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Abstract

Background: A thorough analysis of genome evolution is fundamental for biodiversity understanding. The iconic monotremes (platy-
pus and echidna) feature extraordinary biology. However, they also exhibit rearrangements in several chromosomes, especially in the
sex chromosome chain. Therefore, the lack of a chromosome-level echidna genome has limited insights into genome evolution in
monotremes, in particular the multiple sex chromosomes complex.

Results: Here, we present a new long reads-based chromosome-level short-beaked echidna (Tachyglossus aculeatus) genome, which
allowed the inference of chromosomal rearrangements in the monotreme ancestor (2n = 64) and each extant species. Analysis of
the more complete sex chromosomes uncovered homology between 1Y chromosome and multiple X chromosomes, suggesting that
it is the ancestral X that has undergone reciprocal translocation with ancestral autosomes to form the complex. We also identified
dozens of ampliconic genes on the sex chromosomes, with several ancestral ones expressed during male meiosis, suggesting selective
constraints in pairing the multiple sex chromosomes.

Conclusion: The new echidna genome provides an important basis for further study of the unique biology and conservation of this
species.
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Introduction tion in species conservation [6-9]. Monotremes, including platy-

An understanding of chromosome evolution has been funda-
mental for mammalian comparative studies [1, 2]. Large-scale
chromosomal rearrangement is an important source of genetic
variation and has contributed to adaptation and speciation, and
dissection of the underlying mechanisms requires high-quality
genomes [3-5]. High-quality genomes are also an important ba-
sis for understanding species biology and for long-term applica-

pus (Ornithorhynchus anatinus) and 4 echidna species (Tachyglos-
sidae), comprise the sister group of therians and the most basal
mammalian lineage. Due to their unique phylogenetic position
in mammal evolution, these species hold the key to understand-
ing the evolutionary changes of major mammalian lineages since
their divergence from the common ancestor with other mammals
[9-11]. In addition, monotremes are iconic in Australia, and much
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of their extraordinary biology is still unexplored. These species
have a karyotype with 7 or 8 pairs of large chromosomes and
many small chromosomes reminiscent of the microchromosomes
in reptiles but of different origins [12, 13]. Compared to therians,
the monotreme karyotypes are highly rearranged [14]. Thus, the
monotreme genomes are valuable for gaining the insight of mam-
malian and monotreme genome evolution, as well as understand-
ing the changes in genome architecture of reptiles and mammals.
One of the most remarkable features of the genome of egg-
laying mammals is their special sex chromosome system, con-
sisting of multiple X and Y chromosomes. In most sex chromo-
some systems, the sex chromosomes typically exist as 1 pair, with
recombination suppression often initially driven by intrachromo-
somal rearrangement such as inversion [15, 16]. In some lineages,
one of the sex chromosomes would fuse with an autosome, lead-
ing to a trivalent sex chromosome system. For example, in the
male Japan Sea stickleback, the ancestral Y is fused with an an-
cestral autosome LG9, resulting in a X1X2Y system where the X1
is the ancestral X chromosome (LG19) and X2 is the neo-X chro-
mosome resulting from the fusion event (LG9) [17]. Such fusions
may offer evolutionary advantages, such as enabling sex-biased
inheritance of genes favored by 1 sex [18] and driving specia-
tion events [17]. However, it may also introduce difficulty in pair-
ing and segregating the multiple sex chromosomes into offspring
cells [19] and disrupting gene expression during spermatogene-
sis due to meiotic sex chromosome inactivation [20]. The evolu-
tionary process of the multiple sex chromosomes in monotremes
and its consequences can be even more complicated. In males,
there are 9 (echidna) or 10 sex chromosomes (platypus), pairing
in a head-to-tail manner via the pseudoautosomal regions (PARs)
and forming a meiotic chromosome chain [21-23]. Itis established
now that this system originated independently from the therian
XY sex chromosome system [10, 23] and probably evolved via a se-
ries of reciprocal translocation events between the proto sex chro-
mosomes and autosomes [9, 10, 24]. Therefore, the upstream sex-
determinant genes are distinct between the 2 mammalian groups,
with SRY being the key player in therian mammals and AMHY
being the most likely candidate in monotremes [10]. This com-
plex system has furthermore undergone independent evolution
after the 2 species diverged from each other. There are 5 Xs and
5Ys in male platypus, while there are 5 Xs but only 4 Ys in male
echidna [23]. Of these chromosomes, the third Y and the fourth X
chromosomes (Y3, X4) of platypus and the fifth X chromosome
(X5) of echidna are homologous to the autosome in the other
species [23] and are considered to evolve via reciprocal transloca-
tion after their speciation [25]. Therefore, the complicated system
in monotremes serves as a model example to demonstrate the
unusual driving force of high-frequency reciprocal translocations
during sex chromosome evolution and the resulting constraint of
the multiple sex chromosome system, such as the need to suc-
cessfully segregate multiple X and Y into different sperms.
Previously, we have tracked the evolution of the monotreme
genome, particularly the sex chromosome with a chromosome-
level platypus genome and a draft echidna genome [9]. However,
the draft echidna genome, especially the Y chromosomes, is still
incomplete and largely fragmented in sequence. These 2 major
lineages in monotremes diverged around 55 million years ago [9],
with an average dS value in coding regions at around 0.1907, im-
plying a substantial divergence in their genetic properties. A more
complete echidna genome is to provide a more comprehensive un-
derstanding on the evolution across major mammal groups and
the divergence within the monotreme lineage. In this study, we
produced an improved chromosome-level short-beaked echidna

Tachyglossus aculeatus (NCBI:txid9261) assembly to further explore
the genomic features of these young and unusual sex chromo-
somes. We also conducted the first genome-wide screen of the
ampliconic genes on the monotreme sex chromosomes, unveiling
potential selection constraints on the multiple sex chromosome
systems.

Results

A chromosome-level short-beaked echidna
genome

We utilized PacBio long reads, 10X-linked reads, and Bionano and
Hi-C data to produce the chromosome-level genome assembly
for a male short-beaked echidna, following the VGP assembly
pipeline v1.6 (Supplementary Tables S1 and S2). Briefly, PacBio
long reads were first used to construct contigs, and scaffolds were
generated iteratively with 3 scaffolding technologies (i.e., 10X, Bio-
nano, and Hi-C). We further identified the sex-linked sequence
based on the sequencing depth difference between male and fe-
male. The new PacBio-based assembly includes 27 autosomes
and 5 X and 4 Y chromosomes, with a ~966-fold improvement
on contig N50 compared to the published short read-based as-
sembly (GCA_015598185.1) (Supplementary Table S2). Telomeres
have been assembled on 28 of the total 32 chromosomes (Fig.
1A, Supplementary Table S3). Notably, 183.44 Mb and 9.18 Mb of
the X and Y sex-differentiated regions on the 5 X (X-Div, X diver-
gent) and 4 Y chromosomes (Y-Div, Y divergent), respectively, were
identified (Supplementary Table S4, Supplementary Fig. S1). We
also utilized the Hi-C data to filter and infer the possible chro-
mosome origin for previously unplaced X, Y, and PAR scaffolds
(Supplementary Table S5, Supplementary Fig. S2). In summary,
99.82% and 98.25% of the assembled X-Div and Y-Div sequences
can be assigned to the 9 sex chromosomes, representing a more
continuous and complete sequence compared to the previous as-
sembly (Supplementary Table S2). Based on the estimation from
karyotype images in Rens et al. [23], we found that most of the
9 chromosomes have over 98% completeness except Y3 (21.34%)
and X5 (22.44%), which have accumulated exceptionally high re-
peat contents [23] (Supplementary Table S6). Evaluation by male-
specific transcripts [10] also showed that all male-specific genes
were fully covered, except only 1 was fragmented (coverage <50%)
in the new PacBio-based assembly (Supplementary Table S7). In
contrast, 2 were fragmented and 3 were missing in the previous
assembly (Supplementary Table S7).

Alignment between the new and old echidna assem-
blies (PacBio-based GCA_015852505.1 vs. Illumina-based
GCA_015598185.1) revealed 66 large putative structural variants
(>100 Kb). Although the sequenced individuals were collected
from different locations, these large putative structural variants
were likely to be misassembly artifacts in either assembly. Based
on the examination of raw PacBio, 10X-linked reads, and Hi-C
data, we found that the genome structure of 65 regions was cor-
rectin the new echidna genome (Fig. 1A, Supplementary Table S8,
Supplementary Fig. S3); only 1 was an error in our new assembly,
which has been manually fixed in the latest release. Moreover,
~74.27% gaps or an estimated size of 179.51 Mb sequences in the
previous assembly were closed in the new PacBio-based assembly
(Supplementary Fig. S4, Supplementary Table S9), contributing
to the new annotation of 21,334 exons from 6,493 protein-coding
genes. This is consistent with the improved BUSCO evaluation,
which shows that 90.80% of the 9,226 mammalian conserved
orthologs are complete and presented as a single copy in the
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Figure 1: Genome assembly of short-beak echidna. (A) Schematic plot mapping of the assembled contigs onto echidna chromosomes. Orange
rectangles on top represent contigs >5 Mb in the new assembly, and yellow rectangles represent contigs <5 Mb. The heatmap represents the density of
contigs in Illumina-based assembly mapping onto chromosome counting based on the number of contigs per 1-Mb region. Assembled telomere
sequences are shown in black triangles in the plot. Coordinates of Illumina-based assembly artifacts corrected in the PacBio-based assembly are
shown in green. (B) Dotplot showing the genome synteny between platypus and echidna. The overall synteny (86.94%) is well kept between the 2
species, but there are still 2.60% and 10.46% intra- and interchromosomal rearrangements, respectively. Zoom-in alignment shows that most sex
chromosomes are in high synteny and homology, except platypus X4 and echidna X5, which are homologous to the autosome in the other species.

PacBio-based assembly, compared to only 59.20% in the Illumina-
based one (Supplementary Fig. S4, Supplementary Table S2).

Genome evolution of platypus and echidna

There are 2n = 63 and 64 chromosomes in male and female short-
beaked echidna and long-beaked echidna, respectively, while
there are only 2n = 52 chromosomes in platypus [23, 26], suggest-
ing that chromosome fusion or fission events might have occurred
since platypus—echidna divergence. Direct comparison between
the 2 species uncovered other genomic rearrangements, including
inversions and translocations (Fig. 1B, Supplementary Figs. S5-S7).
To systematically investigate evolution of the genomic rearrange-
ments during the divergence of monotremes, especially those in-

volved in sex chromosome evolution, we reconstructed the kary-
otype of the monotreme ancestor with chromosomal assemblies
of placentals (human, bovine, and sloth), marsupials (opossum
and Tasmanian devil), monotremes (platypus and echidna), and
reptilian out-groups (chicken, turtle, and common wall lizard), un-
der a 300-Kb and 500-Kb resolution. Based on the genomic data
and the previous fluorescence in situ hybridization (FISH) and in
silico reconstruction [14, 27-29], we inferred an ancestral kary-
otype of 2n = 64 of the monotremes’ most recent common an-
cestor (MRCA), including 28 pairs of autosomes and 4 pairs of sex
chromosomes. Although this number is closer to the karyotype
number of echidna than that of platypus, the echidna genome
experienced more lineage-specific rearrangement than platypus
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Figure 2: Karyotype evolution of monotremes. (A) 2n = 64 ancestral karyotypes were inferred in the MRCA of monotremes, including 28 pairs of
autosomes and 4 pairs of sex chromosomes, under a 300-Kb resolution. Conserved blocks were color-coded with the chromosomal source in the
mammalian ancestor. The length of the conserved blocks in the ancestors is taken as the length of the conserved blocks in humans. Numbers of
estimated rearrangements are shown for the evolution of monotreme MRCA to the extant species. FUS: fusion; INV: inversion; TRANS: translocation;
FIS: fission. A more complete reconstruction of karyotype evolution is available in Supplementary Fig. S8, and a similar reconstruction under a 500-Kb
resolution is available in Supplementary Fig. S9. The yellow-colored chromosome is the one that evolved into therian X chromosome. (B) Conserved
block between the monotreme MRCA and the extant monotremes shows the chromosome rearrangement events during evolution. Alignment of the
conserved blocks was color-coded with the chromosomal source in the mammalian ancestor. Fusion (FUS) and fission (FIS) events are marked with red

and blue asterisks, respectively.

(Fig. 2A, Supplementary Figs. S8 and S9, Supplementary Tables
S10-S12). Thirteen monotreme ancestral chromosomes (MONS,
11, 14, 18, 19, 20, 24, 25, 28, and X1-4) were preserved as individual
chromosomes in both species; some have experienced genomic
rearrangement events in either or both species, while others have
experienced genomic rearrangement events in either or both
species (Fig. 2B). For example, the breakage of MON4 produced
2 echidna chromosomes while it has remained intact as chr3 in
platypus; the fusion of MON12 and MON22 produced 1 echidna
chromosome while remaining separate as chrl0 and chrl7 in
platypus (Fig. 2B). These interchromosomal rearrangements were
consistent with the previous findings by FISH [23]. However, the
whole genome alignment also provided refined details in intra-
chromosomal rearrangements. For example, the echidna chrll
and chr21 experienced intrachromosomal inversion after diver-
gence from platypus, indicated by both the ancestral reconstruc-
tion (Fig. 2B) as well as the telomere remnant at the inversion
breakpoints (Supplementary Fig. S7). Interestingly, the centromere
monomer sequences of the 2 species are distinct [9], probably as-
sociated with the chromosomal rearrangements. Furthermore, re-
cent studies of vertebrate chromosome evolution suggested that
the avian microchromosomes can be dated back to the ancestor of
the amniote [30], and the mammalian macrochromosomes likely
evolved by a series of chromosome fusions and translocations [31].

Our reconstruction confirmed this inference by finding that each
chicken microchromosome can be mapped to 1 mammalian an-
cestral chromosome (Supplementary Fig. S10).

The ancestral karyotype reconstruction also provides novel in-
sight into the dynamic evolution of the monotreme sex chromo-
some complex. Four of the 5 extant sex chromosomes (platypus
chrX1-X3, chrXS and echidna chrX1-X4) were established in the
MRCA (Fig. 2B) [23]. The lineage-specific sex chromosomes (i.e.,
platypus X4 and echidna X5) originated independently from 2 dif-
ferent ancestral autosomes (Fig. 2B), as initially reported by cross-
species in situ hybridization [23]. Specifically, MON28 is main-
tained as a single autosome chr27 in echidna but becomes chrx4
in platypus (Fig. 2B). MON15 remained as a single chromosome
chr12 in platypus but was separated into the echidna chr12 and
chrX5 (Fig. 2B).

Monotreme sex chromosomes have both shared
and independently formed evolutionary strata

Our previous work suggested that the multiple sex chromosome
system in platypus evolved from an ancestral chromosome ring
structure via a series of reciprocal translocations between proto-
sex chromosomes and autosomes [10, 24] as well as chromo-
some fusions [9]. Among the 5 pairs of monotreme sex chromo-
somes, 4 are shared between platypus and echidna, but how each
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monotreme lineage evolved their distinct sex chromosome com-
plex after they diverged from their common ancestor 55 million
years ago (MYA) remains to be elucidated [9]. By projecting our
ancestral karyotype reconstruction to the platypus and echidna
sex chromosomes, we found that the monotreme ancestral sex
chromosomes (i.e., echidna X1-X4 and platypus X1-X3, X4) con-
sist of homologous fragments from different ancestral chromo-
somes (Supplementary Fig. S11a, Supplementary Tables S11 and
S12) [9]. Specifically, parts of each 2 neighboring sex chromo-
somes are homologous to 2 adjacent regions of the same ances-
tral chromosome (Supplementary Fig. S11a), forming the PARs
and the sex-differentiated regions (SDRs). This suggests that a
high number of translocations occurred before the monotremes
evolved their extant sex chromosome configuration. The species-
specific sex chromosomes (i.e., platypus Y3, X4 and echidna X5)
originated from different mammalian ancestral chromosomes
(MAMSs) (Supplementary Tables S11 and S12). Consistent results
could be confirmed by the projection using the chicken genome
(Supplementary Fig. S11b, Supplementary Table S13).

In many species, sex chromosome evolution is characterized
by stepwise recombination suppression, which would lead to the
stratified pattern of different sequence divergence levels between
X and Y sex-differentiated regions termed “evolutionary strata”
along the sex chromosome [10, 16]. Previously, we inferred 7 strata
in the sex chromosome chain by X/Y gametologs and their phy-
logeny [9], but this could be impacted by the limited number
of gametolog pairs and possible gene conversion between the
pair [32]. Here with more gametolog pairs from the more com-
plete echidna genome, we found that the pairwise dS values be-
tween gametolog pairs in the previously identified SO-S4 strata lo-
cated on the X1-X4 chromosomes did not show significant differ-
ences (Supplementary Fig. S12a). Interestingly, among these X/Y
gametolog pairs, over 80% of the Y gametologs are located on
the 1Y chromosome echidna Y3 or its homologous platypus Y5
[23] (Supplementary Fig. S13), respectively (Supplementary Tables
S14-S16). The X/Y sequence alignments also revealed that the
echidna Y3 (or platypus Y5) exhibit the largest (>60%) aligned
region on X1, followed by smaller alignments with X2, X3, and
X4 (or platypus X5) (Fig. 3A, Supplementary Table S17); in con-
trast, the other Ys are mostly homologous to their neighboring
Xs (Supplementary Table S17). On the other hand, we have not
found 1 X chromosome that exhibits as many alignable fragments
to many Ys. Instead, when excluding echidna Y3 and platypus
Y5, all X chromosomes are aligned most to their neighboring Ys
(Supplementary Table S17). Such a pattern of “one Y to many
X" can be achieved only via a series of autosome-X transloca-
tion (Fig. 3B) instead of autosome-Y translocation, which may pro-
duce the opposite “one X to many Y” result (Fig. 3C). Notably, we
found that AMHX in platypus should locate near the end of chrX1
(Supplementary Fig. S11) and in the same syntenic region as in
echidna (Fig. 3A), instead of our previous inference at the middle
part of X1 [9].

Both the X/Y divergence and X/Y homology pattern suggest
an alternative monotreme sex chromosome evolution model con-
trary to our previous hypothesis that recombination suppression
happened after reciprocal translocations. Instead, the recombina-
tion suppression might have already been initiated on the ances-
tral X (X1) and Y (echidna Y3 or platypus Y5) in the monotreme
ancestor to form the ancestral stratum SO. Subsequently, a se-
ries of translocations between the nonrecombining X and auto-
some occurred, producing the scattered homology between 1 an-
cestral Y and 4 ancestral X chromosomes (except for the echidna
X5 and platypus X4), leaving similar dS levels of X/Y gametologs
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across different X chromosomes (Fig. 4). In addition, by distribut-
ing the ancestral nonrecombining X to different chromosomes,
the pairing Y chromosome can no longer recombine with the
X-counterpart (e.g., during meiosis, echidna Y3 only pairs with
X3 and X4 but not X1 and X2), leading to the accumulation of
deleterious mutations on the Y chromosomes. Moreover, such re-
ciprocal translocations may also initiate the recombination sup-
pression between the neighboring sex chromosomes (e.g., X2-
Y?2), creating gametologs with younger ages and unlikely to be
involved in sex determination. Under such a scenario, we pro-
posed that there were at least 6 and 5 evolutionary strata in platy-
pus and echidna, respectively; the oldest 3 evolved ancestrally in
the monotreme MRCA, while the youngest 3 or 2 evolved inde-
pendently in the 2 lineages (Fig. 3A, Supplementary Figs. S12b,
S14, and S15; Supplementary Tables S14 and S16). The oldest
stratum SO was delineated to be distributed across all 4 ances-
tral X chromosomes (named by their extant residing chromo-
somes as echidna SO0x1—SO0xs+ and similarly in platypus). Accord-
ing to the gametolog phylogeny while controlling for gene conver-
sion (Supplementary Fig. S14, Supplementary Table S18) and that
both X and Y are from different chromosomes, we considered that
S1 (X2-Y2) and S2 (X1-Y1) derived from different MAMs as differ-
ent strata but formed in the monotreme ancestor. An additional
translocation further occurred in echidna, leading to a synteny
disruption between the 2 monotremes (see below).

The evolution of the sex chromosome complex in monotreme
MRCA involves both chromosome fusion and reciprocal translo-
cation between ancestral autosomes or between ancestral auto-
somes vs. 1 pair of ancestral XY chromosomes and the oldest stra-
tum SO that evolved. The translocation distributes the ancestral
X segments and SO into many ancestral autosomes, results in a
“one Y to multiple X” homology relationship, and possibly forms a
ring structure. The Y sequence degeneration further inhibits the
pairing and breaks the ring into a chain. S1 and S2 later evolved
in the monotreme ancestor and caused PAR erosion. The sys-
tem then undergoes different evolutionary trajectories between
platypus and echidna by recruiting different autosomes into the
complex after they split. In platypus, a reciprocal translocation
happened between autosomes and ancestral Y3, recruited the au-
tosomes into X4 and part of Y3/Y4, and evolved into its inde-
pendent stratum, Sp. In echidna, a Y3-Y4 reciprocal transloca-
tion happened and altered the X/Y pairing order. The ancestral
Y4 in echidna further experienced chromosome fusion with part
of autosome sequences and formed S3g. Additional translocation
also happened in echidna X3, disrupting its synteny (including
S1 and S4g) with platypus. Recombination suppression further
happened independently in platypus and echidna on X1 and X3
and formed the youngest 2 strata. The coordinates of the puta-
tive sex-determining gene AMHX/Y are also labeled in platypus
and echidna (rTRANS: reciprocal translocation; TRANS: translo-
cation; FUS: fusion; FIS: fission; A, autosome). Different ancestral
chromosomes are filled with different colors.

Among 3 younger strata (S3-S5) that evolved independently in
the 2 species, S3p (platypus S5) and S3g (echidna S5) are located
on the species-specific X (i.e., platypus X4 and echidna X5, re-
spectively) [23, 25], although the support of independent evolu-
tion from gametolog phylogeny is ambiguous (Supplementary Fig.
S14c, Supplementary Table S18). Previous studies and the above
ancestral karyotype reconstruction showed that the species-
specific X chromosomes of these 2 species are homologous to
an autosome in the other species, thus providing a unique
model to study the lineage-specific genomic changes involved
in the sex chromosome evolution. In echidna, 88.81% of the
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scenarios in multiple sex chromosome evolution. (A) Tracks from inside

out (I-III): X/Y identity, karyotype (PAR excluded), strata. The orthologous chromosomes, echidna Y3 and platypus Y5, are homologous to multiple X
chromosomes in both species, including X1, X2, and X3 and echidna X4 (platypus X5). The species-specific sex chromosome is homologous to the sex

chromosome it paired with during meiosis. Three strata (S0-S2) are ancestral
lineages (brown). Only assigned X and Y are shown. Independent strata are m

(black) while the younger 3 (S3-SS5) evolved independently in the 2
arked with a subscript “P” or “E” indicating the strata evolved in platypus

or echidna, respectively. (B, C) Evolution of the sex chromosome chain by a series of reciprocal translocations between ancestral autosomes and X (B)
or Y (C). (B) The reciprocal translocation between the ancestral X and the ancestral autosomes will distribute the ancestral X to the ancestral
autosomes, resulting in a “one Y to many X" homology relationship in the end. (C) The reciprocal translocation between the ancestral Y and the
ancestral autosomes will distribute the ancestral Y to the ancestral autosomes, resulting in a “one X to many Y” homology relationship in the end.

Based on our observation in platypus and echidna, the translocation between
chromosome evolution.

assembled X5 shows a similar sequencing depth between male
and female (Supplementary Fig. S16a), which indicates this is a
recently evolved X chromosome and only contains a small non-
recombining region. Nine genes reside in the remaining 1.8 Mb
X-Div on X5 (Supplementary Fig. S17a). Interestingly, an ~300-
Kb inversion was identified between the X-Div region of echidna
X5 and its orthologous region in platypus chr12, spanning 1 gene

autosomes and X is more possible for the evolution in monotreme sex

TACR3 (Supplementary Fig. S17a). This inversion may have con-
tributed to one of the recombination suppressions on echidna
X5 (Supplementary Fig. S17c) and led to the degeneration of its
Y counterpart. In humans, TACR3 resides on the autosome, en-
codes receptors for neurokinin B, and is associated with hypog-
onadotropic hypogonadism [33]. In both humans and platypus,
the gene is mainly expressed in somatic tissues, but in echidna,
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Figure 4: Model for the sex chromosome evolution in monotremes.

the gene shows the highest (though not specific) expression in
testis (Supplementary Fig. S18), suggesting recent adaptation for
a testis-related function. The remaining X-Div on echidna X5 is
homologous to a platypus scaffold (scaffold_344_arrow_ctgl) lo-
cated on platypus X3 by our Hi-C analysis (Supplementary Figs. S2
and S16a) and only contains genes encoding olfactory receptors
and vomeronasal receptors (Supplementary Fig. S17a). Thus, in
addition to the previous FISH experiment showing that echidna
X5 is mapped to the platypus chrl2 [23], our observation here sug-
gests that the evolution of echidna X5 may also involve some re-
arrangement with a part of the ancestral X3. We found longer X/Y
alignment remained in the region homologous to platypus scaf-
fold_344_arrow_ctgl (5,239 bp, 0.95% of the X-Div) than that in
the inversion region (1,000 bp, 0.25% of the X-Div), while the se-
quence divergence level is similar between the 2 regions (2-sided
Wilcoxon rank-sum test, P = 0.8571). Thus, we hypothesized that
echidna X5 first experienced an inversion on the X, then fused
with the monotreme ancestral X3 sex chromosome. We also per-
formed a similar analysis to platypus X4 (Supplementary Text). In
contrast to echidna X5, platypus X4 did not undergo such inver-
sion. The recombination suppression on X4 started at the chro-
mosome end distant to the current PAR and eroded to the current
boundary (Supplementary Fig. S17).

Platypus’ second youngest stratum, S4p, is located in X1, where
the orthologous region in echidna remains as PAR (Supplementary
Fig. S15). The youngest platypus and echidna strata S5p and S4g
are located near the respective PAR boundary of the ancestral X3
with supports from various gametologs (Supplementary Fig. S15,
Supplementary Table S18). Interestingly, besides an overall high
level of synteny between platypus and echidna of the ancestral
Xs (Fig. 1B), we identified 1 translocation on X3 between the 2
species. Such translocation spans 2 strata, the ancestral S1 and
S5p (or S4¢) (Fig. 3A, Supplementary Fig. S19a), with a length of at
least 4.5 Mb and 29 protein-coding genes. This pattern, as well as
our ancestral karyotype reconstruction (Supplementary Tables S8
and S9) and alignment with other mammals, demonstrated that
the translocation is more likely to happen specifically in echidna
(Supplementary Fig. S19b).

30 SOU4 AXTRANS % 2
X3 LF “ <~ DA\ S—
§ degeneration
S AX
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- |
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Based on these observations and Dohm et al. [25], we also pro-
posed a model to explain the evolution of the complex sex chro-
mosome system in monotremes after the platypus—echidna split
(Fig. 4). After speciation, in platypus, a reciprocal translocation
may have happened between an autosome and the ancestral Y3,
creating its X4-Y4 containing a new stratum, S3p. In echidna,
an ancestral Y3-Y4 translocation first happened to exchange the
pairing relationship with X. This follows a chromosome fission of
an ancestral autosome and a Y-autosome fusion to form the cur-
rent chr12 and Y4, recruiting the extant X5 into the sex chromo-
some system similar to the case of neo-X evolution in Drosophila
miranda [34], and create its specific S3g. The young strata (S4p, S5p
in platypus and S4¢ in echidna) further evolved independently
in the 2 species. A translocation also happened on echidna X3,
changing the genomic coordinate of 2 strata (S1 and S4g). Based
on X/Y sequence divergence, we estimate the ages of the evolu-
tionary strata. The multiple sex chromosome started during the
very first recombination suppression on the ancestral sex chro-
mosome at approximately 80 MYA (Supplementary Table 519), fol-
lowed by spreading the ancestral X fragments across the complex
via a series of X-autosome translocations. The species-specific X
(platypus X4 and echidna X5) stopped its recombination around
19 and 27 MYA, respectively (Supplementary Table S19).

One of the notable features of the sex chromosome is that some
genes have undergone amplifications to produce highly identical
(>99%) copies termed ampliconic genes (AGs) [35]. These genes
have been observed to be organized as tandem arrays [36, 37] or
inverted repeats described as palindromes [38]. Previous studies
have revealed the existence of AGs in both X and Y chromosomes
in therian and the Z chromosome in chicken [23, 38-42], as well
as on the recently evolved X and Y chromosomes of D. miranda
[43]. However, to date, only limited information about genome ar-
chitecture is available for the Y chromosomes of the egg-laying
mammals [10]. Utilizing the gene annotation from the long-
read assemblies and the male sequencing depth information, in
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Figure 5: Ampliconic genes in monotremes. (A) Distribution of ampliconic genes in echidna (purple) and platypus (orange) X chromosomes. Green,
genes that are ampliconic in both species. The estimated copy number for each ampliconic gene is shown in parentheses. Ampliconic genes with
testis-specific expression are marked by asterisks. Homologous chromosomes are shown in the same column. (B) Distribution of ampliconic genes in
echidna (purple) and platypus (orange) Y chromosomes. Green, genes that are ampliconic in both species. The estimated copy number for each
ampliconic gene is shown in parentheses. Ampliconic genes with testis-specific expression are marked by asterisks. Homologous chromosomes are
shown in the same column. (C) Testis-specific expression pattern of ampliconic gene SYCP3Y in both echidna and platypus.

platypus and echidna, we found 10 and 5 X-linked AGs and
12 and 11 Y-linked AGs, respectively (Supplementary Tables 520
and S21), in contrast to the large number of ampliconic genes
in eutherian mammals and chicken [40, 44]. Our platypus and
echidna Y-linked AG dataset each contains 3 and 4 types of
newly reported Y-linked AGs (Supplementary Tables S20 and S21).
However, these AG numbers might be underestimated because
some may have been collapsed during the genome assembly. As
found in human, great ape, mouse, and chicken, in monotremes,
both X and Y AGs were found to be predominantly expressed
in testis (Supplementary Table S22), consistent with the previ-
ous finding from a small subset of these families [10]. Interest-
ingly, only a few of them also testis-specific were expressed in
human, suggesting that most of the genes were masculinized
in monotremes only after becoming sex-linked (Supplementary
Table S23).

Similar to the observation in the comparison between human
and mouse ampliconic genes, in monotremes, most ampliconic
genes were independently amplified after their divergence about
55 million years ago [9] (Fig. 5A, B). Only 1 X-linked (DYNLRB2Xs)
and 3 Y-linked (SYCP3Ys, RNF17Ys, and MED26Ys) AGs were shared
between echidna and platypus. As expected, all these shared X-
linked and Y-linked AGs are located on the ancestral sex chromo-
somes shared by platypus and echidna. The AGs shared between
the 2 monotremes should have evolved in their common ances-
tor and are likely to be important for both species and have been
maintained through the degeneration process of the Y chromo-
somes. For example, we found the Y-linked AG SYCP3Y is amplified
in both platypus and echidna. SYCP3Ys is thought to evolve from
an autosomal copy SYCP3 [10], which encodes protein to form the
synaptonemal complex at meiotic prophase I [45]. In this study, we

further confirmed that such duplications from autosomes were
ancestral in monotreme MRCA at the early stage of sex chro-
mosome evolution (SYCP3-SYCP3Y dS ~0.7, Supplementary Table
S24, Supplementary Fig. S20). Interestingly, monotreme SYCP3Ys
shares a higher sequence identity with SYCP3 in other mammals
than its autosomal paralog SYCP3 and harbors a newly evolved
motif that enables self-association and normal function in the
synaptonemal complex [46]. Both SYCP3Ys are expressed predom-
inantly in testis (Fig. 5C; Supplementary Tables S20 and S21).
Many proteins that act in meiotic and postmeiotic cells are highly
transcribed in premeiotic cells. Analysis of the platypus sper-
matogenesis single-nucleus RNA sequencing data [47] revealed
that SYCP3Ys is mainly expressed in spermatocytes, which are in
the meiosis I stage, where the sex chromosomes are paired and
chained [48] (Supplementary Fig. S21). It may be that the amplified
SYCP3Y genes evolved a male-specific function at meiosis associ-
ated with the formation of the complex sex chromosome chain.
We hypothesized that these amplifications may be due to the need
for the unique pairing and segregation of the multiple sex chro-
mosomes during male meiosis [21, 22].

Discussion

A high-quality genome is important for the understanding of evo-
lution, particularly the sex chromosome since it is difficult to se-
quence and assemble [8]. Analysis on monotreme genomes has
revolutionized our understanding of mammalian sex chromo-
some evolution, but we still lack a good understanding of how the
complex monotreme sex chromosome system evolved. Here we
presented an improved chromosome-level short-beaked echidna
assembly constructed from the latest sequencing technologies.

Gz0oz Aenuep o1 uo Jasn Aysianiun Buelloyz aousiog Jo 869)100 Ag L9yEY6./ZL L oelb/aousiosebib/ce0 L 0L /1op/ao1e/aoualosebif/woo dno-oiwapese//:sdyiy wolj papeojumoq


https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data

This enables us to reconstruct the monotreme ancestral kary-
otype and investigate the evolutionary trajectory of monotreme
sex chromosomes in unprecedented detail. With the newly im-
proved echidna assembly, we explored the different evolution tra-
jectories of the specific species and the ancestral sex chromo-
some in greater detail than was possible before. The discovery
of homologies for echidna Y3 and platypus Y5, with multiple X
chromosomes and other Ys homologous only to their neighbor-
ing Xs, supports the idea of reciprocal translocations between the
ancestral autosomes and the ancestral X instead of the Y [24,
49]. In addition, no significant difference in dS (or X/Y identity) is
found among the gametologs on the 4 ancestral X chromosomes
(Supplementary Fig. S12), suggesting that the sex chromosome
has already diverged ancestrally and the ancestral evolutionary
stratum was spread across the chain via a series of autosome-X
reciprocal translocations (Fig. 4).

Multiple sex chromosome systems have been found in a vari-
ety of species, including therians, avians, frogs, insects, and plants,
forming chain- or ring-like structures [24, 50-52]. These systems
are typically composed of 3 (trivalent) or 4 (quadrivalent) chro-
mosomes resulting from 1 or 2 translocation events. In contrast,
the monotreme sex chromosome complex evolved over 80 mil-
lion years, with recent changes after platypus and echidnas di-
verged. Such a complex requires precise formation of a chain at
meiosis and alternate segregation. Indeed, previous studies have
shown that the sex chromosome chain is assembled in an order
starting from Y5 and ending with X1 during meiosis [53]. In addi-
tion, dynamic cohesin was observed in platypus prophase I, where
the protein differentially loaded at the paired and unpaired re-
gions [54]. Here, we found gene family expansion signals poten-
tially arising from the evolution of the multiple sex chromosome
system. We confirmed SYCP3Y amplification in platypus [46] and
also found such amplification in echidna, suggesting that the gene
expansion is ancestral and may be associated with the evolution
of the sex chromosome complex or play a role in its organization.
Interestingly, pairwise dS values between SYCP3 and SYCP3Y are
around 0.7, which falls within the range of the pairwise dS value of
the SO gametologs (Supplementary Table S15). This suggests that
the duplication of SYCP3Y from SYCP3 likely occurred around the
same time as the early divergence of the ancestral X and Y chro-
mosomes, predating the reciprocal translocation events. It is pos-
sible that the preadaptation by SYCP3Y acquisition facilitated the
reciprocal translocations in sex chromosome evolution by fulfill-
ing the requirement for alternate segregation of the sex chromo-
some complex. Ampliconic genes have been discovered on the sex
chromosomes of many other species, such as mammals and fruit
flies [40, 43]. Several evolutionary processes, including male ben-
eficial mutation and meiotic conflict, have been proposed as the
cause for this genomic event [43]. In monotremes, the special need
for pairing and segregation of the multiple sex chromosome sys-
tem in males may provide additional evolutionary drive to gene
amplification.

In conclusion, our results provide a comprehensive evolution-
ary history of monotreme sex chromosomes and uncover novel
aspects of their genetic composition, including sex-linked gene
amplification. Future work still needs to uncover the mechanisms
of alternative segregation and sex-specific function of genes, par-
ticularly those that have undergone ampliconic expansion. Ex-
pression of those genes at specific stages in spermatogenesis is
indicative of reproductive function. This new and more com-
plete echidna genome will continue to refine our understand-
ing of sex chromosome evolution, organization, and function in
monotremes and other mammals.
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Methods

Sample collection, genome sequencing,
assembling, and sex-linked sequence
identification

Echidna sample Emalel12 was collected under AEC permits S-
492006, S-032-2008, and S-2011-146 at Upper Barnard River (New
South Wales, Australia) during the breeding season, and the mus-
cle sample was frozen into liquid nitrogen and used for PacBio
sequencing. Other echidna genomic sequencing data, including
10X, Bionano, and Hi-C, were obtained from Zhou et al. [9]. The
genome was assembled following the VGP assembly pipeline v.1.6.
Genome completeness was evaluated using BUSCO (v5.7.1) (RRID:
SCR_015008) [55] and compleasm (v0.2.6) [56], a faster and more
accurate reimplementation of BUSCO, with mammalia_odb10 as
the database. Male and female Illumina short reads were ob-
tained from NCBI (male: PRINA576333; female: PRINA202404) and
mapped to the genome using BWA MEM (v0.7.17) [57]. Sex-linked
sequences were identified with the same procedure described in
Zhou et al. [9]. Briefly, male and female Illumina short reads were
mapped to the new echidna assembly using BWA MEM with de-
fault parameters. Coverage was extracted with samtools (v1.9)
(RRID:SCR_002105) [58], normalized by the peak coverage, and was
then calculated in 5-kb windows with bedtools (v2.29.2) (RRID:
SCR_006646) [59]. Scaffolds (>10 kb) of over 60% of windows with
normalized F/M coverage ratio between 1.5 and 2.5 were identi-
fied as X-linked and between 0.0 and 0.3 as Y-linked. Coverage of
candidate X- and Y-linked scaffolds was also visualized with gg-
plot2 (v3.3.5) (RRID:SCR_014601) and manually examined to de-
lineate the PAR within each scaffold. In addition, we further re-
moved possible false positives of the unplaced sex-linked scaf-
folds, based on the interaction strength under a 100-Kb resolu-
tion obtained from Hi-C, with the same method described in Yang
et al. [60]. Briefly, interaction strength between each candidate’s
unplaced sex-linked scaffold and the assigned autosome and X/Y
were compared. We only kept the unplaced sex-linked scaffolds
if its interaction with the assigned X/Y was significantly higher
than that with the assigned autosome (1-sided Wilcoxon rank-
sum test). We also visualized the Hi-C maps of each of these
scaffolds and their assigned chromosomes with the hicexplorer
package (v3.7.2) (RRID:SCR_022111) [61] and manually confirmed
the results with the maps. The estimated sex chromosome sizes
were inferred using the same method as described in Rhie et al.
[8]. PARs were included for both X and Y completeness evalua-
tion. For example, X1Y1 PAR and Y1x2 PAR were summed with
Y1 Y-Div and compared with the expected Y1 size to evaluate the
completeness of Y1. We also collected echidna male-specific tran-
scripts from Cortez et al. [10] to evaluate the completeness of the Y
gene dataset. Transcript sequences were mapped to the reference
genome with BLAT (v319) (RRID:SCR_011919) [62] with parameter
“-fine.” Only mapping results to Y-Div were kept.

Examination of the Illumina-based assembly gap
filling status in the PacBio-based assembly

We used a similar method as Bickhart et al. [63] to identify the
gap-filling status in the PacBio assembly. Briefly, 500-bp fragments
upstream and downstream of each gap in the Illumina assembly
were extracted and then aligned back to the PacBio assembly by
BWA MEM (RRID:SCR_010910) [57]. If a gap is too close (<200 bp)
to the end of the scaffold or its size is <5 bp, the gap is excluded
in further analysis. If both fragments aligned successfully (align-
ing rate >70%) to the same scaffold in the PacBio assembly and
the intervening sequence of the PacBio assembly did not contain
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any ambiguous base (N), the gap was considered closed. If the 2
fragments were aligned to different scaffolds, the gap was consid-
ered a trans-scaffold break. If 1 or both fragments did not align to
PacBio assembly, or the intervening sequence contained the am-
biguous bases, the gap was considered open.

PAR identification with Hi-C

The above method of sex-linked sequence identification can only
identify PAR, which is assembled with X-Div or Y-Div. We found
that 2 PARs (i.e., X3Y3 and Y3x4 PAR) cannot be identified based
on the above depth method from the echidna genome. Under the
general Hi-C assumption that the intrachromosomal interaction
is larger than the interchromosomal interaction [64], we therefore
used the Hi-C interaction matrix to identify PAR sequences from
the unplaced scaffolds. We assume that, if an unplaced scaffold
is X3Y3 (or Y3x4) PAR, its interaction with X3 and Y3 (or Y3 and
X4) should be stronger than the interaction with other sex chro-
mosomes and autosomes. Thus, for each unplaced scaffold, we
extracted its Hi-C interaction under a 100-Kb resolution with X3,
Y3 (or Y3, X4) and compared the dataset with the Hi-C interaction
with each other anchored sex chromosomes as well as autosomes.
If the unplaced scaffold had a significantly higher Hi-C interac-
tion with X3 and Y3 (or Y3 and X4) than the Hi-C interaction with
every other anchored chromosome under the 1-sided Wilcoxon
rank-sum test, we considered it the X3Y3 (or Y3x4) PAR. We also
tried this method in platypus to identify X4Y4 PAR, but no un-
placed scaffolds showed significantly higher interaction with the
anchored X4 and Y4 when compared to other chromosomes.

Comparison between the platypus and echidna
assembly

We used lastZ (v1.04.00) (RRID:SCR_018556) [65] to align the new
echidna assembly to the platypus assembly with parameter set
“~hspthresh=4500 -gap=600,150 —ydrop=15000 -notransition.”
Only alignments over 10 Kb were kept for plotting in Fig. 1. Dot-
plot was generated with the custom Python script. To generate the
pairwise alignment between sex-linked sequences, we also per-
formed lastZ alignment between the 2 assemblies, with the pa-
rameter set the same as mentioned above and a matrix for closely
related species. We confirmed the structural variants between the
2 genomes with PacBio, 10X-linked reads, and Hi-C data. Since the
homology between echidna and platypus is not available for all
chromosomes [23], in this study, we assigned scaffolds to chromo-
somes based on the mashmap alignment between the 2 species,
except for the sex chromosome, whose nomenclature is based on
Rens et al. [23] (Supplementary Table S3).

Ancestral karyotype reconstruction

We utilized the genomic information to reconstruct the an-
cestral karyotype of monotremes with a similar method
as in Zhou et al. [9]. The Ornithorhynchus anatinus genome
(GCF_004115215.2) was used as reference and genomes of Bos
taurus (GCF_002263795.1), Choloepus didactylus (GCF_015220235.1),
Gallus gallus (GCF_016699485.2), Homo sapiens (GCA_000001405.28),
Monodelphis  domestica  (GCA_000002295.1), Podarcis  muralis
(GCA_004329235.1), Sarcophilus harrisii (GCA_902635505.1), Tachy-
glossus aculeatus, and Trachemys scripta elegans (GCF_013100865.1)
were aligned to the reference using lastZ with parameter
set “-step=19 -hspthresh=2200 -inner=2000 -ydrop=3400
—gappedthresh=10000" and a matrix for distantly related
species. Genomes were softmasked before running lastZ.
Conserved segments among the species were extracted

from the NET result with DESCHRAMBLER (git commit
28686dda39144f9d8223dce663aadf0621002643) [29] under a
300-Kb resolution, with the tree obtained from Timetree [66].
We required conserved segments to be uniquely and universally
presented in all mammals but allowed segments missing or
duplicated in the reptilian out-groups. Ancestral karyotype re-
construction was performed with ANGES (v1.01) [67] for all nodes
after mammal radiation, and we further curated the results
according to previous reconstruction by FISH or a bioinformatic
method [9, 14, 27-29]. We also incorporated pairiwise gene syn-
teny information inferred from MCScanX (RRID:SCR_022067) [68]
to link the contiguous ancestral regions (CARs) at monotreme
MRCA (Supplementary Table S10). The length of the ancestral
chromosome was based on the length of the conserved blocks
in human. We also performed a reconstruction under a 500-Kb
resolution. The overall results were similar, except that there
was no conserved segment for platypus chrxX4 and echidna chr27
due to the 500-Kb threshold in monotreme ancestral karyotype
reconstruction, and thus MON28 was not available in the result
(Supplementary Table S12, Supplementary Fig. S9). Manual
curation was performed to link PAR with X/Y-Div, which were
separately assembled in the genome. Rearrangement events from
monotreme MRCA to extant species were then inferred with
GRIMM (v2.1) [69].

Sex chromosome evolution
Chromosome painting with chicken genome sequence

To obtain the orthologous information between monotreme
sex chromosomes and chicken genome, we aligned the chicken
genome (GCF_016699485.2) to each monotreme genome with
lastZ under parameter set “-step=19 -hspthresh=2200 -
inner=2000 —ydrop=3400 -gappedthresh=10000" and a matrix
for distantly related species. We only kept alignment >100 Kb.
Gaps between alignment were filled with adjacent alignment
results and visualized with ggplot2 (v3.3.6). Since each PAR was
assembled in 1 copy in the haploid genome, we duplicated the
PAR alignments and placed each with X and Y chromosomes for
visualization. Y-linked scaffolds were ordered based on its length
during visualization.

Confirmation of platypus AMHX genomic coordinate

Platypus AMHX is not assembled in the genome
(GCF_004115215.2) used in this study. To locate the position
of AMHX on chrX1, we extracted the AMHX located scaffold (Con-
tig22983) from another platypus genome (OANAS) and combined
it with GCF_004115215.2 to obtain a more complete assembly.
Platypus Hi-C reads were aligned to this more complete genome
with juicer (v1.6), and a hic file was generated. We split chrX1
into 100-Kb nonoverlapping windows and calculated the sum of
the interaction strength (normalized with the SCALE method) of
each window under 10 Kb with Contig22983 using straw (v0.08).
Juicebox (v1.11.08) (RRID:SCR_021172) was used for Hi-C matrix
visualization.

Strata

We used a similar method in Zhou et al. [9] to identify the
strata in echidna and platypus sex chromosomes. Briefly, re-
peat annotation was obtained from NCBI; we performed addi-
tional repeat annotation using the Tandem Repeat Finder (v4.09)
(RRID:SCR_022193) [70] and RepeatMasker (v4.1.0) [71], where
the library was generated based on the respective monotreme
genome with RepeatModeler (v1.0.8) (RRID:SCR_015027). Repeat
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in Y-Div and X-Div was then N-masked and aligned with lastZ,
and the maf results were used to calculate X/Y identity in 1-Kb
windows. We also performed additional lastZ alignment between
Y-Div and other genomic regions (autosome + X-Div + PAR). X/Y
alignment would be filtered out if the Y segments could be bet-
ter aligned to autosome/PAR, defined as having a higher iden-
tity and longer alignment to autosome/PAR than to X-Div. Cir-
cos (v0.69-9) [72] was used to visualize X/Y alignment and se-
quence identity. X/Y gametolog pairs were identified by BLASTP
using the Y gene protein sequences with all X 4+ autosome gene
protein sequences. Only Y genes best hit to X genes were kept, and
we further examined the gene name to confirm their homology.
X/Y gametolog CDS alignment was built using PRANK (v170427)
[73], and dS was calculated using PAML codeml (v4.8) [74]. To
confirm if the gametolog pairs originated ancestrally or indepen-
dently in the 2 species, we obtained the protein sequences of the
X and Y gametologs, performed multiple sequence alignment by
PRANK, converted protein alignment back to CDS alignment, and
then constructed each phylogeny tree by RAXML (v8.2.4) (RRID:
SCR_006086) [75] with parameters “-f a -x 12345 -p 12345 -# 100
-m PROTGAMMALGX.” Geneconv (1.81a) [76] was used to detect
gene conversion signal from the alignment.

Species-specific X evolution

The platypus and echidna lastZ result generated above was used
here to obtain the alignment of the Xs between the 2 species. Gene
distribution on the region was visualized with pyGenomeTracks
(v3.7) [77]. N-masked X sequences were aligned to N-masked Y
with lastZ under parameter set “-—step=19 —hspthresh=2200 —
inner=2000 —ydrop=3400 —-gappedthresh=10000" and a matrix for
distantly related species. We further filtered the alignment to re-
move the redundancy on X, and on the basis of the “net” and “maf”
results, the identity of each alignment block was calculated in
1-Kb nonoverlapped windows. X/Y identity on different regions
of echidna X5 and platypus X4 was classified according to the
X alignment to the other species, and we performed a 1-sided
Wilcoxon rank-sum test if there was a significant difference be-
tween the 2 regions. X/Y alignment was also visualized with circos
(RRID:SCR_011798) [72] and color-coded according to the Xs.

Age calculation of the monotreme strata

We used a similar method as Zhou et al. [15] to infer the age of
each stratum. Since the mutation rates of male and female are
different, the rate of XY sequence divergence is not the same as
the rate of divergence of an autosomal duplication. However, they
can be connected by the male mutation rate «, which is the ratio
of the male and female mutation rates. Assuming the female mu-
tation rate is uy, the evolutionary rate of different chromosomes
is

a+1
A 1253

2+a
X:

3 M
Y oaps

The divergence rate of autosome and XY is

1 1
Autosome : %M+a; np=(1+a)us
2+a 2 +4a
XY : Tuerap.f = Tuf

Thus, similar to Ross et al. [41], the ratio of rates of XY and the
autosome sequence is
2+ 4a
3
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We took the platypus autosomal divergence rate uaa (i€, the
mutation rate), 7 x 10~%/site/year from Martin et al. [78], and the
average male mutation bias o = 2.95 estimated by Link et al. [79].
The platypus XY divergence rate uxy is thus 8.15 x 10~%/site/year.

Assuming the molecular clock, the age of each stratum T can
be calculated as T = div/uxy, where the divergence between X and
Y div was inferred based on the pairwise X/Y lastZ alignments
generated above. We extracted all alignments of each stratum,
removed alignments that fell in coding regions or repetitive se-
quences identified by RepeatMasker and Tandem Repeats Finder
(v4.09) [70], and concatenated them into a single sequence align-
ment. We only used X-Y3/Y5 alignment for the calculation of SO.
Divergence was estimated with baseml in PAML package (v4.8)
(RRID:SCR_014932) [74] under JC69 model, and the 95% confidence
interval was estimated after 1,000 bootstraps. Divergence time of
each stratum was calculated for each monotreme, and for the an-
cestral shared strata, we took the divergence time calculated from
the larger alignment of the 2 monotremes in the main text.

Ampliconic region analysis

We mainly followed Makova et al. [80] to identify the ampliconic
region by 3 methods: lastZ, blastn, and sequencing depth. To
detect palindrome (>98% identity, arm length >8 Kb, spacer <500
Kb), we first performed lastZ alignment with parameter set “—self
—format=general:namel,zstartl,endl,name2,strand2,zstart2+,
end2+,id%,cigarx” and the palindrover obtained was used for
palindrome detection. We further required the repeat content
in the candidate palindrome to be <80%. Ampliconic region
arranged in the array was detected with the BLASTN method.
Basically, the X-linked (or Y-linked) sequences were repeat-
masked and split into 5-Kb windows with 2-Kb overlaps. We
BLASTNed the sequence to itself, and only alignments with
>50% aligning rate and >99% identity were kept. We further
merged the segments and required a merged length >10 Kb.
We also considered depth information to identify ampliconic
regions since the ampliconic regions might have collapsed during
assembling. Briefly, we mapped male resequencing reads to the
genome with BWA MEM and calculated the mean sequencing
depth of each 5-Kb window after correcting with GC content
with deepTools (v3.5.1) (RRID:SCR_016366) [81]. If the corrected
sequencing depth of a nonPARX/Y window was larger than or
equal to that of the autosomes, the window would be considered
a candidate ampliconic region. We required the repeat content
in the candidate ampliconic region identified by depth to be
<80%. Ampliconic regions of the 3 methods were then merged
with bedtools (v2.29.2) to obtain the final ampliconic region set.
Genes with >80% of the length overlapping with the ampliconic
regions were considered ampliconic genes. Olfactory receptor
and vomeronasal receptor genes were excluded since they were
found amplified in the whole genome and were not specifically
sex-linked [9].

RNA sequencing data of platypus and echidna were ob-
tained from NCBI with accession codes SRP000120, SRP102989,
SRP233233, and SRP027593. Expression level as transcripts per
million (TPM) was estimated with Kallisto (v0.46.1) [82] with
parameter “-bias.” Expression was normalized with DESeq2
(v1.31.16) (RRID:SCR_015687) [83], and the gene expression tissue
specificity was quantified as “tau” following the formula in Yanai
et al. [84]. The expression profile of AGs in small nuclear RNA se-
quencing data of spermatogenesis was obtained from [47]. Human
expression data were obtained from GTEx (RRID:SCR_013042), and
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the tissue specificity index tau was calculated with the same ap-
proach described above.

Additional Files

Supplementary Fig. S1. Normalized depth distribution along ex-
ample X, Y, and autosomal sequences.

Supplementary Fig. S2. Using Hi-C interaction strength (100
Kb resolution) between unplaced scaffold and anchored
chromosomes to confirm which chromosome bears the scaf-
fold. In echidna, higher interaction strength is observed
between scaffold_101_arrow_ctgl and X3, Y3, as well as be-
tween scaffold_145_arrow_ctgl and Y3, X4, suggesting that
scaffold_101_arrow_ctgl and scaffold_145_arrow_ctgl could
be a X3Y3 PAR and Y3X4 PAR, respectively. Echidna scaf-
fold_1_arrow_ctgl has a higher interaction with both chrll and
chr27, and thus its exact origin chromosome is unknown. In
platypus, scaffold_344_arrow_ctgl has a higher interaction with
X3, suggesting that this X-Div scaffold could be on X3.
Supplementary Fig. S3. Confirmation of an inversion artifact in
the Illumina-based echidna assembly with Hi-C data under a 50-
Kb resolution. Top heatmap: Hi-C map of the PacBio assembly;
left heatmap: Hi-C map of the Illumina assembly. The SV break-
points are highlighted with red dashed lines. Pairwise interaction
strength in the four 200-Kb regions (a, b, ¢, and d) were extracted to
confirm the SV. In the PacBio assembly, higher interaction was ob-
served in a.vs.c than a.vs.d and b.vs.c; similarly, b.vs.d was higher
than b.vs.c and a.vs.d. Both suggest that the genome structure (c-
a-b-d) in the PacBio assembly is correct. In the Illumina-based as-
sembly, a.vs.c > b.vs.c and b.vs.d > a.vs.d, but the order is c-b-a-d,
suggesting that this genome structure in the Illumina assembly is
wrong.

Supplementary Fig. S4. Improvement of the new echidna assem-
bly, evaluated in contig length distribution (a), number of misas-
sembly artifacts (b), BUSCO (c), and the number of bases (gap ex-
cluded) in sex chromosomes (d).

Supplementary Fig. S5. Confirmation of interchromosomal ge-
nomic rearrangement between platypus and echidna with Hi-
C data under a 500-Kb resolution. Top heatmap: platypus;
left heatmap: echidna. Coordinates of assembled telomeres are
marked with black triangles.

Supplementary Fig. S6. Confirmation of interchromosomal ge-
nomic rearrangement between platypus and echidna with Hi-
C data under a 500-Kb resolution. Top heatmap: platypus;
left heatmap: echidna. Coordinates of assembled telomeres are
marked with black triangles.

Supplementary Fig. S7. Confirmation of intrachromosomal ge-
nomic rearrangement between platypus and echidna with Hi-
C data under a 500-Kb resolution. Top heatmap: platypus;
left heatmap: echidna. Coordinates of assembled telomeres
are marked with black triangles. Intrachromosomal SV break-
points are highlighted with red dashed lines. Pairwise interaction
strength in the four 5-Mb regions (a, b, ¢, and d) were extracted to
confirm the SVs.

Supplementary Fig. S8. Ancestral karyotype reconstruction un-
der a 300-Kb resolution.

Supplementary Fig. S9. Ancestral karyotype reconstruction un-
der a 500-Kb resolution.

Supplementary Fig. S10. Mapping of mammalian ancestral chro-
mosomes to chicken chromosomes. Chicken chromosomes are
color-coded based on the homology of the mammalian ancestral
chromosomes. Some of the microchromosomes have no color as
they are unable to map to mammalian ancestral chromosomes.

Supplementary Fig. S11. In silico chromosome painting of mam-
malian ancestral karyotype (a) and orthologous chicken se-
quences (b) to each echidna and platypus sex chromosome. The
recombination between PARs of X and Y is indicated by a bar (a)
and crosses (b). We also labeled the genomic coordinates of the
putative sex-determining gene AMHX/Y. Note that since the an-
cestral reconstruction is built based on the genome with only au-
tosomes and Xs, we were not able to map ancestral chromosomes
to the monotreme Y chromosomes.

Supplementary Fig. S12. Gametolog pair dS distribution for each
stratum. (a) No siginficant difference can be found among the dS
in SO_X1, S0_X2, S0_X3, and SO_X4 (note: platypus SO_X4 is on X5),
suggesting that they may form ancestrally on a single chromome
but then spread across the 4 ancestral Xs. (b) dS distribution for
each stratum after merging SO_X1, SO_X2, SO_X3, and SO_X4 (or
platypus SO_X5). Number in the brackets shows the number of
gametolog pairs. The X chromosome locations are also noted for
each stratum. Note that in echidna, only the X or Y gametolog is
found in S3¢ (Supplementary Table S15); therefore, no dS is avail-
able in the plot. We considered S1 and S2 as 2 different strata since
they are located on 2 different chromosomes, and both are signif-
icantly different from SO; therefore, their recombination suppres-
sion was unlikely at the same time. Conclusion was drawn for S3P,
S4P, and S5P for a similar reason.

Supplementary Figure S13: Alignment between echidna Y3 and
platypus Y5.

Supplementary Fig. S14. Phylogeny of S1 (a), S2 (b), and S3p (c)
X/Y gametolog and the orthologs. (a) S4 gametolog pairs are clus-
tered by sex chromosome instead of by species, and no gene con-
version is detected, suggesting that S4 originated before species
divergence. (b) While S2 gametolog pairs are clustered by species
instead of by sex chromosomes, the bootstrap is low and gene
conversion is detected between the X and Y of the same species,
suggesting that S2 likely evolved ancestrally before species diver-
gence. (c) S3p gametolog pairs are clustered by species, but the
orthologs in echidna locate on the autosome, and therefore, we
consider the XY divergence happened independently in platypus.
Red, X-linked gene; blue, Y-linked gene; black, autosomal gene.
Bootstrap is noted at the internal nodes. Strong gene conversion
signal (gene conversion ratio >10%) is marked by the link between
genes. Pseudogenes are marked with a “p” suffix.
Supplementary Fig. S15. Phylogeny of S4p (a), S5p, and S4¢ (b)
X/Y gametolog and the orthologs. Gametolog pairs are clustered
by species instead of by sex chromosomes, and little gene con-
version signal is detected, suggesting that these strata originated
after species divergence. Red, X-linked gene; blue, Y-linked gene;
black, autosomal gene; orange, PAR gene. Bootstrap is noted at the
internal nodes. Strong gene conversion signal (gene conversion ra-
tio >10%) is marked by link between genes.

Supplementary Fig. S16. Normalized male and female sequenc-
ing depth in echidna chrX5, scaffold_344_arrow_ctgl and platy-
pus chrX4, scaffold_1_arrow_ctgl. Red: female; blue: male; green:
female-vs.-male depth ratio (f/m). PAR and nonPARX on the as-
sembled echidna X5 and platypus X4 are marked in the plot.
The female-vs.-male depth ratio is around 2 in echidna scaf-
fold_344_arrow_ctgl, and the normalized depth of female and
male is around four and one, respectively, suggesting that the scaf-
fold is a nonPARX but is collapsed during assembling.
Supplementary Fig. S17. Alignment of the species-specific
X and the autosomal sequences in the other monotreme.
(a) Alignment between echidna chrX5:12,000,000-16,101,208
and the homologous sequences in platypus chr12:46,200,000-
49,200,000 and scaffold_344_arrow_ctgl:1-741,479. Black bar
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indicates PAR. Duplicated genes encoding olfactory receptor
(OR), vomeronasal receptor 1 (VIR), and 2 (V2R) are shown in
blue, red, and orange, respectively. X/Y identity is calculated in a
1-Kb window and color-coded. (b) Alignment between platypus
chrX4:4,800,000-8,639,456 and the homologous sequences in
echidna chr27:1-1,000,000 and scaffold_1_arrow_ctg1:2,300,000—
6,386,367. Black bar indicates PAR.
Duplicated genes encoding olfactory receptor (OR), vomeronasal
receptor 1 (VIR), 2 (V2R), and lipocalin (LCN) are shown in blue,
red, orange, and green, respectively. X/Y identity is calculated in a
1-Kb window and color-coded. (c) Alignment of the inversion and
its upstream region in human, opossum, platypus, and echidna
shows that the inversion happened in echidna. Alignment of
the inversion region is highlighted in red. (d) Significant X/Y
identity is found between the region closer to the PAR boundary
(chr27) than the region distant to PAB (scaffold_1_arrow_ctgl).
X/Y sequence identity is calculated in a 1-Kb window. Two-sided
Wilcoxon rank-sum test was performed.

Supplementary Fig. S18. The expression profile of TACR3 in
human, echidna (X-linked), and platypus (autosomal). Human
expression data are obtained from https://www.gtexportal.org/
home/gene/TACR3.

Supplementary Fig. S19. Confirmation of the translocation in
X3. (a) Confirmation of translocation between platypus X3 and
echidna X3 with Hi-C data under a 500-Kb resolution. Pairwise
interaction strength in the four ~5-Mb regions (a, b, ¢, and d)
was extracted to confirm the translocation. Normalized male and
female sequencing depth is also shown to indicate the involve-
ment of a PAR-nonPARX transition. Normalized male and female
depth, as well as female-vs.-male depth ratio, is also plotted
along the two X3. PAR and gaps are marked as black and blue
rectangles, respectively. (b) Alignment of the translocation and
its upstream region in human, opossum, platypus, and echidna.
Alignment of the translocation region is highlighted in red. Vi-
sualized region includes human chré:1,949,424-2,785,777, opos-
sum chr3:345,825,794-346,965,677, platypus: chrX3:17,430,000-
18,000,000, and echidna chrX3:4,913,378-16,395,920.
Supplementary Fig. S20. Gene phylogeny of SYCP3s and SYCP3Ys.
Supplementary Fig. S21. The expression profile of SYCP3Y in
platypus snRNA-seq data. Different colors indicate different cell
types: blue, spermatogonia (SG); green, spermatocytes (SC); or-
ange, round spe rmatids (round_SD); pink, elongated spermatids
(elongated SD); yellow, other somatic cells. Plots were obtained
from https://apps.kaessmannlab.org/SpermEvol/. Note that dif-
ferent annotations are used in Murat et al. and this study, and
therefore, gene IDs are different.

Supplementary Table S1. Statistics of the sequencing data used
in echidna genome assembling.

Supplementary Table S2. Statistics of the monotreme assemblies.
Supplementary Table S3. Chromosome assignment in echidna.
Supplementary Table S4. Identified X-Div and Y-Div sequences in
platypus and echidna. Scaffolds with ‘?" marked in the “sex chro-
mosome” column indicate that the information was inferred via
Hi-C.

Supplementary Table S5. The mean of interaction strength be-
tween unplaced scaffold with sex chromosome or autosome.
Supplementary Table S6. Echidna sex chromosome sequence as-
signed percentage.

Supplementary Table S7. Mapping information of male-specific
transcripts to the 2 echidna assemblies.

Supplementary Table S8. Confirmation of the assembly errors in
GCA_015598185.1 by the comparison with GCF_015852505.1. Ge-
nomic coordinate is based on GCF_015852505.1. INV: inversion;
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TRANS: translocation; INVTR: inverted translocation; P: support
to PacBio-based assembly; I: support to Illumina-based assembly.
Supplementary Table S9. Gap-filling state in the echidna assem-
bly.

Supplementary Table S10. CAR-ordered information during an-
cestral karyotype reconstruction under a 300-Kb and 500-Kb res-
olution. CAR: continuous ancestral region.

Supplementary Table S11. Reconstructed ancestral karyotype in-
formation under a 300-Kb resolution.

Supplementary Table S12. Reconstructed ancestral karyotype in-
formation under a 500-Kb resolution.

Supplementary Table S13. In silico chromosome painting informa-
tion between each monotreme and chicken.

Supplementary Table S14. The genomic coordinates of each stra-
tum.

Supplementary Table S15. X/Y gametolog pairs in monotremes.
Supplementary Table S16. Statistics of X/Y gametolog pairs num-
ber in monotremes SO.

Supplementary Table S17. The statistic of XY alignment.
Supplementary Table S18. Summary of gene conversion between
XandY.

Supplementary Table S19. The divergence of each sex chromo-
some in echidna and platypus.

Supplementary Table S20. Expression matrix of sex-linked genes
in platypus (units in TPM).

Supplementary Table S21. Expression matrix of sex-linked genes
in echidna (units in TPM).

Supplementary Table S22. The enrichment test of testis-specific
expression in ampliconic genes. Olfactory and vomeronasal re-
ceptor genes are excluded in the analysis.

Supplementary Table S23. Statistics of the number of testis-
specific AGs and their ortholog expression profile in humans.
Supplementary Table S24. Autosome-derived Y and its autoso-
mal homologs in monotremes.
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