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Unearthing the secrets of Australia’s most enigmatic
and cryptic mammal, the marsupial mole

StephenR. Frankenberg1*, Sarah Lucas?, Charles Y. Feigin1'3, Liliya Doronina*>5, Raphael Steffen®,
Gabrielle Hartley7, Patrick Grady7, Brandon R. Menzies', Ricardo De Paoli-lseppis,

Stephen Donnellan®, Mitzi Klein'®, Axel Newton', JayR. Black'', Michael Clark®, Steven Cooper
Rachel O’Neill’, Nathan Clark®"3, Jiirgen Schmitz®, Andrew J. Pask'*

The marsupial moles are arguably Australia’s most enigmatic marsupials. Almost indistinguishable from placental
(eutherian) moles, they provide a striking example of convergent evolution. Exploring the genome of the south-
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ern marsupial mole, we provide insights into its unusual biology. We show definitively by retrophylogenomic
analysis that marsupial moles are most closely related to bandicoots and bilbies (order Peramelemorphia). We find
evidence of a marked decline in marsupial mole effective population size, most likely preceding the arrival of hu-
mans in regions near its range, and potentially corresponding to periods of climatic change. Our analysis of loss of
eye function—an adaptation to subterranean life—reveals a structured order of loss of gene function associated
first with the lens, then cone, and finally rod cells. Last, we identify genetic changes suggestive of adaptation to an
oxygen-poor environment and of its evolution of partially descended testes.

INTRODUCTION

Marsupial moles (known as itjaritjari to the Pitjantjatjara/Yankunytjatjara
people) have been well known to the traditional land owners for
centuries, where they feature in the tjukurpa (creation) stories at
Uluru, one of Australia’s best known landmarks (I). However, when
the decomposed specimen of a southern marsupial mole (Notoryctes
typhlops) was first taxonomically described in 1888 (2, 3), it was
considered not to be a marsupial at all, but rather a species basal
to the marsupial (Metatheria) and placental (Eutheria) mammals.
Later, better quality specimens of N. typhlops and its relative, the
northern marsupial mole (Notoryctes caurinus), confirmed their
status as marsupials but they were placed within their own order,
Notoryctemorphia, and were assumed to be only distantly related to
other marsupials (4).

When first formally described, marsupial moles were observed
to be completely unlike any other marsupial species, having a unique
fossorial nature and bearing a striking resemblance to the eutherian
golden mole (Fig. 1). Marsupial moles are small (14 to 18 cm long
and weighing 40 to 70 g) and have adaptations to their subterranean
environment including eye reduction, modified fore- and hindlimbs,
a rostral horny shield, and fused cervical vertebrae to assist in
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burrowing (5, 6). The presence of two nipples in the backward-
facing pouch indicates that only one to two young are produced per
litter. Marsupial moles are the only marsupial lacking a scrotum,
presumably to minimize drag when moving through sand/earth.
The testes undergo partial testicular descent and are located be-
tween the abdomen and dermis, cranial to the penis as in other mar-
supials (7). The limited information on their biology has been
further confounded by the inability to keep marsupial moles in cap-
tivity (8).

The northern marsupial mole (N. caurinus) is distributed in
northwestern Australia and very rarely seen. The southern marsu-
pial mole (N. typhlops) is distributed across central and southern
Australia, with rare but occasional sightings recorded within the
Uluru-Kata Tjuta National Park (1). It is unknown whether the
northern mole is less abundant than the southern mole or if their
less frequent sightings are simply due to the lower abundance of
people in their range (I1). Marsupial moles are known to be preyed
on by introduced foxes and cats. Analysis of predator scats in the
Tanami Desert showed that 10% of fox scats, 3% of cat scats, and
5% of dingo scats contained mole remnants (9). Because of the
paucity of information on these animals, the International Union for
Conservation of Nature (IUCN 2015) have listed the genus as least
concern. In the absence of a marsupial mole genome assembly, it has
been difficult to determine their current and historical effective pop-
ulation size to support the IUCN classification, or to examine their
precise phylogenetic relationship to other marsupials. Furthermore,
no information exists on the genetic basis of their unique conver-
gence with eutherian moles despite having over 160 million years of
phylogenetic divergence.

Previous efforts to define the marsupial mole’s phylogeny have re-
sulted in conflicting evidence for their evolutionary position within
Euaustralidelphia—the clade of australidelphian marsupials (10). Some
morphological analyses supported a close relationship between Noto-
ryctemorphia and Peramelemorphia (1I). However, this contradicts
early DNA hybridization studies (4), suggesting that Notoryctemorphia
is only distantly related to Peramelemorphia and closer to Diprotodontia.
By contrast, sequence-based analyses relying mainly on mitochondrial
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Northern marsupial mole (N. caurinus)

Southern marsupial mole (N. typhlops)

Fig. 1. Marsupial moles and their distribution in central Australia. (A) Southern marsupial moles. Image credit: M. Gillam, AUSCAPE. (B) Distribution of northern and
southern marsupial moles in Australia (distribution data were obtained from the Atlas of Living Australia, accessed 20 June 2024).

sequence data identified Notoryctes as a sister group to Phascogale, a
specific branch within Dasyuromorphia, which also includes the
numbat, thylacine, Tasmanian devil, quolls, dunnarts, and antechinuses
(12). Other sequence-based analyses were inconclusive but tended
to merge Notoryctes with dasyuromorphs (13, 14) or to place it at the
basal position in Agreodontia (a clade including Dasyuromorphia,
Peramelemorphia, and Notoryctemorphia) (15, 16). According to a
recent genome-scale study of 1550 genomic loci across 18 marsupial
families, totaling 867,000 aligned nucleotides (17), there is robust
support for placing Notoryctes as the closest group to Peramelemorphia,
consistent with previous morphology studies (11, 18, 19). Nonetheless,
further investigation is needed to establish their exact position within
the marsupial family tree.

Marsupial moles resemble several very distantly related eutherian
clades of subterranean mammals, including the true moles (family
Talapidae), the African golden moles (family Chrysochloridae), the
blind mole rats (family Spalacidae), the pocket gophers (Geomy-
idae), and the naked mole rat (Heterocephalaus glaber). All groups
share common adaptations to their subterranean niche, such as re-
duced vision, modified limbs for burrowing, and abdominal testes.
The African golden moles are the most analogous to marsupial moles
in that they live in arid, sandy habitats and do not form tunnels dur-
ing burrowing. Instead, both marsupial moles and African golden
moles “swim” through the sand, which collapses behind them (20).
Eutherian moles have evolved unique changes to their hemoglobin as
an adaptation to low oxygen in the subterranean environment (21).

Here, we report sequencing and assembly of the genome of a female
marsupial mole specimen obtained from the South Australia Museum.
At 3.85 Gb, it is the largest marsupial genome sequenced to date. By
comparing retrotransposon insertions with other marsupial genomes,
we confirm the phylogenetic placement of Notoryctemorphia as a sister
clade to the Peramelemorphia. Using multiple sequentially Markovian
coalescent (MSMC) analysis, we trace the effective population size of
southern marsupial moles back 200,000 years, before the arrival of hu-
mans in Australia. Comparison of coding sequences of genes involved in
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eye development identified progressive loss of genes associated first with
development of the lens followed by rod and cone cell function. We also
describe potential adaptations in genes controlling testicular descent and
hemoglobins, which facilitate early development in the hypoxic environ-
ment of the pouch.

RESULTS AND DISCUSSION
Genome sequencing and assembly
To produce a chromosome-level genome assembly for the southern
marsupial mole (N. typhlops), we extracted DNA from a female
specimen obtained from the Southern Australian Museum and gen-
erated ~50X coverage of long-read sequencing data using Oxford
Nanopore Technologies (ONT) R9.1.4 flow cells and Illumina short
read data. Contigs were assembled de novo and scaffolded using
publicly available Hi-C sequencing data for the southern marsupial
mole [National Center for Biotechnology Information (NCBI) Se-
quence Read Archive (SRA) accession SRX13785675]. The resulting
assembly has a total length of 3.85 Gb, with 10 super-scaffolds and a
contig N50 of 356.9 Mb, slightly higher than the k-mer-based ge-
nome size estimate of 3.56 to 3.61 Gb predicted using Hi-C data.
Benchmarking universal single-copy orthologs (BUSCO) analysis
identifies 94.2% complete gene models (Table 1). This compares fa-
vorably with recent assemblies of other agreodont marsupials such
as the eastern quoll and greater bilby (each ~93.5%), though with a
relatively high fraction of duplicated orthologs (10.6%) (22, 23).
Using RepeatMasker, we annotated 44.67% of the assembly as
repetitive (~1.72 Gb), predominantly composed of long inter-
spersed elements (LINEs) and short interspersed elements (SINEs)
at 28.28% and 10.31%, respectively.

Phylogenetic position of the marsupial mole resolved

by retrophylogenomics

One of the biggest questions surrounding the marsupial mole is its
relationship to other marsupial groups. We took advantage of the
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Table 1. Assembly, BUSCO, and Merqury statistics for the marsupial mole genome assembly 1.0.

Assembly statistics

Number of scaffolds 10
Number of contigs (including unplaced) 693
Total length 3,845,140,653
Largest scaffold 761,411,215
N50 356,873,583
Noo 262,881,994
L50 4
L75 8
GC% 37.80
Number of Ns/100 kb 10.64
BUSCO statistics (5.2.2, mammalia_odb10, n = 9226)
Complete 94.2% (8690)
Complete, single copy 83.6% (7715)
Complete, duplicated 10.6% (975)
Fragmented 1.1% (105)
Missing 4.7% (431)
Merqury statistics (version)
Quality Values (QV) score 36.90
K-mer completeness 93.61%
Per base accuracy rate 99.98%

whole-genome sequence of N. typhlops and a virtually homoplasy-
free, sequence-independent, retrotransposon presence/absence marker
system (24) to clarify the enigmatic phylogenetic position of the
marsupial mole. The random genomic insertion of a retrotranspo-
son in the common ancestor of species and the subsequent complete
fixation of this marker in the population ensure an almost noise-free
and phylogenetically correct distribution after speciation. Related
species carry an orthologous diagnostic retrotransposon, while less
related groups lack this marker in orthologous genomic locations.
Hundreds of such diagnostic insertions collected from entire genomes
reveal the actual phylogenetic relationships and possible incidences
of incomplete lineage sorting (ILS) that appear in cases of rapid con-
secutive speciations with insufficient intervening time for fixation of
markers in the populations.

We extracted 1,071,207, 1,620,648, and 493,756 SINE coordinates
from the genomes of the marsupial mole, eastern barred bandicoot, and
the Tasmanian devil. The three selected genomes represent the relevant
lineages—Notoryctemorphia, Peramelemorphia, and Dasyuromorphia,
respectively. We systematically screened for retrotransposon presence/
absence patterns among these lineages and eight additional marsupial
genomes (see Methods) to resolve the exact phylogenetic place of
Notoryctemorphia within Agreodontia. Of these, 436 insertions
supported the grouping of Notoryctemorphia plus Peramelemorphia,
25 the grouping of Dasyuromorphia plus Peramelemorphia, and 16
the grouping of Notoryctemorphia plus Dasyuromorphia (Fig. 2
and data S1 and S2). The Kuritzin-Kischka-Schmitz-Churakov (KKSC)
insertion significance test (436/25/16 diagnostic markers) significantly
supported a shared origin of Notoryctemorphia and Peramelemorphia
(P < 2.1 x 107"%°). The small number of conflicting signals occurred
most probably due to ILS.

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025

We performed additional screenings to verify the position of
Notoryctemorphia on a larger scale. The presence of 26 SINE
markers in orthologous positions in the Notoryctemorphia, Per-
amelemorphia, and Dasyuromorphia species and their absence
in Diprotodontia confirm significantly (KKSC test, P < 2.2 X
107°) the monophyly of Agreodontia (Fig. 2; nine conflicting
markers for Dasyuromorphia plus Diprotodontia and four con-
flicting markers for Notoryctemorphia plus Diprotodontia, data
S1 and S2).

Previous attempts to identify the position of a marsupial mole
using retrotransposons were restricted by the lack of whole-genome
data of all agreodontian representatives. They provided only a few
signals with conflicts (10, 25). Here, we performed the first whole-
genome retrotransposon screening of representatives of all three
lineages of Agreodontia, applying a similar screening strategy for
diagnostic SINE insertions that recently testified the reunion of
Australasian possums (26). Our data support the position of the
marsupial mole within a monophyletic clade—Agreodontia. The
common ancestor of Agreodontia persisted for less than 2 million
years before further diversifications (17). ILS often accompanies
such rapid radiations and most probably explains the few conflict-
ing SINE signals that suggested placement of Diprotodontia with-
in Agreodontia.

The 436 SINE loci shared by Notoryctemorphia and Pera-
melemorphia provide highly significant evidence for their close
grouping, as opposed to only 25 markers shared by Dasyuromor-
phia and Peramelemorphia, and only 16 markers supporting a
Notoryctemorphia-Dasyuromorphia sister group relationship. Our
genome-wide, retrotransposon presence/absence results agree
with earlier morphological data (11, 19, 27) and the previous
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Diprotodontia

Fig. 2. Retrophylogenomic position of the marsupial mole among Euaustralidel-
phia. The orthologous positions of 26 diagnostic insertions verify a shared origin of
Agreodontia comprising Dasyuromorphia, Peramelemorphia, and Notoryctemorphia
(sequence information of Peramelemorphia was available only for seven loci, see Meth-
ods and data S2; conflicting agreodontian markers are not shown). Four hundred thirty-
six orthologous diagnostic insertions provide significant evidence of Notoryctemorphia
as the sister group to Peramelemoprhia. The underlying genome-level dataset also re-
vealed a few conflicting signals of 25 insertions that suggest a grouping of Dasyuromor-
phia plus Peramelemorphiaand 16 of grouping Notoryctemorphia plus Dasyuromorphia
(dashed lines), indicating incidences of ILS. Image credit: J. Baldur Hlidberg, fauna.is.

sequence-based analysis of 1550 genomic loci (17). However, they
do not support the conclusions derived from other previous
sequence-based analyses (12, 15, 16), possibly because these data
were based on too few sequences or faulty signals from mitochon-
drial sequences. Our data have finally resolved the position of the
marsupial mole and, based on the sequence analyses of Duchéne
et al. (17), the common ancestor of marsupial moles and bandicoots
existed around 60 million years ago (Ma). The procedure for ex-
tracting nearly conflict-free diagnostic retrotransposon markers
involves the automated removal of low-quality loci during n-way
processing, resulting in a robust phylogenetic signal that is indepen-
dent of genome completeness. The likelihood of hundreds of diag-
nostic retrotransposon insertion loci arising independently from
parallel insertions into identical genomic loci in mammals is negli-
gible (24, 28). Phylogenetically diagnostic retrotransposon loci,
together with genome-scale sequence data from 1,550 genomic
exons (17), support the close relationship between the marsupial
mole and Peramelemorphia. These two approaches offer indepen-
dent significance by providing virtually homoplasy-free, almost
selectively neutral genome-scale insertion markers and selectively
relevant genome-scale exon sequences.

Demographic history of the marsupial mole suggests
declining numbers

Almost nothing is known about the demographics of this marsupial,
which is seldom seen and almost impossible to detect in population
surveys. Moreover, little is known about how this species may have

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025

been affected by major climatic and biogeographical shifts during
Australias recent history. Using MSMC analyses with MSMC2
(29, 30), we reconstructed the effective population size (Ne) for the
southern marsupial mole during the late Pleiostocene and ear-
ly Holocene.

Because of the cryptic nature of this species, no data exist on its
generation time or on germline mutation rate, which are key param-
eters for scaling Ne and time in years in historical demographic in-
ferences. However, recently published mutation rates for the related
Tasmanian devil (Sarcophilus harrisii) and the South American
opossum (Monodelphis domestica) fall within a relatively narrow
range compared to those of eutherian mammals (5.95 x 10~ and
4.60 x 107", respectively), suggesting that these may reflect a reason-
able estimate for the marsupial mole (31). To explore the potential
impact that alternative parameter choices may have on the inferred
demographic trajectory, we scaled the results of our analyses using
each of these mutation rates, together with a plausible range of gen-
eration times (from 1 to 3 years) based on those of other extant Aus-
tralian marsupials (Fig. 3 and fig. S1) (32). Here, we focus chiefly on
the trajectory inferred using the mutation rate of the related Tasma-
nian devil and an intermediate value of generation time (2 years)
(Fig. 3).

Under these parameters, our analysis indicates that before
~100 thousand years ago (ka), effective population size was fairly stable
but appear to have dropped sharply just over 70 ka, corresponding
roughly with the beginning of marine isotope stage 4 (MIS4; Fig. 3).
MIS4 (approximately 71 ka to 59 ka) was a period of cooler tem-
peratures and dropping sea levels, marking the beginning of the Last
Glacial Period (LGP) (33). It is therefore possible that climatic
changes during this period may have influenced marsupial mole
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Fig. 3. Demographic history of the marsupial mole. This figure shows the demo-
graphic history of N. typhlops during the late Pleiostocene and early Holocene, as a
step plot and scaled using a generation time of 2 years (g = 2) and a mutation rate
() of 5.95 x 10~°. Demographic inference from the whole genome is shown in
blue, while gray lines represent 50 bootstrap replicates generated by randomly
resampling the data. Major biogeographical events during this time frame are
shown for context. Marine isotope stage 4 (MIS4; ~71 to 59 ka) is shown as a vertical
blue bar, initial human arrival in Australia (~65 ka) is marked with a black vertical
line, and the timeframe in which humans began inhabiting areas adjacent to the
marsupial mole’s range (~45 to 40 ka) is indicated with a vertical gray bar. Image
credit: J. Baldur Hlidberg, fauna.is.
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populations, although there is substantial variation in the corre-
spondence between MIS4 and marsupial mole decline depending
on parameter choices (fig. S1). Interestingly though, across the pa-
rameter range explored, declines in marsupial mole Ne precede the
local arrival of humans in areas surrounding its range [roughly 45 to
40 ka (34)] and, under some scenarios, their arrival on the continent
(fig. S1) (35). While the climatic conditions of MIS4 are themselves
proposed as factors influencing human migration patterns, our
analyses do not indicate that human arrival itself is responsible for
declining Ne in the marsupial mole. Nevertheless, variation in esti-
mates under different parameter sets, as well as the use of a single
genome assembly, leave room for further exploration of marsupial
mole demography (36).

Analysis of eye loss in marsupial moles and the progressive
evolution of vision loss in mammals

Despite radiating into a diverse array of environments, mammalian
vision and related proteins have remained remarkably conserved
(37, 38). However, there are several independent instances where
mammals no longer benefit strongly from vision, such as living in a
subterranean vision (39-43). These species have since experienced
progressive loss of vision, diminished eye structures, and an in-
creased number of changes in both retina and lens in protein-coding
genes and in noncoding regions (41, 44-55). While the evolution of
vision loss has been described in several placental mammal species,
it has received less attention in marsupials.

The ideal marsupial to confirm the translatability of these previ-
ous findings is the subterranean marsupial mole. Morphologically,
marsupial moles have no external evidence of the eye (56). Inter-
nally, the eye is highly degenerate with no evidence of a lens and loss
of the optic nerve. A pigment layer remains and is suggested to be a
remnant of the retina; however, rod and cone cells are not present in
this tissue (56). We examined the marsupial mole genome to deter-
mine the degree of degradation in protein-coding genes related to
vision (see Methods and data S3) and to compare the order in which
constraint was lost between different eye regions. While previous
analyses in placental mammals describe degradation in multiple
retinal proteins (57) and in a single lens protein separately (58, 59),
we compared the rate of change between retinal cell types and lens
fiber cells, allowing us to draw conclusions about when specific ocu-
lar functions across the whole eye were released from constraint.
Knowledge of that timing provides clues as to the steps that oc-
curred during their transition to subterranean life.

To determine if ocular genes are under relaxed constraint, we relied
on the expectation that, upon release, nonsynonymous and synony-
mous substitutions should occur at equal frequencies, as quantified
using their dy and dg rates (60, 61). As such, the dn/d; ratio is expected
to increase until it approaches 1, the ratio of neutrality; however, this
increase occurs gradually over a branch, perhaps over millions of years,
due to past constraint. As anticipated, the general upward shift of dy/ds
ratios in ocular genes shows that they are under reduced selection,
relative to other marsupials, and the shift is specific to ocular genes
when compared to a random set of 650 non-ocular genes (one-tailed
t test: lens P=4.5 X 10~°, cone P = 0.037, rod P = 0.00064) (data S3 and
fig. S2). This suggests that the orthologous genes responsible for pla-
cental mammal vision play similar roles in marsupials. While there is
high uncertainty in the point estimate of dy/d; for a given gene, treating
the genes as a sample within a cell type allows us to make some state-
ments about when constraint was relaxed.

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025

We next estimated how long ago each of the vision-related genes
lost constraint using a method used in the field that contrasts dy/ds
between the marsupial mole and other marsupials (Fig. 4, B to D,
and data S3) (62-64). This method makes multiple assumptions that
should limit estimates to the lower bounds of time since constraint
was released. It assumes that constraint was released completely and
instantaneously rather than a gradual release. Therefore, it is a lower
bound because any deviation from those assumptions would return
an earlier time point.

Despite these limitations, this estimate, even as a lower bound, is
useful to place in the context of evolutionary events. When applied
to these data, we calculated that the lens genes were released from
constraint at least 16 Ma, cone photoreceptors at least 9 Ma, and rod
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Fig. 4. Progression of loss of constraint among vision-related genes. The images in
this figure represent timelines of (A) the marsupial mole lineage or (B to D) tissue-
specific events over the last 70 million years with two notable events from (A) shared
among all the timelines. (B to D) Solid or dashed lines below the timelines indicate the
best estimated time at which the gene lost constraint. The “T” symbol above the time-
lines indicates the lower-bound estimate of when constraint of that tissue was lost. The
tissue loss of constraint was determined based on the weighted average of each indi-
vidual gene’s predicted release from constraint weighted by the length of that gene and
is indicated above the T symbol between parentheses. The horizontal bar of the T sym-
bol represents the weighted 95% confidence interval. Image credits: koala image,
M. Predavec (CCO 1.0 Universal Deed); kangaroo image, N. Strickland (CCO 1.0 Universal
Deed); wombat image, W. Koch (CCO 1.0 Universal Deed); marsupial mole image,
J. Baldur Hlidberg, fauna.is. Lens, cone, and rod images were released into the public
domain as a licensed U.S. Government Work by the National Eye Institute.
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photoreceptors at least 3 Ma (Fig. 4, B to D). These timings are large-ly
in agreement with a recent study by Springer etal. (62), which
examined conservation of genes critical for vision in the marsupial
mole (Table 2). While there were 22 genes that both groups studied,
the Springer et al. (62) study examined an additional 15 genes and
did not screen for pleiotropy, while our study reviewed an addition-al
8 genes and filtered out those with expression in non- ocular tis-
sues. These differences allowed Springer et al. (62) to investigate
how different processes evolved within the marsupial mole in con-
trast to our study, which examined changes that occurred within
specific cell types. We also note that our interpretation of the dates
from both studies as a lower bound makes sense, because they
would fall after speciation of the marsupial mole and Naraboryctes,
an extinct relative whose fossil evidence suggests was also subterra-
nean (Fig. 4A).

The timing estimates are also useful to study the relative ordering
of loss of constraint in the different cell types. They strongly support
that the lens was released from constraint before the rods (weighted
ttest, P = 1.93 x 107°) with the relative timing of the cones being
placed between them, although remaining inconclusive (cones versus
lens, P = 0.24; cones versus rods, P = 0.28). These findings suggest
that a loss of constraint on lens genes could be an early indicator of
vision loss in subterranean species, and we propose that release of
constraint on lens fiber proteins could be used to identify other lin-
eages beginning the process of visual degradation. The relatively late
relaxation of constraint on the rod photoreceptors suggests that they
remain or remained important for limited vision; since rods are im-
portant for vision in low light, their longer retention fits with a pro-
gressive model of visual degradation, as the species perhaps gradually
became more subterranean.

Mutations in RXFP2 may explain why the marsupial mole
became the only marsupial with partially descended testes
The marsupial mole shows only limited testicular descent and is the
only marsupial without a scrotum. We verified the subcutaneous lo-
cation of the testes using micro—computed tomography (CT) and
magnetic resonance imaging (MRI) scanning (Fig. 5A and fig. S3).
We then examined the nucleotide sequence of testicular descent
genes including insulin-like factor 3 (INSL3) and its receptor, relaxin/
insulin-like family peptide 2 (RXFP2). These two genes are essential
for the trans-abdominal phase of testicular descent in therian mammals
and have been shown to be lost or mutated in afrotherian mammals
that are secondarily testicond (have lost testicular descent), such as
the lesser hedgehog tenrec, Cape golden mole, Cape elephant shrew,
and manatee (65-67).

While the marsupial mole appears to have a functional INSL3 gene
with some nonsynonymous substitutions relative to other mammals,
we have identified potentially disabling mutations in the RXFP2 gene
including a premature stop codon in exon 16 (Fig. 5B and fig. $4), and
55 additional substitutions located mostly downstream of the prema-
ture stop codon, of which 27 produce nonsynonymous amino acid
changes relative to other marsupials, while 12 produce amino acid
changes at sites highly conserved across all mammals. The prema-
ture stop codon in exon 16 truncates the amino acid sequence by
165 residues, which corresponds to a large portion of the transmem-
brane domain and C terminus that stimulate cytoplasmic signal
transduction and adenosine 3’,5'-monophosphate (cAMP) produc-
tion (68). Thus, the predicted marsupial mole RXFP2 protein is likely
completely nonfunctional.

We compared the ratio of nonsynonymous to synonymous (dn/ds)
mutations for evidence of relaxed selection in both INSL3 and RXFP2
using the RELAX and PAML programs. While both results were not
significant for relaxed selection, the dy/ds ratio for RXFP2 in the
Notoryctes branch was higher (0.19) than the average (0.14) for a
range of mammals including platypus, indicating more relaxed selec-
tion at this locus in marsupial moles. Similar to degradation of the eye
loss genes described above, our data suggest the loss of RXFP2 func-
tion may have resulted in partial testicular descent and loss of the
scrotum in the marsupial mole.

Duplication of ®-hemoglobin may facilitate life in the pouch
for a subterranean marsupial

Omega hemoglobin (w-hemoglobin) is expressed in the developing
marsupial embryo just before birth and in early neonates, suggest-
ing that it helps with the oxygen demands for the newborn in the
low oxygen environment of the pouch (69). This low oxygen envi-
ronment is further confounded in the marsupial mole, which al-
ready inhabits a low oxygen environment, being a subterranean
species. Many subterranean placental mammals show novel hemo-
globin adaptations to facilitate their survival in hypoxic condi-
tions (70, 71).

We examined the hemoglobin gene cluster in the marsupial
mole and found a duplication of the o-hemoglobin gene (Fig. 6).
This is significant, given that it is the only known duplication of ®-
hemoglobin described in any mammal. We suggest that the additive
pressure of a subterranean lifestyle and high oxygen demands for
young in the pouch may have led to the duplication of this gene to
support early development.

The cryptic lifestyle of marsupial moles has greatly limited the
extent to which fundamental aspects of their biology have been

Table 2. Comparison of findings between this study and the Springer et al. (62) study. Dates shown are when each cell group was released from constraint

in millions of years ago (Ma).

Time released from constraint (Ma)

Cell type This study Table 4 of Springer et al. (62)

Lens 16 17.84 Lens/cornea development

Cone 9 38.85 Cone phototransduction recovery
538 Cone phototransduction activation

Rod 3 339 Rod phototransduction activation
1.52 Rod phototransduction recovery

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025
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studied. By sequencing, assembling, and analyzing the genome of a
marsupial mole species, we have unearthed many unique features of
this unusual mammal. In accordance with genome-scale sequence
data (27), we have resolved their phylogeny, with conclusive evidence
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Fig. 5. Mutation in the testicular descent gene RXFP2 in the marsupial mole.
(A) MRI scan of a male southern marsupial mole. Left panels represent 3D render-
ings, and the right panels are X, Y, and Z slices. Testes are highlighted in magenta.
(B) RXFP2 of the marsupial mole appears to be under somewhat relaxed selection
given a significant number of nonsynonymous mutations, including a premature
stop codon in exon 16 that truncates the encoded protein by 165 amino acids.
Many of the mutations are present at or downstream of the stop codon (exons 16
to 18) in a region that may not interfere with continued gene function but may be
in the process of being lost, given the lack of a scrotum in the marsupial mole and
only partial testicular descent. White bars in exons denote mutations.

zeta

that marsupial moles are most closely related to the Peramelemor-
phia, followed by Dasyuromorphia. We provide evidence that the
estimated effective population size remained stable until roughly
100,000 years ago but has since experienced a significant decline to
less than a thousand individuals recently. This conclusion is based on
our analysis using parameters drawn from the Tasmanian devil as a
reference point. By comparing the rate of relaxation of constraint
over time among subsets of eye-specific genes, our analysis reveals a
structured order of loss of functional eye components during the
evolutionary transition to a fully subterranean life. Finally, we identi-
fied genetic adaptations to enable survival in the oxygen-poor envi-
ronment and mutations leading to testicondy, another common
feature of subterranean life. Our study provides fundamental insights
into the gain and loss of specific traits in mammals to facilitate life
underground. Furthermore, this work has immensely expanded the
knowledge base for the marsupial mole and provides a new frame-
work for the conservation and management of this unique and fasci-
nating species.

METHODS

Sequencing

Tissues from a single individual captured on 8 January 2015, in
the Waite Creek area of the Northern Territory, Australia, were
stored frozen in the Australian Biological Tissue Collection
(ABTC voucher 07570), South Australian Museum. Muscle tis-
sue was then used to extract genomic DNA using the Nanobind
Tissue Big DNA Kit (Circulomics). Two separate batches of se-
quencing were performed using PromethION flow cells (ONT).
The first was performed by the Australian Genome Resource Fa-
cility on a library constructed with the Ligation Sequencing Kit
(SQK-LSK109, ONT). Additional libraries constructed with the Liga-
tion Sequencing Kit (SQK-LSK109, ONT) or the ONT/Circulomics
Ultra-long kits (SQK-ULKO001 and NB-900-601-01, respectively)
were sequenced at the Walter and Eliza Hall Institute sequencing
facility. FASTQ files were generated from the FASTS5 data based
on a super-accuracy model using the Guppy basecaller software
v6.0.7 (ONT, UK).

Mumina short-read sequencing was performed by the Rama-
ciotti Centre for Genomics (UNSW Sydney, Australia) on a NovaSeq
6000 platform. All raw data have been made available through NCBI
SRA (BioProject PRINA1193092).

alpha theta omega GbY

Therian ancestor

Human = Pseudogene -
Opossum
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- Pseudogene -

Koala Pseudogene

Tammar wallaby

Marsupial mole
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Fig. 6. Comparison of hemoglobin gene synteny within the a-hemoglobin cluster among selected mammals. Ancestral mammalian and therian gene compositions
are after Patel et al. (106). The marsupial mole is the only species examined with two copies of the omega gene.
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Genome assembly

To remove excess mitochondrial sequences, ONT reads were first
mapped against the published marsupial mole mitochondrial ge-
nome assembly (NC_006522.1) using minimap2 (v 2.22-r1101)
(72) with default parameters. Aligned reads were subsequently re-
moved using samtools. Contigs were assembled from the remain-
ing reads using Flye (v2.9) (73) with parameter —-nano-hq. An
initial round of polishing using ONT reads was performed using
medaka consensus (v1.5.0) (74) with the r941_prom_sup_g507
base calling model set. Next, Illumina short reads were aligned
against the contigs using bwa-mem?2 (v2.2.1) (75) with parameter
-M. Read mapping in proper pairs (samtools -f 3) was sorted and
provided as input to pilon (v1.2.4) (76) for one round of short read
polishing with parameters --diploid --chunksize 10000000 --fix
snps,indels,gaps and --minqual 15. Unpurged haplotypes were then
removed using purge_dups (77). Briefly, ONT reads were re-
aligned to the contigs using minimap2 with parameter -x map-ont,
and contigs were separately self-aligned using minimap2 with pa-
rameter -x asm5 and -DP. The included pbcstat and calcuts utilities
used to identify coverage cutoffs were then applied to filter contigs
using purge_dups, and a purged fasta file was generated with the
get_seqs utility.

Juicer (1.6) (78) and 3D-DNA (180922) were used to process
publicly available Hi-C reads for the southern marsupial mole
(NCBI SRA accession SRX13785675) (https://www.ncbi.nlm.nih.
gov/sra/SRX13785675) and scaffold the draft assembly using default
parameters. Juicebox with Assembly Tools (1.11.08) was used to
manually review the produced scaffolds and correct errors. BBMap
was used to filter contigs less than 3 kb in length, and 149.11 Gb of
Oxford Nanopore reads was used to gap-fill the scaffolded assembly
with TGS-GapCloser (1.0.1).

QUAST (5.2.0) was used to assess genome statistics, and BUSCO
(5.2.2) was used to estimate gene completeness using the mammalia_
0db10 database. Repeat annotations were performed with RepeatMask-
er (4.1.3) using a combined Dfam 3.6 and Repbase (20181026) database.
Subsequently, RepeatMasker was used with a custom repeat library to
identify KERV long terminal repeat elements and other marsupial-
derived satellites not present in the repeat databases. The resulting repeat
annotations were combined and summarized using the RepeatMasker
utility buildSummary.pl.

Meryl and Merqury were used to assess the base-level accu-
racy of the assembly (79). To do so, the raw nanopore reads were
input into Meryl to create a k-mer database with a k-mer size of
22 to assess the presence or absence of k-mers in the assembly. A
filter was added at this step to remove any k-mers with abun-
dance of 1, since these are more likely to be nanopore errors
(A. Rhie, personal communication). Merqury generated the
quality score for the assembly using this k-mer database, as
shown in Table 1.

To assess structurally error-prone regions in the assembly, bed-
tools genomecov (80) was used to calculate areas in which nanopore
coverage did not support the assembly contiguity. The nanopore
reads were mapped using Winnowmap, a program built upon Mini-
map2 but requiring unique k-mer anchors to improve mapping
quality (72, 81). Approximately 9035 blocks in the assembly were
noted to have zero coverage, representing a minimum total of 200 Mb,
suggesting that they are potentially misassembled regions. These
blocks were intersected with the genes included in relevant analyses,
and no overlap was found between them.

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025

Using the publicly available Hi-C reads described above, Ge-
nomeScope (v2.0) (82) was used to estimate the expected marsupial
mole genome size based on k-mer frequencies with a k-mer size of
21 and a maximum k-mer coverage of 10,000,000.

Defining the phylogeny of the marsupial mole
We soft-masked repeats from the genomes of the southern marsupial
mole (N. typhlops, Notoryctemorphia), eastern barred bandicoot
(Perameles gunnii, Peramelemorphia; Oz Mammals Genomics, https://
data.bioplatforms.com/omg-10x-processed-illumina/bpa-omg-10x-
processed-illumina-102_100_100_40136-hmcktbbxx), the Tasmanian
devil (S. harrisii, Dasyuromorphia; mSarHar1.11, NCBI, https://www.
ncbi.nlm.nih.gov/), and koala (Phascolarctos cinereus, phaCin_unsw_
v4.1, NCBI) using the Repeat Masker (replacing repeat sequences from
a standard “Metatheria” repeat library with small letters; https://www.
repeatmasker.org/RepeatMasker/). The repeat masked genomes were
used to generate the following pairwise genome alignments [multiple 2-
ways (83)]: (i) southern marsupial mole/eastern barred bandicoot, (ii)
southern marsupial mole/Tasmanian devil, (iii) southern marsupial
mole/koala, (iv) eastern barred bandicoot/southern marsupial mole, (vi)
eastern barred bandicoot/Tasmanian devil, 6) eastern barred bandicoot/
koala, (vii) Tasmanian devil/southern marsupial mole, (viii) Tasmanian
devil/eastern barred bandicoot, (ix) Tasmanian devil/koala, (x) koala/
southern marsupial mole, and (xi) koala/Tasmanian devil. These 2-ways
were integrated into n-way (83) to analyze the presence/absence pat-
terns of diagnostic SINE elements (WSINE1, WSINE1a, WALLSI],
WALLSI1a, WALLSI3 MAR1a_Mdo, and MAR1b_Mdo) that were ac-
tive across euaustralidelphian species during the expected diversification
of the marsupial mole about 60 Ma (17, 84). To identify the phylogenetic
position of the marsupial mole within Agreodontia, we used the SINE
coordinates of the southern marsupial mole, eastern barred bandicoot,
and Tasmanian devil genomes reciprocally as references for detecting
and determining the presence or absence in the remaining species and
the outgroups [koala (P cinereus), wallaby (Notamacropus eugenii, me-1
kfasta, DNA Zoo, https://www.dnazoo.org/), and monito del monte
(Dromiciops gliroides, mDroGlil.pri, NCBI)]. Analyses were performed
via n-way (83) and local blast (https://www.ncbinlm.nih.gov/guide/
howto/run-blast-local/). We investigated all possible position of the
marsupial mole within Agreodontia: (i) southern marsupial mole (+),
eastern barred bandicoot (+), Tasmanian devil (—); (ii) southern marsu-
pial mole (+), Tasmanian devil (+), eastern barred bandicoot (—); (iii)
eastern barred bandicoot (+), Tasmanian devil (+), southern marsupial
mole (—). Furthermore, we verified the monophyly of Agreodontia by
performing additional #-way screenings and using the marsupial mole,
Tasmanian devil, and koala as reference genomes. We detected the fol-
lowing signals: (i) southern marsupial mole (4) Tasmanian devil (+)
koala (—); (ii) southern marsupial mole (+) koala (+) Tasmanian devil
(—); and (iii) Tasmanian devil (+) koala (+), southern marsupial mole
(—), taking monito del monte as an outgroup. Considering the highly
significant sister group relationships of Notoryctemorphia and Pera-
melemorphia (see Results), we assumed them as one monophyletic lin-
eage and excluded Peramelemorphia from the n-way screening. If
possible, we supplemented all alignments with local blast information of
the eastern barred bandicoot. We accepted loci only where Notorycte-
morphia and Peramelemorphia showed the same signal or missing se-
quence information for the latter. This increased the critical number of
informative loci for the rapidly diversified Agreodontia clades.

For all n-way screenings, we extracted and analyzed alignments
of potentially informative SINEs plus their 1-kb flanking regions for
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manual verification of SINE orthology in related species. For Noto-
ryctemorphia and Peramelemorphia, there was only one genome
per group available. However, we supplemented alignments with
additional available dasyuromorphian species {yellow-footed ante-
chinus (Antechinus flavipes, AdamAnt, NCBI), fat-tailed dunnart
(Sminthopsis crassicaudata, Sminthopsis_crassicaudata_HiC.fasta,
DNA Zoo), and thylacine [Thylacinus cynocephalus (85)]}. For the
Agreodontia screenings, we supplemented alignments with addi-
tional diprotodontian species: Leadbeater’s possum (Gymnobelideus
leadbeateri; LBP_v1, NCBI) and ground cuscus (Phalanger gymnotis;
pg-2 k.fasta, DNA Zoo). Unique SINE loci that were consistently
present or absent in the representatives of each group, absent in the
orthologous positions in outgroups, and shifted less than 3 nucleo-
tides were considered phylogenetic diagnostic markers. SINE loci
with conflicting signals within dasyuromorphia, missing presence/
absence of Diprodontia, or lacking the monito del monte outgroup
were removed. Furthermore, because of some inconsistency of thy-
lacine signals within Dasyuromorphia, we removed all loci unde-
fined in the Tasmanian tiger. A statistical evaluation was performed
using the KKSC insertion significance test (86) (http://retrogenom-
ics.uni-muenster.de:3838/KKSC_significance_test/).

Reconstructing the demographic history of the marsupial
mole by MSMC2

We mapped the Notoryctes sequence reads to our genome assembly
(EBB_10x-rails.scaffolds.fa) using the Burrows-Wheeler Alignment
algorithm bwa mem (default parameters, version 0.7.17), which ef-
ficiently links short sequencing reads to large reference genomes
(87). We then computed the average read depth of the resulting
BAM file via the SAMtools command samtools depth with the set-
ting -a so that it outputs all positions [Li and Durbin (87), version
1.10]. The resulting coverages per base were summarized and di-
vided by the overall number of positions, resulting in an average
coverage of 50.7832X. We excluded all scaffolds of putative X chro-
mosome origin using a gene annotation overlap procedure. Briefly,
gene annotations from the current version of the Tasmanian devil
genome (GCF_902635505.1/mSarHar1.11) were first lifted over to
the marsupial mole assembly using liftoff v1.6.1 (parameter: -d 4).
The percentage of genes originating from each Tasmanian devil
chromosome were then tabulated across each marsupial mole scaf-
fold. Marsupial mole scaffolds for which 75% or more genes origi-
nated from the Tasmanian devil X chromosome (NC_045432.1)
were conservatively excluded from demographic analyses. We also
filtered out all scaffolds smaller than 50 kb to avoid including low-
quality regions in our overall assessment.

These filtering steps left 554 putative autosomal scaffolds. Single-
nucleotide polymorphism (SNP) variants were called using the
SAMtools commands bcftools mpileup (-q 20 -Q 20 -C 50) and
beftools call (-c -V indels). The mpileup program generates geno-
type likelihoods for every genomic location with coverage measure-
ment, while the calling program bcftools does the actual calling. The
-q and -Q arguments set the minimum limits for mapping the qual-
ities of alignments and bases, respectively; those calls falling short of
these exclusion limits were skipped by mpileup. Furthermore, -C
adjusts the mapping quality for reads containing excessive mis-
matches, with 50 as the recommended value. For the call command,
we decided to use -V to skip indels and to call only SNPs, while -c
forces the command to use the original bcftools calling method in-
stead of the available alternative due to the latter being more suited

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025

for rare-variant calling. Additionally, we used the bamcaller.py
script, provided by MSMC-tools, as part of the pipeline to generate
the necessary bed files (mask.bed.gz) for each scaffold directly from
the mpileup standard input data. The only argument it requires is
the previously calculated mean average coverage.

To generate the MSMC input (multihetsep) files for all scaffold
VEC and mask.bed.gz files, we used the generate_multihetsep.py
script of MSMC-tools with default settings. Low complexity and re-
petitive regions were masked with an additional BED file previously
generated using the RED repeat masking software. We ran MSMC2
with 100 iterations and default settings for the final calculation. The
resulting file was then plotted via a custom R script. Additionally, we
used the multihetsep_bootstrap.py script, which is also part of
MSMC-tools, with default settings to generate 50 bootstrap datasets
consisting of 30 pseudochromosomes each created by chopping the
multihetsep file into blocks of 5 kb and randomly sampling them.
The MSMC2 bootstrap results of these datasets were then plotted
alongside our main result. We used the recently published parent-
offspring trio mutation rate of the Tasmanian devil (p = 5.95 x 1077
(31) and a generation time of g = 2 years for plotting due to the
phylogenetic proximity of both species, despite lacking specific data
on mutation rate or generation time for Notoryctes. Recognizing
that these are rough estimates for the parameters, we also present
additional plots using g = 1 and g = 3 as lower and upper bounds for
the generation time and p = 4.6 X 107°, the mutation rate of
M. domestica, as an alternative rate for a less closely related species.
This approach provides an overview of the potential variability in
interpreting the MSMC data (see fig. S1). Increasing generation
times move data points further into the past, whereas increasing
mutation rates reduce the timeframe and decrease the effective pop-
ulation size values.

Analysis of vision genes

Using the assembled genome, we generated protein models using
Braker2 (v 2.1.6) (88), genome threader (v 1.7.1) (89), and Liftoff
(90). Braker2 was run to detect proteins of any evolutionary distance
(--softmasked --epmode). All vertebrate proteins (v100, orthodata-
base v 10) were downloaded, extracted, and concatenated into a
single fasta file for ProtHint to generate protein hints. Genome
threader ran using the softmasked version of the genome, using the
protein models from Tasmanian Devil v 1.11 (GCF_902635505.1)
and with options -gff3out and -skipalignmentout. The output from
all the programs was concatenated together (see data S4).

To identify what subset of proteins has eye expression, all 9782
proteins detected by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) across 784 human samples were used (91).
These proteins were identified using UniProt IDs. Of those proteins,
9729 were converted to HGNC names by UniProt mapping tool for
comparison with Human Protein Atlas data (92). To identify pro-
teins that are only expressed in the eye, those proteins were sub-
jected to additional screening to remove proteins with multi-tissue
expression. Proteins that were characterized using immunocyto-
chemistry/immunofluorescence by Human Protein Atlas (The Hu-
man Protein Atlas version 21.1 and Ensembl version 103.38) to have
any level of protein expression in any tissue, except in the eye (ante-
rior section of eye), retina, or testis with low to medium expression,
were removed from consideration (93). For proteins that only had
eye (anterior section) expression, this alone was sufficient for inclu-
sion as there is typically no RNA expression done in the lens or lens
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fiber cells. As we were unable to filter based on RNA expression,
some genes included in our lens gene set could be pleiotropic and
therefore led to an underestimation of when the lens fiber cells were
released from constraint. Two additional proteins (LIM2 and LENEP)
were also included as they are known lens proteins through litera-
ture review (94, 95).

For proteins expressed in the retina, additional criteria were
needed for the protein’s inclusion. When comparing tissue RNA lev-
els, the protein could not have more than 10% of the retina RNA
expression in any other tissue. In addition when single cell RNA
data were available, the protein could not have more than 10% of the
maximum RNA expression level in retinal cell type (bipolar, cone
photoreceptor, horizontal, Muller glia, or rod photoreceptor cell) in
any other cell type, except for early and later spermatid, in which
case the RNA expression had to be less than 50% of the maximum
RNA expression of a retinal cell type (96). Higher RNA expression
in spermatids was allowed as it is shown to have a permissive tran-
scriptome (97). Some retinal proteins are expressed in both photo-
receptor cell types. Proteins were considered rod/cone photoreceptor
proteins if their single cell expression was at least 5.5 greater than
the other photoreceptor cell type.

To increase the representation of marsupial mammals, we identi-
fied several publicly available marsupial genomes with gene models,
protein models, and annotation files along with the marsupial mole
and dunnart ones generated in this study (data S3). As a first pass,
we used inParanoid (5.0, default parameters) to identify ortholo-
gous proteins between human and the different marsupial species
(98, 99). Protein models were used instead of nucleotide models be-
cause inParanoid had more success in identifying orthologs based
on their protein sequence. This resulted in 124 missing genes
(out of a possible 720). To recover some of these missing genes,
TBLASTN (B LAST v2.11.0) was used to identify orthologous re-
gions (100, 101). If a nucleotide model was present in this region, it
was manually examined and nucleotides that appeared to cause a
frameshift were removed. If there was no nucleotide model, then a
nucleotide model was assembled based on exons identified from
TBLASTN. These manually created nucleotide models were trans-
lated and added to the protein model list. As a second and final pass,
inParanoid was run again the same as the first time with one notable
exception. As no marsupial orthologs for CRX were recovered by
inParanoid using the human ortholog, they were replaced with the
gray short-tailed opossum (M. domestica) orthologs. This recovered
all but 32 genes.

Orthologous codon sequences were determined using the pro-
tein results from InParanoid and identifying the corresponding
gene model through the annotation file. The codon models of the
identified protein models were collated into fasta files based on or-
thologous group manually to ensure that only the coding sequence
portion was included. Codon sequences were aligned using PRANK
(170427, codon option) (102). They were visually inspected using
Aliview (103). If less than 50% of the nucleotides were homologous
between one species’ codon model and the rest of the orthologous
codon models, then another codon model with the same inParanoid
score was used. If there was not another codon model, it was re-
moved from the alignment. With the alignments, we estimated
branch-specific dy/ds or omega (o) for the marsupial mole using the
codeml program within PAML (v 4.9, seqtype = 1, CodonFreq = 3,
model = 2, getSE = 1, cleandata = 0) (17). To calculate time since

Frankenberg et al., Sci. Adv. 11, eado4140 (2025) 1 January 2025

pseudogenization, we used equation 3 from Meredith et al. (63) re-
produced here

where T}, is the time since pseudogenization; T is the time since the
lineages diverged from another, which is predicted to be 60 Ma; wp,
is the dn/d; calculated for the marsupial mole branch; wy, is the pre-
dicted dn/d; on the pseudogenic/marsupial mole branch and as-
sumed to be 1; and o is the calculated dn/d; for the rest of the
marsupial tree (63, 104). One key assumption of this equation is that
all constraint has been lost on that lineage. If not all constraint was
lost, then the release from constraint could have happened earlier.

In tissues with at least five genes, tissue loss of constraint was
determined using a weighted average of when each gene is predicted
to have lost constraint, weighted by the gene’s length. Weighted av-
erages were used so that smaller genes would not have an oversized
weight in determining the whole tissue’s timing. The weighted 95%
confidence intervals were calculated using the wtd.var function in
the Hmisc package (v5.1-1).

wid. var (x, weights)

X 1.96
n

where x is the time each gene was released from constraint, weights
is the length of that gene, and # is the number of genes in that tissue.

To determine if the tissue was released from constraint, a ran-
dom set of 650 genes was chosen to form a null set. A marsupial
mole ortholog had to be present in all those genes and genes that
had a predominantly ocular function were excluded (data S3).
These alignments were formed as described above and run
through PAML using the same parameters as noted above except
getSE = 0. For each set of genes (null, lens, cone, and rod), the
difference between the dy/ds of the marsupial mole from the
background species was calculated. A one-tailed ¢ test compared
if average dy/ds difference of the null set was significantly less
than the average dy/d; difference for any of the three individual
tissue sets (105).

Analyses of testicular descent genes

Mutations observed in the Notoryctes RXFP2 genome sequence
were confirmed by individual polymerase chain reactions (PCRs)
using exon-specific primers (table S1), gel purification, and Sanger
sequencing. PCRs included a 2x SYBR Green Master Mix (Promega,
USA), nuclease-free water, 10 pM of forward and reverse primer,
and 1 pl of genomic DNA in 20-pl total volume. PCR conditions
included 95°C at 5 min followed by 35 cycles of 95°C for 15 s, a spe-
cific annealing temperature (table S1), 72°C for 30 s, then 72°C for
5 min. Samples were run on a 1% agarose gel and bands of correct
size, excised under ultraviolet (UV) light, and purified using a gel
PCR purification kit (Qiagen, Germany). Samples were sequenced
at the Australian Genome Research Facility using an internal se-
quencing primer.

Micro-CT scanning

Micro-CT scanning was performed with a phoenix nanotom m
(Waygate Technologies) operated using xs control and the phoenix
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datos|x acquisition software. The marsupial mole specimen was
wrapped in bubble wrap and mounted in a polyvinyl chloride pipe
for scanning. An x-ray energy of 90 kV and 440 pA was used with a
0.5-mm Al filter and molybdenum target. Three 10-min scans were
conducted collecting 1199 projections through a full 360-degree ro-
tation of the specimen at three vertical positions to capture the full
length of the specimen at a resolution of 25 pm. The first two scans
were collected with the specimen’s snout downward, and then the
specimen was inverted to collected the tail scan. Volume recon-
struction of the micro-CT data was performed using the phoenix
datos|x reconstruction software applying an inline median filter and
region of interest filter during reconstruction and data output in a
32-bit format. Data were imported to Avizo (Thermo Fisher Scien-
tific) to register and merge the three scan volumes together to form
a single stitched volume reconstruction of the specimen. The final
volume was converted to a 16-bit format for further segmenta-
tion and visualization. Reconstructed tiff stacks were loaded into
DragonFly (Object Research Systems; Montreal, Quebec, Canada)
for visualization, volume rendering, and segmentation under a non-
commercial license.

MRI scanning

MRI scanning was performed on a male marsupial mole held at
the Tieg’s Museum in the School of BioSciences, University of
Melbourne. MRI experiments were performed on a Bruker BioSpec
9.4 T scanner (Bruker BioSpin GmbH, Ettlingen, Germany) with a
Bruker 86-mm volume coil as the transmitter and Bruker 4-array
rat heart coil as the receiver to acquire axial, sagittal, and coronal
images using two-dimensional (2D) FLASH sequence. Imaging
parameters were as follows: repetition time = 2000 ms, echo
time = 3 ms, matrix = 256 X 256, field of view = 51.2 X 51.2 mm?,
slice thickness = 0.5 mm, slice numbers = 80, flip angle = 40°,
averages = 3.

Analyses of hemoglobin genes

Hemoglobin coding sequences were identified by performing nu-
cleotide BLAST searches of the marsupial mole assembly using as
queries the coding sequences from the nearest related species avail-
able for each orthologue (zeta, mu, alpha, theta, and omega). Or-
thology of marsupial mole genes was confirmed by reciprocal
BLAST searches.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs. S1to S4

Table S1

Legends for data S1 to S4

Other Supplementary Material for this manuscript includes the following:
Data S1to S4
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