreased to 2% with 500 bp peak summit length (SupTable22). To
assess the accuracy of the reciprocal liftOver, we next investigated whether alignable peaks in the
mouse and dunnart mapped to the same nearest Ensembl gene before and after liftOver. Accuracy
was high for both the promoters and enhancers (from 94% to 100%; (SupTable22 and SupTable23).
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Supplementary Figure 1.

Homer motif enrichment for dunnart promoters
and enhancers for the top 20 enriched TF families.

Logyg FDR adjusted p-value scores are shown as a heatmap in enhancers and promoters. Individual TFs are labeled on the
right hand side of the heatmap. Distinct colors represent TF families.
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Supplementary Figure 2.

Features of predicted promoters and enhancers in the dunnart and mouse.

(A) Logqq peak intensity (measure of enrichment) for enhancers (orange) and promoters (blue) prior to filtering. (B) Log4q
distance to the nearest TSS for enhancers (orange) and promoters (blue). After clustering and filtering for high-confidence
promoters we observed consistent patterns for features including, (D) CpG and GC content and, (E) Log,, peak intensity and
Logqg peak length.
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Supplementary Figure 3.

Top GO enriched terms in the dunnart and mouse embryonic stages

for (A) genes near enhancers and, (B) genes near high-confidence promoters.
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Supplementary Figure 4.

Heatmaps showing gene expression values (TPM) for
common developmental genes across dunnart and mouse.
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(A) Z-scaled temporal expression (logCPM) plotted across embryonic timepoints for five clusters. Membership values are
used to indicate to what degree a data point belongs to each cluster. (B) Top enriched biological processes for each cluster
(FDR corrected p<0.01, background gene set is all differentially expressed genes used for clustering). (C) Odds ratio estimates
with 95% confidence interval for genes expressed in dunnart in each cluster. (D) Number of genes in each cluster for mouse

and dunnart.
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Supplementary Figure 6.

Validation of antibodies in dunnart craniofacial tissue with immunofluorescence and qPCR.

Localisation of (A) H3K27ac (pink, scale bar = 250um) and (B) H3K4me3 (pink, scale bar = 80um), in DO dunnart head sections
with nuclei stained with DAPI (blue) (C) enhancer regions expected to be enriched in the IP samples presented as the
percentage of the input control sample as measured by qPCR.
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Supplementary Figure 7.

deepTools quality control plots for dunnart subsampled aligned BAM files.

(A). Overall similarity between BAM files based on read coverage within genomic regions with Pearson correlation coefficients
plotted for H3K27ac, H3K4me3 and input control. (B) Fingerprint plot showing a profile of cumulative read coverages for each
BAM file. All reads overlapping a window (bin) of the specified length are counted, sorted and plotted for H3K27ac, H3K4me3

and input control.
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Supplementary Figure 9.

Subsetting high-confidence promoter-associated peaks with k-means clustering.

(A) Barplot for the number of promoter-associated peaks per cluster and histogram showing the distribution of peak
distance from the nearest TSS in each cluster. (B) Genomic annotations for promoter-associated peaks in each cluster. (C) GC
content, (D) Logqq peak length, (E) CpG content, and (F) Logy of clustered promoter-associated peaks, enhancer-associated
peaks, and unclustered promoter-associated peaks. Statistical significance (Wilcoxon, FDR-adjusted, $p <$ 0.00001) compared
to cluster 1 promoter-associated peaks is denoted by ****,
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Supplementary Figure 10.

deepTools fingerprint plot for mouse subsampled aligned BAM files.

Cumulative read coverages for each BAM file. All reads overlapping a window (bin) of the specified length are counted, sorted
and plotted for (A) H3K27ac, (B) H3K4me3.

Laura E Cook et al., 2025 eLife. https://doi.org/10.7554/eLife.103592.2 29 of 51


https://doi.org/10.7554/eLife.103592.2
https://doi.org/10.7554/eLife.103592.2

NRER
LORK X & 4
R R ORI
AR
CEEEEE&S
ST

PRNAIENNN

A oSBSsess
SN :"’Q’:,@\o&'\ AL

EEEEEEEEEEEEEE

R R R R S

ENCFF707WKL_E15.5_H3K27ac
ENCFF584JFB_E15.5_H3K27ac
ENCFF290ZNF_E13.5_H3K27ac
ENCFF213EBC_E10.5_H3K27ac
ENCFF512SFE_E11.5_H3K27ac
ENCFF394TZN_E12.5_H3K27ac
ENCFFO11NFM_E12.5_H3K27ac
ENCFF515PKL_E11.5_H3K27ac
ENCFF902HAR_E14.5_H3K27ac
ENCFF327VAO_E14.5_H3K27ac
ENCFF1940RC_E13.5_H3K27ac
ENCFF548BRR_E10.5_H3K27ac
ENCFF182XFG_E15.5_input
ENCFF117QRC_E13.5_input
ENCFF157KEH_E10.5_input
ENCFF376FGM_E11.5_input
ENCFF7840RI_E14.5_input
ENCFF002HZV_E14.5_input
ENCFF203JQV_E12.5_input
ENCFFO58AUT_E12.5_input
ENCFF825AVI_E10.5_input
ENCFF727QTS_E15.5_input
ENCFF248PGK_E13.5_input
ENCFF184CUE_E11.5_input

ENCFF485UDC_E13.5_H3K4me3
ENCFF124TAB_E13.5_H3K4me3
ENCFF401BKM_E15.5_H3K4me3
ENCFF124UYX_E10.5_H3K4me3
ENCFF045IPK_E10.5_H3K4me3
ENCFF724DMU_E14.5_H3K4me3
ENCFF665QBJ_E14.5_H3K4me3
ENCFF760QYZ_E11.5_H3K4me3
ENCFF717QDV_E11.5_H3K4me3
ENCFF258KCR_E15.5_H3K4me3
ENCFF941QJZ_E12.5_H3K4me3
ENCFF182ZPF_E12.5_H3K4me3
ENCFF376FGM_E11.5_input
ENCFF184CUE_E11.5_input
ENCFF7840RI_E14.5_input
ENCFF002HZV_E14.5_input
ENCFF203JQV_E12.5_input
ENCFFO58AUT_E12.5_input
ENCFF727QTS_E15.5_input
ENCFF825AVI_E10.5_input
ENCFF248PGK_E13.5_input
ENCFF182XFG_E15.5_input
ENCFF117QRC_E13.5_input
ENCFF157KEH_E10.5_input

™

0.0 E i X . 1.0

Supplementary Figure 11.

deepTools correlation plots for mouse subsampled aligned BAM files.

Overall similarity between BAM files based on read coverage within genomic regions with Pearson correlation coefficients
plotted for (A) H3K27ac, (B) H3K4me3
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(A) Genome alignment workflow. (B) Genome coverage and exon coverage (bp) between mouse and dunnart. Coverage of
exons recovered after LiftOver. (C) Block size distribution for the dunnart including number of blocks and total size of the

blocks.
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Supplementary Figure 13.

Volcano plot for both upregulated and downregulated differentially

expressed genes from mouse (any stage) and dunnart.

Stringent log2 fold change and pvalue cutoffs were used given the comparisons between datasets from two different species.
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Data availability

The data generated in this study have been deposited in NCBI's Gene Expression Omnibus!20%.
and are available through GEO Series accession number GSE188990 . Accession IDs for
previously published data sets from the ENCODE consortium327 41 are given in SupTablel7.
Processed data and an IGV session for browsing is available in a figshare repository
(10.7554/eLife.103592.1. All analyses described were carried out using custom bash, Python3 and R

v4.1.0 scripts, and are available at github.com/lecook/chipseq-cross-species.
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Reviewer #1 (Public review):
Summary:

Compared to placental mammals, marsupials have a short gestation period and give birth to
altricial young. To assist with the detection and response to cues that direct the neonate joeys
to the mother's pouch, as well as latching onto the teat, marsupial craniofacial development
at this stage is rapid and heterochronous relative to placentals. Cook et al. have presented an
important study on the transcriptomic and epigenomic signature underlying this
heterochronous development of craniofacial features across mammals, using the fat-tailed
dunnart as a marsupial model.

Given the lack of a dunnart genome, the authors prepared long and short read sequence
datasets to assemble and annotate a novel genome to allow for mapping of RNAseq and
ChIPseq data against H3K4me3 and H3K27ac, which allowed for identification of putative
promoter and enhancer sites in dunnart. They found that genes proximal to these regulatory
loci were enriched for functions related to bone, skin, muscle and embryonic development,
verifying the precocious state of newborn dunnart facial tissue. When compared with mouse,
the authors found a much higher proportion of promoter regions aligned between species
than for enhancer regions, and subsequent profiling identified regulatory elements
conserved across species and are important for mammalian craniofacial development. In
contrast, identification of dunnart-specific enhancers and patterns of RNA expression further
confirm the precocious state of muscle development, as well as for sensory system
development, in dunnart, suggesting that early formation of these features are critical for
neonate marsupials.

Marsupials are emerging as an important model for studying mammalian development and
evolution, and the authors have performed a novel and thorough analysis that helps to
elucidate the regulatory profile underlying craniofacial heterochrony. Impressively, this
study also includes the assembly of a new marsupial reference genome that will benefit
many future studies of mammalian developmental biology.

Strengths:

The genome assembly method was thorough, using two different long-read methods (Pacbio
and ONT) to generate the long reads for contig and scaffold construction, increasing the
quality of the final assembled genome, which was effectively annotated and used for
functional analysis of orthologous regulatory elements.

The birth of altricial young in marsupials is an important feature of their development that is
distinct from placental mammals which are separated by about 160 million years of
evolution. Very little is known, however, about the regulatory profile that contributes to the
advanced craniofacial development required for joey survival. This is one of the few
epigenomic studies performed in marsupials (of any organ) and the first performed in fat-
tailed dunnart (also of any organ), which begins to address this lack of knowledge.

The study also provides evidence supporting the important role enhancer elements play in
mammalian phenotypic evolution, relative to promoters.

Weaknesses:

Biological replicates of facial tissue were collected at a single developmental time point of the
fat-tailed dunnart within the first postnatal day (P0), and analysed this in the context of
similar mouse facial samples from the ENCODE consortium at six developmental time points,
where previous work from the authors have shown that the younger mouse samples (E11.5-
12.5) approximately corresponds to the dunnart developmental stage (Cook et al. 2021).
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However, it would be useful to have samples from at least one older dunnart time point, for
example, at a developmental stage equivalent to mouse E15.5. This would provide additional
insight into the extent of accelerated face development in dunnart relative to mouse, i.e. how
long do the regulatory elements that are activated early in dunnart remain active for and
does their function later influence other aspects of craniofacial development?

https://doi.org/10.7554/eLife.103592.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Reviewer #1 (Public review):
Summary:

Cook et al. have presented an important study on the transcriptomic and epigenomic
signature underlying craniofacial development in marsupials. Given the lack of a
dunnart genome, the authors also prepared long and short-read sequence datasets to
assemble and annotate a novel genome to allow for the mapping of RNAseq and ChIPseq
data against H3K4me3 and H3K27ac, which allowed for the identification of putative
promoter and enhancer sites in dunnart. They found that genes proximal to these
regulatory loci were enriched for functions related to bone, skin, muscle and embryonic
development, highlighting the precocious state of newborn dunnart facial tissue. When
compared with mouse, the authors found a much higher proportion of promoter regions
aligned between species than for enhancer regions, and subsequent profiling identified
regulatory elements conserved across species and are important for mammalian
craniofacial development. In contrast, the identification of dunnart-specific enhancers
and patterns of RNA expression further confirm the precocious state of muscle
development, as well as for sensory system development, in dunnart suggesting that
early formation of these features are critical for neonate marsupials likely to assist with
detecting and responding to cues that direct the joeys to the mother's teat after birth.
This is one of the few epigenomic studies performed in marsupials (of any organ) and the
first performed in fat-tailed dunnart (also of any organ). Marsupials are emerging as an
important model for studying mammalian development and evolution and the authors
have performed a novel and thorough analysis, impressively including the assembly of a
new marsupial reference genome that will benefit many future studies.

Strengths:

The study provides multiple pieces of evidence supporting the important role enhancer
elements play in mammalian phenotypic evolution, namely the finding of a lower
proportion of peaks present in both dunnart and mouse for enhancers than for
promoters, and dunnart showing more genes uniquely associated with it's active
enhancers than any other combination of mouse and dunnart samples, whereas this
pattern was less pronounced than for promoter-associated genes. In addition, rigorous
parameters were used for the cross-species analyses to identify the conserved regulatory
elements and the dunnart-specific enhancers. For example, for the results presented in
Figure 1, I agree that it is a little surprising that the average promoter-TSS distance is
greater than that for enhancers, but that this could be related to the possible presence of
unannotated transcripts between genes. The authors addressed this well by examining
the distribution of promoter-TSS distances and using proximal promoters (cluster #1) as
high confidence promoters for downstream analyses.
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The genome assembly method was thorough, using two different long read methods
(Pacbio and ONT) to generate the long reads for contig and scaffold construction,
increasing the quality of the final assembled genome.

Weaknesses:

Biological replicates of facial tissue were collected at a single developmental time point
of the fat-tailed dunnart within the first postnatal day (P0), and analysed this in the
context of similar mouse facial samples from the ENCODE consortium at six
developmental time points, where previous work from the authors have shown that the
younger mouse samples (E11.5-12.5) approximately corresponds to the dunnart
developmental stage (Cook et al. 2021). However, it would be useful to have samples
from at least one older dunnart time point, for example, at a developmental stage
equivalent to mouse E15.5. This would provide additional insight into the extent of
accelerated face development in dunnart relative to mouse, i.e. how long do the
regulatory elements that activated early in dunnart remain active for and does their
function later influence other aspects of craniofacial development?

We thank the reviewer for their feedback and agree that the inclusion of multiple postnatal
stages in the dunnart would give further valuable insights to the comparative analyses.
Unfortunately, we were limited by the pouch young available and prioritized ensuring robust
data at a single stage for this study. We hope to expand this work to more stages in future
studies.

The authors refer to the development of the CNS being delayed in marsupials relative to
placental mammals, however, evidence shows how development of the dunnart brain
(whole brain or cortex) is protracted compared to mouse, by a factor of at least 2 times,
rather than delayed per se (Workman et al. 2013; Paolino et al. 2023). In addition, there
is evidence that cortical formation and cell birth may begin at approximately the same
stage across species equivalent to the neonate period in dunnart (E10.5 in mouse), and
that shortly after this at the stage equivalent to mouse E12.5, the dunnart cortex shows
signs of advanced neurogenesis followed by a protracted phase of neuronal maturation
(Paolino et al. 2023). Therefore, it is possible that marsupial CNS development appears
delayed relative to mouse but instead begins at the same stage and then proceeds to
develop on a different timing scale.

The comparison here is not directly between CNS development in placental and marsupials
but CNS development relative to development of a subset of structures of the cranial skeleton
and musculature (as first proposed by Kathleen Smith 1997). For example, Smith 1997 found
that in eutherians, evagination of the telencephalon and appearance of the pigment in the
eye occur before the ossification of the premaxilla, maxilla, and dentary. However, in
marsupials, evagination of the telencephalon and appearance of the pigment in the eye occur
concurrently with condensation of cartilage in the basicranium and the ossification of the
premaxilla, maxilla, and dentary. Smith 1997 reports both a delay in the initiation of CNS
development in marsupials relative to craniofacial ossification and a protraction of CNS
development compared to placental mammals.

This also highlights the challenges of correlating different staging systems between placentals
and marsupials as stages determined as equivalent can change depending on which
developmental events are used. The protracted development of the CNS in marsupials (Smith
1997, Workman et al. 2013; Paolino et al. 2023) still supports the hypothesis that during the
short gestation period in marsupials structures required for life outside the womb in an
embryonic-like state, such as the orofacial region, are likely prioritized.
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We have clarified this based on the reviewers feedback and added text referring to the
protraction of marsupial CNS development to the Discussion section.

[New text]: Marsupials display advanced development of the orofacial region relative to
development of the central nervous system when compared to placental mammals[3,6].

[New text]: Although development of the central nervous system is protracted in marsupials
compared to placentals, marsupials have well-developed peripheral motor nerves and
sensory nerves (eg. the trigeminal) at birth [5].

Reviewer #2 (Public review):

This study by Cook and colleagues utilizes genomic techniques to examine gene
regulation in the craniofacial region of the fat-tailed dunnart at perinatal stages. Their
goal is to understand how accelerated craniofacial development is achieved in
marsupials compared to placental mammals.

The authors employ state-of-the-art genomic techniques, including ChIP-seq,
transcriptomics, and high-quality genome assembly, to explore how accelerated
craniofacial development is achieved in marsupials compared to placental mammals.
This work addresses an important biological question and contributes a valuable dataset
to the field of comparative developmental biology. The study represents a commendable
effort to expand our understanding of marsupial development, a group often
underrepresented in genomic studies.

The dunnart's unique biology, characterized by a short gestation and rapid craniofacial
development, provides a powerful model for examining developmental timing and gene
regulation. The authors successfully identified putative requlatory elements in dunnart
facial tissue and linked them to genes involved in key developmental processes such as
muscle, skin, bone, and blood formation. Comparative analyses between dunnart and
mouse chromatin landscapes suggest intriguing differences in deployment of regulatory
elements and gene expression patterns.

Strengths

(1) The authors employ a broad range of cutting-edge genomic tools to tackle a
challenging model organism. The data generated - particularly ChIP-seq and RNA-seq
from craniofacial tissue - are a valuable resource for the community, which can be
employed for comparative studies. The use of multiple histone marks in the ChIP-seq
experiments also adds to the utility of the datasets.

(2) Marsupial occupy an important phylogenetic position, but they remain an
understudied group. By focusing on the dunnart, this study addresses a significant gap
in our understanding of mammalian development and evolution. Obtaining enough
biological specimens for these experiments studies was likely a big challenge that the
authors were able to overcome.

(3) The comparison of enhancer landscapes and transcriptomes between dunnarts and
can serve as the basis of subsequent studies that will examine the mechanisms of
developmental timing shifts. The authors also carried out liftover analyses to identify
orthologous enhancers and promoters in mice and dunnart.

Weaknesses and Recommendations

(1) The absence of genome browser tracks for ChIP-seq data makes it difficult to assess
the quality of the datasets, including peak resolution and signal-to-noise ratios. Including
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browser tracks would significantly strengthen the paper by provide further support for
adequate data quality.

We have put together an IGV session with the dunnart genome, annotation and ChIP-seq
tracks. This is now available in the FigShare data repository (10.7554/eLife.103592.1).

(2) The first two figures of the paper heavily rely in gene orthology analysis, motif
enrichment, etc, to describe the genomic data generated from the dunnart. The main
point of these figures is to demonstrate that the authors are capturing the epigenetic
signature of the craniofacial region, but this is not clearly supported in the results. The
manuscript should directly state what these analyses aim to accomplish - and provide
statistical tests that strengthen confidence on the quality of the datasets.

As this is the first epigenomic profiling for this species we performed extensive data quality
control (See Supplementary Tables 2-3, 18, 20-23 and Supplementary Figures 1-3, 6-11). These
figures and corresponding Supplementary Tables show the robustness of the data, including
well-described metrics for assessing promoters and enhancers, GO terms relevant to
craniofacial development and binding motifs for key developmental TF families.

We have emphasised this aspect of the work more strongly in the results section, particularly
in [Defining craniofacial putative enhancer- and promoter regions in the dunnart].

(3) The observation that "promoters are located on average 106 kb from the nearest TSS"
raises significant concerns about the quality of the ChIP-seq data and/or genome
annotation. The results and supplemental information suggest a combination of factors,
including unannotated transcripts and enhancer-associated H3K4me3 peaks - but this
issue is not fully resolved in the manuscript. The authors should confirm that this is not
caused by spurious peaks in the CHIP-seq analysis - and possibly improve genome
annotation with the transcriptomic datasets presented in the study.

Spurious ChIP-seq peaks could be possible as there is no “blacklisted regions” database for
the dunnart to filter on, however we used a no-IP control, a stringent FDR of 0.01 and peaks
had to be reproducible in two biological replicates when calling peaks - all of which should
reduce the likelihood of false positives.

H3K4me3 activity at enhancers is well-established, in particular when enhancer sequences
are also bound by RNA Pol IT ((Koch and Andrau, 2011; Pekowska et al., 2011). However,
compared to H3K4me3 activity at promoters, H3K4me3 levels at enhancers are low (Calo and
Wysocka, 2013). This is in line with our observations that H3K4me3 levels at enhancers are
much lower than observed at promoter regions (see Supplementary Note 2). We found that
H3K4me3 peaks located closer to the TSS had a stronger peak signal (mean = 46.10) than
distal H3K4me3 peaks (mean = 6.95; Wilcoxon FDR-adjusted p < 2.2 x 10°16). This suggests that
although some distal promoter peaks may be due to missingness in the annotation, the
majority likely represent peaks associated with enhancer regions. We have emphasized this
finding more strongly in the results section:

[New text]: H3K4me3 activity at enhancers is well-established[25,26], however, compared to
H3K4me3 activity at promoters, H3K4me3 levels at enhancers are low[27]. This is in line with
our observations where H3K4me3 levels at distal enhancer peaks are nearly 7 times lower
than those observed at promoter regions (see SupNote2).

(4) The comparison of gene regulation between a single dunnart stage (P1) and multiple
mouse stages lacks proper benchmarking. Morphological and gene expression
comparisons should be integrated to identify equivalent developmental stages. This
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"alignment" is essential for interpreting observed differences as true heterochrony rather
than intrinsic requlatory differences.

Given the developmental differences between eutherian and marsupial mammals it is
challenging to assign the dunnart a precise “equivalent” developmental stage to the mouse.
From our morphological and developmental characterisation (see Cook et al. 2020 Nat
Comms Bio) based on ossification patterns the dunnart orofacial region on the day of birth
appears to be similar to that of an E12.5 mouse embryo (just prior to the observation of
ossified craniofacial bones). However, when we compared both regulatory elements and
expressed genes between the dunnart at this stage (P1) and 5 developmental stages in the
mouse, there is no obvious equivalent stage. For example, when we simply compare genes
linked to enhancer peaks, the group with the largest intersection between dunnart and any
mouse stage are ~500 genes that are present in dunnart, and mouse stages E10.5, E12.5 -
E15.5, Figure 5B). When we then compare genes expressed in the dunnart to temporal gene
expression dynamics during mouse development we find that the largest overlap is with
genes highly expressed at E14.5 or E15.5 in the mouse (Figure 6, Supplementary Figure 5). We
have strengthened the rationale for the selected mouse stages in the comparative analyses
section of the results.

(5) The low conservation of putative enhancers between mouse and dunnart (0.74-6.77%)
is surprising given previous reports of higher tissue-specific enhancer conservation
across mammals. The authors should address whether this low conservation reflects
genuine biological divergence or methodological artifacts (e.g., peak-calling parameters
or genome quality). Comparisons with published studies could contextualize these
findings.

The reported range (0.74 - 6.77%) refers to the number regions called as an active enhancer
peak in both species (conserved activity) divided by the total number of dunnart peaks
alignable to the mouse genome, which we expect to be low given sequence turnover rates
and the evolutionary distance separating dunnart and mice. The alignability (conserved
sequence) for dunnart enhancers to the mouse genome was ~13% for 100bp regions and can
be found in Supplementary Table 22, we have now clarified this in the main text.

[New Text]: After building dunnart-mm10 liftover chains (see Methods and SupNote5) we
compared mouse and dunnart regulatory elements. The alignability (conserved sequence) for
dunnart enhancers to the mouse genome was ~13% for 100bp regions (Supplementary Table
22).

The activity conservation range reported here is consistent with previously reported for
marsupial-placental enhancer comparisons (Villar et al. 2015), where ~1% of conserved liver-
specific human enhancers had conserved activity to opossum. Follow up studies in Berthelot
et al 2018 also found that approximately 1% of human liver enhancers were conserved across
the placental mammals included in the study.

(6) Focusing only on genes associated with shared enhancers excludes potentially
relevant genes without clear regulatory conservation. A broader analysis incorporating
all orthologous genes may reveal additional insights into craniofacial heterochrony.

We appreciate the reviewers comment, we understand that a broader analysis may provide

some additional insights to this question however in this study our focus was understanding
the enhancers driving craniofacial development in these species. We linked enhancers with

gene expression data as additional evidence of regulatory programs involved in craniofacial
development. The majority (~70%) of genes reproducibly expressed were linked to an active
enhancer and/or promoter. This has now been highlighted in the result section.
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[New Text]: There were 12,153 genes reproducibly expressed at a level > 1 TPM across three
biological replicates, with the majority of genes 67% of genes expressed (67%; 8158/12153)
associated with near an active enhancer and/or promoter peak.

In conclusion, this study provides an important dataset for understanding marsupial
craniofacial development and highlights the potential of genomic approaches in non-
traditional model organisms. However, methodological limitations, including incomplete
genome annotation and lack of developmental benchmarking weaken the robustness
and of the findings. Addressing these issues would significantly enhance the study's utility
to the field and its ability to support the study's central conclusion that dunnart-specific
enhancers drive accelerated craniofacial development.

Reviewer #1 (Recommendations for the authors):
Minor comments and corrections:

(1) ChIP-seq FRIP fractions were much higher in dunnart samples than in mouse. Is this
related to any differences in sample preparation they are aware of in the ENCODE
datasets of mouse, such as different anti-histone antibodies used (and therefore different
efficiency of binding to the same histone markers across species)? The authors appear to
have addressed something similar with respect to the much lower enriched peak number
observed in the mouse sample relative to dunnart in Supp note 4. I suspect the "technical
cofounder” they refer to there is affecting both the FRiP scores and the higher correlation
coefficients between IP and input in mouse.

We chose the same antibodies used in the mouse craniofacial tissue ENCODE experiments
however, the procedure is slightly different. We used the MAGnify Chromatin
Immunoprecipitation System while in the ENCODE assays performed by Bing Ren’s group in
2012 was an in-house lab protocol for MicroChIP. Given that the samples for mouse and
dunnart were not processed together, by the same researcher, with the same protocol there
could be any number of technical cofounders impacting enrichment. A low FRiP score
suggests low specificity as the majority of reads are in non-specific regions (low enrichment),
consistent with the higher correlation between IP and input in mouse. The data quality also
appears to vary between H3K27ac and H3K4me3 in the mouse (Supplementary Table 21),
with H3K4me3 FRiP scores more similar to those observed in our dunnart experiments. This
suggests a potential confounder specific to the mouse H3K27ac IP. QC metrics (FRiP, bam
correlation) are consistent between H3K27ac and H3K4me3 IPs in our experiments
(Supplementary Table 20).

(2) Some of the promoter peak numbers in Supp table 1 do not match the numbers in the
main text.

We have corrected the incorrect number reported in the text for promoter peaks with
orthologous genes (8590 -> 8597).

(3) In Supp tables 2 and 3, the number of GO terms similar across tables is 466, which is
~42% of total number of enriched GO terms. However the authors mention that only 23%
of terms were the same between promoters and enhancers, and a value of 42% was
applied to the proportion of terms uniquely enriched for terms associated with genes
assigned to promoters only. Unless I'm reading these Supp tables incorrectly, is it
possible the proportions were mixed up?

Thanks for catching this. The lists provided in Supplementary Table 2 were incorrect. The
Supplementary Tables and in text description has been corrected to reflect this.
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| (4) Would be helpful to add a legend for the mouse samples in Supp Figure 10.
We have added the labels to the plot.

(5) In Supp note 5, regarding the percentage of alignable peaks recovered, the
percentages mentioned for the 50bp and 500bp peak summit lengths for enhancers and
promoters do not seem to match the values in Supp tables 22 and 23.

Thank you for catching this - we have corrected the Supplementary Tables and in text.

(6) Please provide additional information to explain how dunnart RNA expression was
associated with the five temporal expression clusters found in the mouse data shown in
Figure 6 given there is only one dunnart time point and so the species temporal pattern's
could not be compared, i.e. how was the odds ratio calculated and was this applied
iteratively for dunnart against each mouse age and within each temporal cluster?

The TCseq package takes the mouse expression data across all 6 stages and calls differentially
expressed genes with an absolute log, fold-change > 2 compared to the starting time-point
(E10.5). The mouse gene expression patterns were clustered into 5 clusters that each show
distinct temporal expression patterns (see Supplementary Figure 5D). The output from this is
5 lists where within each list are unique genes that share a temporal pattern. These lists of
mouse genes were then each compared to the orthologous genes expressed in the dunnart
using a Fishers Exact test with corrections for multiple testing using the Holm method. We
have added additional details in the methods:

[New text]: Orthologous genes reproducibly expressed >1 TPM in the dunnart were compared
to the list of genes for each cluster using Fisher’s Exact Test followed by p-value corrections
for multiple testing with the Holm method.

| (7) SupFile1 and SupfFile2 - which supplementary note or figure are these referring to?

Apologies for this error. These items were meant to link to the FigShare repository where the
supplementary files can be found. We have corrected this using the DOI for the repository.

Reviewer #2 (Recommendations for the authors):

(1) Authors should clarify that the mouse ENCODE data used for the comparisons was
obtained from craniofacial tissue.

This has now been corrected to clarify that the mouse ENCODE data used was from
craniofacial tissues. ENCODE mouse embryonic facial prominence ChIP-seq and gene
expression quantification file accession numbers and details used in study can be found in
Supplementary Table 17.

(2) Given the large differences in TPM for highly expressed genes shown in Figure 5, a MA
or volcano plot would provide a more comprehensive view of global transcriptome
differences between species.

We have added this plot as Supplementary Figure 13.

(3) It is unclear whether the enrichment analysis was performed for mouse genes,
dunnart genes, or both.
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In reference to Figure 5, Gene Ontology enrichment analysis was performed on the top 500
highly expressed genes in dunnart. Because there is not an ontology database for dunnart
gene IDs, these top 500 dunnart gene IDs were converted to the orthologous gene ID in mouse
before performing the enrichment analysis. We apologise for the lack of clarity and have
added additional text in the results section to make this clearer. In addition, the relevant
methods section now reads:

[New text]: As there is no equivalent gene ontology database for dunnart, we converted the
Tasmanian devil RefSeq IDs to Ensembl v103 using biomaRt v2.46.3 and then converted these
to mouse Ensembl v103 IDs. In this way we were able to use the mouse Ensembl Gene
Ontology annotations for the dunnart gene domains. All gene ontology analyses were
performed using clusterProfiler v4.1.4[117], with Gene Ontology from the org.Mm.eg.db
v3.12.0 database[118], setting an FDR-corrected p-value threshold of 0.01 for statistical
significance.

https://doi.org/10.7554/eLife.103592.2.sa0
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