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Abstract 

Bac kgr ound: A thor ough anal ysis of genome ev olution is fundamental for biodi v ersity understanding. The iconic monotr emes (platy- 
pus and echidna) feature e xtraordinary biolo gy. Howe ver, the y also exhibit rearrangements in several chr omosomes, especiall y in the 
sex chromosome chain. Ther efor e, the lack of a chr omosome-lev el echidna genome has limited insights into genome evolution in 

monotremes, in particular the multiple sex chromosomes complex. 

Results: Here , w e 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 1 Y chromosome and multiple X chromosomes, suggesting that 
it is the ancestral X that has undergone r ecipr ocal 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. 

Ke yw or ds: ec hidna, monotreme, sex chr omosome ev olution, m ultiple sex chr omosomes 
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Introduction 

An understanding of c hr omosome e volution has been funda- 
mental for mammalian compar ativ e studies [ 1 , 2 ]. Large-scale 
c hr omosomal r earr angement 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- 
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ion in species conservation [ 6–9 ]. Monotremes, including platy-
us ( Ornithorhynchus anatinus ) and 4 echidna species (Tachyglos-
idae), comprise the sister group of therians and the most basal
ammalian lineage. Due to their unique phylogenetic position 

n mammal evolution, these species hold the k e y to understand-
ng the evolutionary changes of major mammalian lineages since 
heir div er gence fr om the common ancestor with other mammals
 9–11 ]. In addition, monotremes are iconic in Australia, and much
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f their extraordinary biology is still unexplored. These species
ave a karyotype with 7 or 8 pairs of large chromosomes and
any small chromosomes reminiscent of the microchromosomes

n reptiles but of different origins [ 12 , 13 ]. Compared to therians,
he monotreme karyotypes are highly rearranged [ 14 ]. T hus , the

onotr eme genomes ar e v aluable for gaining the insight of mam-
alian and monotreme genome ev olution, as w ell as understand-

ng the changes in genome architecture of reptiles and mammals.
One of the most remarkable features of the genome of egg-

aying mammals is their special sex c hr omosome system, con-
isting of multiple X and Y chromosomes. In most sex chromo-
ome systems, the sex c hr omosomes typicall y exist as 1 pair, with
 ecombination suppr ession often initiall y driv en by intr ac hr omo-
omal r earr angement suc h as inv ersion [ 15 , 16 ]. In some linea ges,
ne of the sex c hr omosomes would fuse with an autosome, lead-
ng to a trivalent sex chromosome system. For example, in the

ale Japan Sea stickleback, the ancestral Y is fused with an an-
estral autosome LG9, resulting in a X1X2Y system where the X1
s the ancestral X chromosome (LG19) and X2 is the neo-X c hr o-

osome r esulting fr om the fusion e v ent (LG9) [ 17 ]. Suc h fusions
ay offer e volutionary adv anta ges, suc h as enabling sex-biased

nheritance of genes favored by 1 sex [ 18 ] and driving specia-
ion e v ents [ 17 ]. Ho w e v er, it may also intr oduce difficulty in pair-
ng and segregating the multiple sex chromosomes into offspring
ells [ 19 ] and disrupting gene expression during spermatogene-
is due to meiotic sex c hr omosome inactiv ation [ 20 ]. The e volu-
ionary process of the multiple sex chromosomes in monotremes
nd its consequences can be e v en mor e complicated. In males,
her e ar e 9 (ec hidna) or 10 sex c hr omosomes (platypus), pairing
n a head-to-tail manner via the pseudoautosomal regions (PARs)
nd forming a meiotic c hr omosome c hain [ 21–23 ]. It is established
ow that this system originated independently from the therian
Y sex c hr omosome system [ 10 , 23 ] and pr obabl y e volv ed via a se-
ies of r ecipr ocal tr anslocation e v ents between the pr oto sex c hr o-
osomes and autosomes [ 9 , 10 , 24 ]. Ther efor e, the upstr eam sex-

eterminant genes are distinct between the 2 mammalian groups,
ith SRY being the k e y player in therian mammals and AMHY
eing the most likely candidate in monotremes [ 10 ]. This com-
lex system has furthermor e under gone independent evolution
fter the 2 species div er ged fr om eac h other. Ther e ar e 5 Xs and
 Ys in male platypus, while there are 5 Xs but only 4 Ys in male
chidna [ 23 ]. Of these chromosomes, the third Y and the fourth X
 hr omosomes (Y3, X4) of platypus and the fifth X c hr omosome
X5) of ec hidna ar e homologous to the autosome in the other
pecies [ 23 ] and are considered to evolve via reciprocal transloca-
ion after their speciation [ 25 ]. Ther efor e, the complicated system
n monotremes serves as a model example to demonstrate the
n usual dri ving for ce of high-frequenc y reciprocal translocations
uring sex c hr omosome e volution and the r esulting constr aint of
he multiple sex chromosome system, such as the need to suc-
essfull y segr egate m ultiple X and Y into differ ent sperms. 

Pr e viousl y, we hav e tr ac ked the e volution of the monotr eme
enome, particularly the sex chromosome with a chromosome-
e v el platypus genome and a draft echidna genome [ 9 ]. Ho w ever,
he draft echidna genome, especially the Y chromosomes, is still
ncomplete and lar gel y fr a gmented in sequence . T hese 2 major
ineages in monotremes diverged around 55 million years ago [ 9 ],
ith an av er a ge dS v alue in coding r egions at ar ound 0.1907, im-
lying a substantial divergence in their genetic properties. A more
omplete echidna genome is to provide a more comprehensive un-
erstanding on the evolution across major mammal groups and
he div er gence within the monotr eme linea ge. In this study, we
roduced an improved chromosome-level short-beaked echidna
achyglossus aculeatus (NCBI:txid9261) assembly to further explore
he genomic features of these young and unusual sex chromo-
omes. We also conducted the first genome-wide screen of the
mpliconic genes on the monotreme sex c hr omosomes , un veiling
otential selection constraints on the multiple sex chromosome
ystems. 

esults 

 c hromosome-lev el short-beak ed ec hidna 

enome 

e utilized PacBio long reads, 10X-linked reads, and Bionano and
i-C data to produce the chromosome-level genome assembly

or a male short-beaked echidna, following the VGP assembly
ipeline v1.6 ( Supplementary Tables S1 and S2 ). Briefly, PacBio

ong reads were first used to construct contigs, and scaffolds were
ener ated iter ativ el y with 3 scaffolding technologies (i.e., 10X, Bio-
ano, and Hi-C). We further identified the sex-linked sequence
ased on the sequencing depth difference between male and fe-
ale . T he new PacBio-based assembly includes 27 autosomes

nd 5 X and 4 Y c hr omosomes, with a ∼966-fold impr ov ement
n contig N50 compared to the published short read–based as-
embly (GCA_015598185.1) ( Supplementary Table S2 ). Telomeres
ave been assembled on 28 of the total 32 c hr omosomes (Fig.
 A, Supplementary Table S3 ). Notably, 183.44 Mb and 9.18 Mb of
he X and Y sex-differentiated regions on the 5 X (X-Div, X diver-
ent) and 4 Y c hr omosomes (Y -Div , Y div er gent), r espectiv el y, wer e
dentified ( Supplementary Table S4 , Supplementary Fig. S1 ). We
lso utilized the Hi-C data to filter and infer the possible c hr o-
osome origin for pr e viousl y unplaced X, Y, and PAR scaffolds

 Supplementary Table S5 , Supplementary Fig. S2 ). In summary,
9.82% and 98.25% of the assembled X-Div and Y-Div sequences
an be assigned to the 9 sex c hr omosomes, r epr esenting a mor e
ontinuous and complete sequence compared to the previous as-
embly ( Supplementary Table S2 ). Based on the estimation from
aryotype images in Rens et al. [ 23 ], we found that most of the
 c hr omosomes hav e ov er 98% completeness except Y3 (21.34%)
nd X5 (22.44%), which have accumulated exceptionally high re-
eat contents [ 23 ] ( Supplementary Table S6 ). Evaluation by male-
pecific transcripts [ 10 ] also sho w ed that all male-specific genes
er e full y cov er ed, except onl y 1 was fr a gmented (cov er a ge < 50%)

n the new PacBio-based assembly ( Supplementary Table S7 ). In
ontr ast, 2 wer e fr a gmented and 3 wer e missing in the pr e vious
ssembly ( Supplementary Table S7 ). 

Alignment between the new and old echidna assem-
lies (PacBio-based GCA_015852505.1 vs. Illumina-based
CA_015598185.1) r e v ealed 66 lar ge putativ e structur al v ariants
 > 100 Kb). Although the sequenced individuals were collected
r om differ ent locations, these lar ge putativ e structur al v ariants
er e likel y to be misassembl y artifacts in either assembl y. Based
n the examination of raw PacBio, 10X-linked reads, and Hi-C
ata, we found that the genome structure of 65 regions was cor-
ect in the new echidna genome (Fig. 1 A, Supplementary Table S8 ,
upplementary Fig. S3 ); only 1 was an error in our ne w assembl y,
hich has been manually fixed in the latest r elease. Mor eov er,
74.27% gaps or an estimated size of 179.51 Mb sequences in the
r e vious assembl y wer e closed in the ne w P acBio-based assembl y
 Supplementary Fig. S4 , Supplementary Table S9 ), contributing
o the new annotation of 21,334 exons from 6,493 protein-coding
enes . T his is consistent with the impr ov ed B USCO e v aluation,
hich shows that 90.80% of the 9,226 mammalian conserved
rthologs 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 ne w assembl y, and y ello w 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 ov er all synten y (86.94%) is well k e pt 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 
c hr omosomes ar e in high synten y and homology, except platypus X4 and ec hidna X5, whic h ar e homologous to the autosome in the other species. 
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P acBio-based assembl y, compar ed to onl y 59.20% in the Illumina- 
based one ( Supplementary Fig. S4 , Supplementary Table S2 ). 

Genome evolution of platypus and echidna 

Ther e ar e 2n = 63 and 64 c hr omosomes in male and female short- 
beaked echidna and long-beaked ec hidna, r espectiv el y, while 
ther e ar e onl y 2n = 52 c hr omosomes in platypus [ 23 , 26 ], suggest-
ing that c hr omosome fusion or fission e v ents might have occurred 

since platypus–echidna divergence. Direct comparison between 

the 2 species uncov er ed other genomic r earr angements, including 
inv ersions and tr anslocations (Fig. 1 B, Supplementary Figs. S5 –S7 ).
To systematicall y inv estigate e volution of the genomic r earr ange- 
ments during the div er gence of monotr emes, especiall y those in- 
olved in sex chromosome ev olution, w e reconstructed the kary-
type of the monotreme ancestor with c hr omosomal assemblies
f placentals (human, bo vine , and sloth), marsupials (opossum
nd Tasmanian de vil), monotr emes (platypus and echidna), and
 eptilian out-gr oups (c hic ken, turtle, and common wall lizard), un-
er a 300-Kb and 500-Kb resolution. Based on the genomic data
nd the pr e vious fluor escence in situ hybridization (FISH) and in
ilico reconstruction [ 14 , 27–29 ], we inferred an ancestral kary-
type of 2n = 64 of the monotremes’ most recent common an-
estor (MRCA), including 28 pairs of autosomes and 4 pairs of sex
 hr omosomes. Although this number is closer to the karyotype
umber of echidna than that of platypus, the echidna genome 
xperienced mor e linea ge-specific r earr angement than platypus

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
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Fig. 2 A, Supplementary Figs. S8 and S9 , Supplementary Tables
10 –S12 ). Thirteen monotreme ancestral chromosomes (MON8,
1, 14, 18, 19, 20, 24, 25, 28, and X1–4) were preserved as individual
 hr omosomes in both species; some have experienced genomic
 earr angement e v ents in either or both species , while others ha ve
xperienced genomic r earr angement e v ents in either or both
pecies (Fig. 2 B). For example, the br eaka ge of MON4 produced
 ec hidna c hr omosomes while it has r emained intact as chr3 in
latypus; the fusion of MON12 and MON22 produced 1 echidna
 hr omosome while remaining separate as chr10 and chr17 in
latypus (Fig. 2 B). These interc hr omosomal r earr angements wer e
onsistent with the pr e vious findings by FISH [ 23 ]. Howe v er, the
hole genome alignment also provided refined details in intra-
 hr omosomal r earr angements . For example , the ec hidna c hr11
nd chr21 experienced intrachromosomal inversion after diver-
ence from platypus, indicated by both the ancestral reconstruc-
ion (Fig. 2 B) as well as the telomer e r emnant at the inversion
reakpoints ( Supplementary Fig. S7 ). Interestingly, the centromere
onomer sequences of the 2 species are distinct [ 9 ], probably as-

ociated with the c hr omosomal r earr angements. Furthermor e, r e-
ent studies of v ertebr ate c hr omosome e volution suggested that
he avian micr oc hr omosomes can be dated bac k to the ancestor of
he amniote [ 30 ], and the mammalian macr oc hr omosomes likel y
 volv ed by a series of c hr omosome fusions and translocations [ 31 ].
ur reconstruction confirmed this inference by finding that each
 hic ken micr oc hr omosome can be ma pped to 1 mammalian an-
estr al c hr omosome ( Supplementary Fig. S10 ). 

The ancestral karyotype reconstruction also provides novel in-
ight into the dynamic evolution of the monotreme sex c hr omo-
ome complex. Four of the 5 extant sex c hr omosomes (platypus
 hrX1–X3, c hrX5 and ec hidna c hrX1–X4) wer e established in the
RCA (Fig. 2 B) [ 23 ]. The lineage-specific sex chromosomes (i.e.,

latypus X4 and echidna X5) originated independently from 2 dif-
er ent ancestr al autosomes (Fig. 2 B), as initiall y r eported by cr oss-
pecies in situ hybridization [ 23 ]. Specifically, MON28 is main-
ained as a single autosome chr27 in echidna but becomes chrX4
n platypus (Fig. 2 B). MON15 remained as a single c hr omosome
hr12 in platypus but was separated into the echidna chr12 and
hrX5 (Fig. 2 B). 

onotreme sex chromosomes have both shared 

nd independently formed evolutionary strata 

ur pr e vious work suggested that the multiple sex c hr omosome
ystem in platypus e volv ed fr om an ancestr al c hr omosome ring
tructure via a series of r ecipr ocal tr anslocations between pr oto-
ex c hr omosomes and autosomes [ 10 , 24 ] as well as c hr omo-
ome fusions [ 9 ]. Among the 5 pairs of monotreme sex chromo-
omes, 4 are shared between platypus and echidna, but how each
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monotr eme linea ge e volv ed their distinct sex c hr omosome com- 
plex after the y di v er ged fr om 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 c hr omosomes, we found that the monotr eme ancestr al sex 
c hr omosomes (i.e., ec hidna X1–X4 and platypus X1–X3, X4) con- 
sist of homologous fr a gments fr om differ ent ancestr al c hr omo- 
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- 
tr al c hr omosome ( Supplementary Fig. S11a ), forming the PARs 
and the sex-differentiated regions (SDRs). This suggests that a 
high number of translocations occurred before the monotremes 
e volv ed their extant sex c hr omosome configur ation. The species- 
specific sex c hr omosomes (i.e., platypus Y3, X4 and echidna X5) 
originated from different mammalian ancestral chromosomes 
(MAMs) ( 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-differ entiated r egions termed “e volutionary str ata”
along the sex c hr omosome [ 10 , 16 ]. Pr e viousl y, we inferr ed 7 str ata
in the sex c hr omosome c hain 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 pr e viousl y identified S0–S4 str ata lo- 
cated on the X1–X4 c hr omosomes did not show significant differ- 
ences ( Supplementary Fig. S12a ). Inter estingl y, among these X/Y 

gametolog pairs , o v er 80% of the Y gametologs ar e located on 

the 1 Y c hr omosome ec hidna Y3 or its homologous platypus Y5 
[ 23 ] ( Supplementary Fig. S13 ), r espectiv el y ( Supplementary Tables 
S14 –S16 ). The X/Y sequence alignments also r e v ealed that the 
echidna Y3 (or platypus Y5) exhibit the largest ( > 60%) aligned 

region on X1, follo w ed b y smaller alignments with X2, X3, and 

X4 (or platypus X5) (Fig. 3 A, 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 c hr omosome that exhibits as man y alignable fr a gments 
to many Ys. Instead, when excluding echidna Y3 and platypus 
Y5, all X c hr omosomes ar e aligned most to their neighboring Ys 
( Supplementary Table S17 ). Such a pattern of “one Y to many 
X” can be ac hie v ed onl y via a series of autosome-X tr ansloca- 
tion (Fig. 3 B) instead of autosome-Y tr anslocation, whic h may pr o- 
duce the opposite “one X to many Y” result (Fig. 3 C). 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. 3 A), instead of our previous inference at the middle 
part of X1 [ 9 ]. 

Both the X/Y div er gence and X/Y homology pattern suggest 
an alternativ e monotr eme sex c hr omosome e volution model con- 
trary to our previous hypothesis that recombination suppression 

ha ppened after r ecipr ocal tr anslocations. Instead, the r ecombina- 
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 ancestr al str atum S0. Subsequentl y, a se- 
ries of translocations between the nonrecombining X and auto- 
some occurr ed, pr oducing the scatter ed homology between 1 an- 
cestral Y and 4 ancestral X chromosomes (except for the echidna 
X5 and platypus X4), leaving similar dS le v els of X/Y gametologs 
cr oss differ ent X c hr omosomes (Fig. 4 ). In addition, by distribut-
ng the ancestral nonrecombining X to different chromosomes,
he pairing Y c hr omosome can no longer recombine with the
-counterpart (e.g., during meiosis, echidna Y3 only pairs with 

3 and X4 but not X1 and X2), leading to the accumulation of
eleterious mutations on the Y c hr omosomes. Mor eov er, suc h r e-
ipr ocal tr anslocations may also initiate the r ecombination sup-
ression between the neighboring sex c hr omosomes (e.g., X2–
2), creating gametologs with younger ages and unlikely to be

nvolved in sex determination. Under such a scenario, we pro-
osed that there were at least 6 and 5 evolutionary strata in platy-
us and ec hidna, r espectiv el y; the oldest 3 e volv ed ancestr all y in
he monotreme MRCA, while the youngest 3 or 2 e volv ed inde-
endently in the 2 lineages (Fig. 3 A, Supplementary Figs. S12b ,
14, and S15 ; Supplementary Tables S14 and S16 ). The oldest
tratum S0 was delineated to be distributed across all 4 ances-
r al X c hr omosomes (named by their extant r esiding c hr omo-
omes as echidna S0 X1 –S0 X4 and similarly in platypus). Accord-
ng to the gametolog phylogeny while controlling for gene conver-
ion ( Supplementary Fig. S14 , Supplementary Table S18 ) and that
oth X and Y ar e fr om differ ent c hr omosomes, we consider ed that
1 (X2–Y2) and S2 (X1–Y1) derived from different MAMs as differ-
nt strata but formed in the monotreme ancestor. An additional
ranslocation further occurred in echidna, leading to a synteny 
isruption between the 2 monotremes (see below). 

The evolution of the sex chromosome complex in monotreme 
RC A in volves both chromosome fusion and reciprocal translo-

ation between ancestral autosomes or between ancestral auto- 
omes vs. 1 pair of ancestr al XY c hr omosomes and the oldest stra-
um S0 that e volv ed. The tr anslocation distributes the ancestral
 segments and S0 into many ancestral autosomes, results in a

one Y to multiple X” homology relationship, and possibly forms a
ing structure . T he Y sequence degeneration further inhibits the
airing and breaks the ring into a chain. S1 and S2 later evolved

n the monotreme ancestor and caused PAR erosion. The sys-
em then undergoes different evolutionary trajectories between 

latypus and echidna by recruiting different autosomes into the 
omplex after they split. In platypus, a r ecipr ocal tr anslocation
appened between autosomes and ancestral Y3, recruited the au- 
osomes into X4 and part of Y3/Y4, and e volv ed into its inde-
endent stratum, S P . In echidna, a Y3–Y4 reciprocal transloca-
ion happened and altered the X/Y pairing order. The ancestral
4 in echidna further experienced chromosome fusion with part 
f autosome sequences and formed S3 E . Additional translocation 

lso happened in echidna X3, disrupting its synteny (including
1 and S4 E ) with platypus. Recombination suppression further 
a ppened independentl y in platypus and echidna on X1 and X3
nd formed the youngest 2 strata. The coordinates of the puta-
ive sex-determining gene AMHX/Y are also labeled in platypus 
nd echidna (rTRANS: reciprocal translocation; TRANS: translo- 
ation; FUS: fusion; FIS: fission; A, autosome). Differ ent ancestr al
 hr omosomes ar e filled with differ ent colors. 

Among 3 younger strata (S3–S5) that e volv ed independentl y in
he 2 species, S3 P (platypus S5) and S3 E (echidna S5) are located
n the species-specific X (i.e., platypus X4 and echidna X5, re-
pectiv el y) [ 23 , 25 ], although the support of independent evolu-
ion from gametolog phylogeny is ambiguous ( Supplementary Fig. 
14c , Supplementary Table S18 ). Pr e vious studies and the above
ncestr al karyotype r econstruction sho w ed that the species-
pecific X c hr omosomes of these 2 species ar e homologous to
n autosome in the other species, thus providing a unique
odel to study the lineage-specific genomic changes involved 

n the sex c hr omosome e volution. In ec hidna, 88.81% of the
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Figure 3: X/Y sequence alignment and the 2 possible r ecipr ocal tr anslocation scenarios in m ultiple sex c hr omosome e volution. (A) Tr ac ks fr om inside 
out (I–III): X/Y identity, karyotype (PAR excluded), strata. The orthologous c hr omosomes, ec hidna Y3 and platypus Y5, are homologous to multiple X 

c hr omosomes in both species, including X1, X2, and X3 and echidna X4 (platypus X5). The species-specific sex c hr omosome is homologous to the sex 
c hr omosome it paired with during meiosis . T hree strata (S0–S2) are ancestral (black) while the younger 3 (S3–S5) evolved independently in the 2 
linea ges (br own). Onl y assigned X and Y ar e shown. Independent str ata ar e marked with a subscript “P” or “E” indicating the str ata e volv ed in platypus 
or ec hidna, r espectiv el y. (B, C) Evolution of the sex c hr omosome c hain by a series of r ecipr ocal tr anslocations between ancestr al autosomes and X (B) 
or Y (C). (B) The r ecipr ocal tr anslocation between the ancestr al X and the ancestr al autosomes will distribute the ancestr al X to the ancestr al 
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 autosomes and X is more possible for the evolution in monotreme sex 
c hr omosome e volution. 
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ssembled X5 shows a similar sequencing depth between male
nd female ( Supplementary Fig. S16a ), which indicates this is a
 ecentl y e volv ed X c hr omosome and onl y contains a small non-
 ecombining r egion. Nine genes r eside in the r emaining 1.8 Mb
-Div on X5 ( Supplementary Fig. S17a ). Inter estingl y, an ∼300-
b inversion was identified between the X-Div region of echidna
5 and its orthologous region in platypus chr12, spanning 1 gene
ACR3 ( Supplementary Fig. S17a ). This inversion may have con-
ributed to one of the recombination suppressions on echidna
5 ( Supplementary Fig. S17c ) and led to the degeneration of its
 counter part. In humans, TACR3 r esides on the autosome, en-
odes receptors for neurokinin B, and is associated with hypog-
nadotropic hypogonadism [ 33 ]. In both humans and platypus,
he gene is mainly expressed in somatic tissues, but in echidna,
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the gene shows the highest (though not specific) expression in 

testis ( Supplementary Fig. S18 ), suggesting r ecent ada ptation for 
a testis-related function. The remaining X-Div on echidna X5 is 
homologous to a platypus scaffold (scaffold_344_arrow_ctg1) 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 ). T hus , in 

addition to the pr e vious FISH experiment showing that echidna 
X5 is mapped to the platypus chr12 [ 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_ctg1 (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 div er gence le v el is similar between the 2 r egions (2-sided 

Wilcoxon rank-sum test, P = 0.8571). T hus , 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 c hr o- 
mosome end distant to the current PAR and eroded to the current 
boundary ( Supplementary Fig. S17 ). 

Platypus’ second youngest stratum, S4 P , is located in X1, where 
the orthologous region in echidna remains as PAR ( Supplementary 
Fig. S15 ). The youngest platypus and echidna strata S5 P and S4 E 
are located near the respective PAR boundary of the ancestral X3 
with supports from various gametologs ( Supplementary Fig. S15 ,
Supplementary Table S18 ). Inter estingl y, besides an ov er all high 

le v el of synteny between platypus and echidna of the ancestral 
Xs (Fig. 1 B), we identified 1 translocation on X3 between the 2 
species. Suc h tr anslocation spans 2 str ata, the ancestr al S1 and 

S5 P (or S4 E ) (Fig. 3 A, Supplementary Fig. S19a ), with a length of at 
least 4.5 Mb and 29 protein-coding genes . T his 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 ). 
Based on these observations and Dohm et al. [ 25 ], we also pro-
osed a model to explain the evolution of the complex sex c hr o-
osome system in monotremes after the platypus–echidna split 

Fig. 4 ). After speciation, in platypus, a r ecipr ocal tr anslocation
a y ha v e ha ppened between an autosome and the ancestral Y3,

reating its X4–Y4 containing a ne w str atum, S3 P . In ec hidna,
n ancestral Y3–Y4 translocation first happened to exchange the 
airing relationship with X. This follows a chromosome fission of
n ancestral autosome and a Y-autosome fusion to form the cur-
 ent c hr12 and Y4, r ecruiting the extant X5 into the sex c hr omo-
ome system similar to the case of neo-X evolution in Drosophila
iranda [ 34 ], and create its specific S3 E . The young strata (S4 P , S5 P 

n platypus and S4 E in echidna) further e volv ed independentl y
n the 2 species. A translocation also happened on echidna X3,
hanging the genomic coordinate of 2 strata (S1 and S4 E ). Based
n X/Y sequence div er gence, we estimate the a ges of the evolu-
ionary strata. The multiple sex chromosome started during the 
ery first recombination suppression on the ancestral sex chro- 
osome at a ppr oximatel y 80 MYA ( Supplementary Table S19 ), fol-

o w ed b y spr eading the ancestr al X fr a gments acr oss the complex
ia a series of X-autosome translocations . T he species-specific X
platypus X4 and echidna X5) stopped its recombination around 

9 and 27 MYA, r espectiv el y ( Supplementary Table S19 ). 

 he e volution of sex-linked ampliconic genes 

ne of the notable features of the sex chromosome is that some
enes hav e under gone amplifications to pr oduce highl y identical
 > 99%) copies termed ampliconic genes (AGs) [ 35 ]. These genes
ave been observed to be organized as tandem arrays [ 36 , 37 ] or

nv erted r epeats described as palindr omes [ 38 ]. Pr e vious studies
av e r e v ealed the existence of AGs in both X and Y c hr omosomes

n therian and the Z c hr omosome in c hic ken [ 23 , 38–42 ], as well
s on the r ecentl y e volv ed X and Y c hr omosomes of D. miranda
 43 ]. Ho w e v er, to date, only limited information about genome ar-
 hitectur e is available for the Y chromosomes of the egg-laying
ammals [ 10 ]. Utilizing the gene annotation from the long-

ead 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 . T he 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 
ec hidna (pur ple) and platypus (or ange) Y c hr omosomes. Gr een, genes that are ampliconic in both species . T he 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. 
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latypus and echidna, we found 10 and 5 X-linked AGs and
2 and 11 Y-linked AGs, r espectiv el y ( Supplementary Tables S20
nd S21 ), in contrast to the large number of ampliconic genes
n eutherian mammals and c hic ken [ 40 , 44 ]. Our platypus and
chidna Y-linked AG dataset each contains 3 and 4 types of
e wl y r e ported Y-link ed AGs ( Supplementary Tables S20 and S21 ).
o w e v er, these AG numbers might be underestimated because

ome ma y ha v e been colla psed during the genome assembly. As
ound in human, great ape , mouse , and chicken, in monotremes ,
oth X and Y AGs were found to be pr edominantl y expr essed

n testis ( Supplementary Table S22 ), consistent with the pr e vi-
us finding from a small subset of these families [ 10 ]. Interest-
ngl y, onl y a few of them also testis-specific were expressed in
uman, suggesting that most of the genes were masculinized

n monotr emes onl y after becoming sex-linked ( Supplementary
able S23 ). 

Similar to the observation in the comparison between human
nd mouse ampliconic genes, in monotremes, most ampliconic
enes were independently amplified after their divergence about
5 million years ago [ 9 ] (Fig. 5 A, B). Only 1 X-linked ( DYNLRB2X s)
nd 3 Y-linked ( SYCP3Y s , RNF17Y s , and MED26Y s) AGs were shared
etween echidna and platypus. As expected, all these shared X-
ink ed and Y-link ed AGs are located on the ancestral sex c hr omo-
omes shared by platypus and echidna. The AGs shared between
he 2 monotremes should have evolved in their common ances-
or and are likely to be important for both species and have been

aintained through the degeneration process of the Y chromo-
omes . For example , we found the Y-linked AG SYCP3Y is amplified
n both platypus and echidna. SYCP3Y s is thought to e volv e fr om
n autosomal copy SYCP3 [ 10 ], which encodes protein to form the
ynaptonemal complex at meiotic prophase I [ 45 ]. In this study, we
urther confirmed that such duplications from autosomes were
ncestr al in monotr eme MRCA at the earl y sta ge of sex c hr o-
osome evolution ( SYCP3–SYCP3Y dS ∼0.7, Supplementary Table

24 , Supplementary Fig. S20 ). Inter estingl y, monotr eme SYCP3Y s
hares a higher sequence identity with SYCP3 in other mammals
han its autosomal paralog SYCP3 and harbors a newly evolved

otif that enables self-association and normal function in the
ynaptonemal complex [ 46 ]. Both SYCP3Y s are expressed predom-
nantly in testis (Fig. 5 C; Supplementary Tables S20 and S21 ).

an y pr oteins that act in meiotic and postmeiotic cells ar e highl y
r anscribed in pr emeiotic cells. Anal ysis of the platypus sper-

atogenesis single-nucleus RNA sequencing data [ 47 ] r e v ealed
hat SYCP3Y s is mainl y expr essed in spermatocytes, whic h ar e in
he meiosis I sta ge, wher e the sex c hr omosomes ar e pair ed and
hained [ 48 ] ( Supplementary Fig. S21 ). It may be that the amplified
YCP3Y genes e volv ed a male-specific function at meiosis associ-
ted with the formation of the complex sex c hr omosome c hain.
e hypothesized that these amplifications may be due to the need

or the unique pairing and segregation of the multiple sex c hr o-
osomes during male meiosis [ 21 , 22 ]. 

iscussion 

 high-quality genome is important for the understanding of evo-
ution, particularly the sex chromosome since it is difficult to se-
uence and assemble [ 8 ]. Analysis on monotreme genomes has
 e volutionized our understanding of mammalian sex c hr omo-
ome evolution, but we still lack a good understanding of how the
omplex monotreme sex chromosome system evolved. Here we
resented an improved chromosome-level short-beaked echidna
ssembly constructed from the latest sequencing technologies.
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This enables us to reconstruct the monotreme ancestral kary- 
otype and investigate the evolutionary trajectory of monotreme 
sex c hr omosomes in unpr ecedented detail. With the ne wl y im- 
pr ov ed ec hidna assembl y, we explor ed the differ ent e volution tr a- 
jectories of the specific species and the ancestral sex chromo- 
some in greater detail than was possible before . T he disco very 
of homologies for echidna Y3 and platypus Y5, with multiple X 

c hr omosomes and other Ys homologous only to their neighbor- 
ing Xs, supports the idea of r ecipr ocal tr anslocations 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 c hr omosome 
has alread y di verged ancestrally and the ancestral evolutionary 
str atum was spr ead acr oss the c hain via a series of autosome-X 

r ecipr ocal tr anslocations (Fig. 4 ). 
Multiple sex c hr omosome systems hav e 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 
ar e typicall y composed of 3 (triv alent) or 4 (quadriv alent) c hr o- 
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- 
v er ged. Suc h a complex r equir es pr ecise formation of a chain at 
meiosis and alternate segr egation. Indeed, pr e vious studies hav e 
shown that the sex c hr omosome c hain 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- 
tiall y arising fr om the e volution of the m ultiple sex c hr omosome 
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 c hr omosome complex or play a role in its organization.
Inter estingl y, pairwise dS v alues between SYCP3 and SYCP3Y are 
ar ound 0.7, whic h falls within the r ange of the pairwise dS v alue of 
the S0 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 c hr o- 
mosomes, pr edating the r ecipr ocal tr anslocation e v ents. It is pos- 
sible that the pr eada ptation by SYCP3Y acquisition facilitated the 
r ecipr ocal tr anslocations in sex c hr omosome e v olution b y fulfill- 
ing the r equir ement for alternate segregation of the sex c hr omo- 
some complex. Ampliconic genes have been discov er ed on the sex 
c hr omosomes of man y other species, suc h as mammals and fruit 
flies [ 40 , 43 ]. Se v er al e volutionary pr ocesses, including male ben- 
eficial mutation and meiotic conflict, have been proposed as the 
cause for this genomic e v ent [ 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 alternativ e segr egation 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 
indicativ e of r epr oductiv e function. This new and more com- 
plete echidna genome will continue to refine our understand- 
ing of sex c hr omosome e volution, or ganization, and function in 

monotremes and other mammals. 
ethods 

ample collection, genome sequencing, 
ssembling, and sex-linked sequence 

dentification 

chidna sample Emale12 was collected under AEC permits S- 
92006, S-032–2008, and S-2011–146 at Upper Barnard River (New 

outh Wales, Australia) during the breeding season, and the mus-
le sample was frozen into liquid nitrogen and used for PacBio
equencing. Other echidna genomic sequencing data, including 
0X, Bionano, and Hi-C, wer e obtained fr om Zhou et al. [ 9 ]. The
enome was assembled following the VGP assembly pipeline v.1.6.
enome completeness was e v aluated using B USCO (v5.7.1) ( RRID:
CR _ 015008 ) [ 55 ] and compleasm (v0.2.6) [ 56 ], a faster and more
ccur ate r eimplementation of B USCO, with mammalia_odb10 as
he database. Male and female Illumina short reads were ob-
ained from NCBI (male: PRJNA576333; female: PRJNA202404) and 

apped to the genome using BWA MEM (v0.7.17) [ 57 ]. Sex-linked
equences were identified with the same procedure described in 

hou et al. [ 9 ]. Briefly, male and female Illumina short reads were
apped to the new echidna assembly using BWA MEM with de-

ault parameters . Co verage was extracted with samtools (v1.9)
 RRID:SCR _ 002105 ) [ 58 ], normalized by the peak cov er a ge, and was
hen calculated in 5-kb windows with bedtools (v2.29.2) ( RRID:
CR _ 006646 ) [ 59 ]. Scaffolds ( > 10 kb) of over 60% of windows with
ormalized F/M cov er a ge r atio between 1.5 and 2.5 were identi-
ed as X-linked and between 0.0 and 0.3 as Y-linked. Cov er a ge of
andidate X- and Y-linked scaffolds was also visualized with gg- 
lot2 (v3.3.5) ( RRID:SCR _ 014601 ) and manually examined to de-

ineate the PAR within each scaffold. In addition, we further re-
oved possible false positives of the unplaced sex-linked scaf- 

olds, based on the inter action str ength under a 100-Kb resolu-
ion obtained from Hi-C, with the same method described in Yang
t al. [ 60 ]. Briefly, inter action str ength between eac h candidate’s
nplaced sex-linked scaffold and the assigned autosome and X/Y 

er e compar ed. We onl y k e pt the unplaced sex-link ed scaffolds
f its interaction with the assigned X/Y was significantly higher
han that with the assigned autosome (1-sided Wilcoxon rank- 
um test). We also visualized the Hi-C maps of each of these
caffolds and their assigned c hr omosomes with the hicexplorer
ac ka ge (v3.7.2) ( RRID:SCR _ 022111 ) [ 61 ] and manually confirmed
he results with the maps . T he estimated sex chromosome sizes
er e inferr ed using the same method as described in Rhie et al.

 8 ]. PARs were included for both X and Y completeness e v alua-
ion. For example, X1Y1 PAR and Y1 ×2 PAR were summed with
1 Y-Div and compared with the expected Y1 size to e v aluate the
ompleteness of Y1. We also collected echidna male-specific tran- 
cripts from Cortez et al. [ 10 ] to evaluate the completeness of the Y
ene dataset. Transcript sequences were mapped to the reference 
enome with BLAT (v319) ( RRID:SCR _ 011919 ) [ 62 ] with parameter
-fine.” Onl y ma pping r esults to Y-Div wer e k e pt. 

xamination of the Illumina-based assembly gap 

lling status in the PacBio-based assembly 

e used a similar method as Bickhart et al. [ 63 ] to identify the
ap-filling status in the PacBio assembly . Briefly , 500-bp fragments
pstream and downstream of each gap in the Illumina assembly
er e extr acted and then aligned back to the P acBio assembl y by
WA MEM ( RRID:SCR _ 010910 ) [ 57 ]. If a gap is too close ( < 200 bp)
o the end of the scaffold or its size is < 5 bp, the gap is excluded
n further analysis. If both fragments aligned successfully (align- 
ng rate > 70%) to the same scaffold in the PacBio assembly and
he intervening sequence of the PacBio assembly did not contain

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://scicrunch.org/resolver/RRID:SCR_015008
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https://scicrunch.org/resolver/RRID:SCR_022111
https://scicrunch.org/resolver/RRID:SCR_011919
https://scicrunch.org/resolver/RRID:SCR_010910
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ny ambiguous base (N), the gap was considered closed. If the 2
r a gments wer e aligned to differ ent scaffolds, the ga p was consid-
red a trans-scaffold break. If 1 or both fragments did not align to
 acBio assembl y, or the interv ening sequence contained the am-
iguous bases, the gap was considered open. 

AR identification with Hi-C 

 he abo v e method of sex-linked sequence identification can onl y
dentify PAR, which is assembled with X-Div or Y -Div . We found
hat 2 PARs (i.e., X3Y3 and Y3 ×4 PAR) cannot be identified based
n the above depth method from the echidna genome. Under the
eneral Hi-C assumption that the intrachromosomal interaction
s larger than the interchromosomal interaction [ 64 ], we therefore
sed the Hi-C interaction matrix to identify PAR sequences from
he unplaced scaffolds. We assume that, if an unplaced scaffold
s X3Y3 (or Y3 ×4) PAR, its interaction with X3 and Y3 (or Y3 and
4) should be stronger than the interaction with other sex c hr o-
osomes and autosomes . T hus , for each unplaced scaffold, we

xtracted its Hi-C interaction under a 100-Kb resolution with X3,
3 (or Y3, X4) and compared the dataset with the Hi-C interaction
ith each other anchored sex chromosomes as well as autosomes.

f the unplaced scaffold had a significantly higher Hi-C interac-
ion with X3 and Y3 (or Y3 and X4) than the Hi-C interaction with
 v ery other anc hor ed c hr omosome under the 1-sided Wilcoxon
 ank-sum test, we consider ed it the X3Y3 (or Y3 ×4) PAR. We also
ried this method in platypus to identify X4Y4 PAR, but no un-
laced scaffolds sho w ed significantl y higher inter action with the
nc hor ed X4 and Y4 when compared to other chromosomes. 

omparison between the platypus and echidna 

ssembly 

e used lastZ (v1.04.00) ( RRID:SCR _ 018556 ) [ 65 ] to align the new
c hidna assembl y to the platypus assembl y with par ameter set
–hspthr esh = 4500 –ga p = 600,150 –ydr op = 15000 –notr ansition.”
nl y alignments ov er 10 Kb wer e k e pt for plotting in Fig. 1 . Dot-
lot was generated with the custom Python script. To generate the
airwise alignment between sex-linked sequences, we also per-
ormed lastZ alignment between the 2 assemblies, with the pa-
ameter set the same as mentioned above and a matrix for closely
elated species. We confirmed the structural variants between the
 genomes with PacBio, 10X-linked reads, and Hi-C data. Since the
omology between echidna and platypus is not available for all
 hr omosomes [ 23 ], in this study, we assigned scaffolds to c hr omo-
omes based on the mashmap alignment between the 2 species,
xcept for the sex c hr omosome, whose nomenclatur e is based on
ens et al. [ 23 ] ( Supplementary Table S3 ). 

ncestral karyotype reconstruction 

e utilized the genomic information to reconstruct the an-
estral karyotype of monotremes with a similar method
s in Zhou et al. [ 9 ]. The Ornithorhynchus anatinus genome
GCF_004115215.2) was used as r efer ence and genomes of Bos
aurus (GCF_002263795.1), Choloepus didactylus (GCF_015220235.1),
allus gallus (GCF_016699485.2), Homo sapiens (GCA_000001405.28),
onodelphis domestica (GCA_000002295.1), Podarcis muralis 

GC A_004329235.1), Sarcophilus harrisii (GC A_902635505.1), Tachy-
lossus aculeatus , and Trac hem ys scripta elegans (GCF_013100865.1)
ere aligned to the r efer ence using lastZ with par ameter

et “–step = 19 –hspthresh = 2200 –inner = 2000 –ydrop = 3400
ga ppedthr esh = 10000” and a matrix for distantly related
pecies. Genomes were softmasked before running lastZ.
onserved segments among the species were extracted
rom the NET result with DESCHRAMBLER (git commit
8686dda39144f9d8223dce663aadf0621002643) [ 29 ] under a
00-Kb resolution, with the tree obtained from Timetree [ 66 ].
e r equir ed conserv ed segments to be uniquel y and univ ersall y

resented in all mammals but allo w ed segments missing or
uplicated in the reptilian out-groups. Ancestral karyotype re-
onstruction was performed with ANGES (v1.01) [ 67 ] for all nodes
fter mammal radiation, and we further curated the results
ccording to pr e vious r econstruction by FISH or a bioinformatic
ethod [ 9 , 14 , 27–29 ]. We also incor por ated pairiwise gene syn-

en y information inferr ed fr om MCScanX ( RRID:SCR _ 022067 ) [ 68 ]
o link the contiguous ancestral regions (CARs) at monotreme
RCA ( Supplementary Table S10 ). The length of the ancestral
 hr omosome was based on the length of the conserved blocks
n human. We also performed a reconstruction under a 500-Kb
esolution. T he o verall results were similar, except that there
as no conserved segment for platypus chrX4 and echidna chr27
ue to the 500-Kb threshold in monotreme ancestral karyotype
econstruction, and thus MON28 was not available in the result
 Supplementary Table S12 , Supplementary Fig. S9 ). Manual
uration was performed to link PAR with X/Y -Div , whic h wer e
epar atel y assembled in the genome. Rearrangement events from
onotreme MRCA to extant species were then inferred with
RIMM (v2.1) [ 69 ]. 

ex chromosome evolution 

hromosome painting with c hic ken genome sequence 
o obtain the orthologous information between monotreme
ex c hr omosomes and c hic ken genome, we aligned the c hic ken
enome (GCF_016699485.2) to eac h monotr eme genome with
astZ under parameter set “–step = 19 –hspthresh = 2200 –
nner = 2000 –ydr op = 3400 –ga ppedthr esh = 10000” and a matrix
or distantly related species. We only k e pt alignment ≥100 Kb.
aps between alignment were filled with adjacent alignment

esults and visualized with ggplot2 (v3.3.6). Since each PAR was
ssembled in 1 copy in the haploid genome, we duplicated the
AR alignments and placed each with X and Y c hr omosomes for
isualization. Y-linked scaffolds w ere or dered based on its length
uring visualization. 

onfirmation of platypus AMHX genomic coordinate 
latypus AMHX is not assembled in the genome
GCF_004115215.2) used in this study. To locate the position
f AMHX on chrX1, we extracted the AMHX located scaffold (Con-
ig22983) from another platypus genome (OANA5) and combined
t with GCF_004115215.2 to obtain a more complete assembly.
latypus Hi-C reads were aligned to this more complete genome
ith juicer (v1.6), and a hic file was generated. We split chrX1

nto 100-Kb nonov erla pping windows and calculated the sum of
he inter action str ength (normalized with the SCALE method) of
ach window under 10 Kb with Contig22983 using straw (v0.08).
uicebox (v1.11.08) ( RRID:SCR _ 021172 ) was used for Hi-C matrix
isualization. 

trata 

e used a similar method in Zhou et al. [ 9 ] to identify the
tr ata in ec hidna and platypus sex c hr omosomes. Briefly, r e-
eat annotation was obtained from NCBI; we performed addi-
ional repeat annotation using the Tandem Repeat Finder (v4.09)
 RRID:SCR _ 022193 ) [ 70 ] and Re peatMask er (v4.1.0) [ 71 ], where
he library was generated based on the respective monotreme
enome with RepeatModeler (v1.0.8) ( RRID:SCR _ 015027 ). Repeat

https://scicrunch.org/resolver/RRID:SCR_018556
https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
https://scicrunch.org/resolver/RRID:SCR_022067
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://scicrunch.org/resolver/RRID:SCR_021172
https://scicrunch.org/resolver/RRID:SCR_022193
https://scicrunch.org/resolver/RRID:SCR_015027
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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 + autosome gene 
pr otein sequences. Onl y Y genes best hit to X genes were k e pt, 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 ancestr all y or indepen- 
dently in the 2 species, we obtained the protein sequences of the 
X and Y gametologs, performed multiple sequence alignment by 
PRANK, conv erted pr otein alignment bac k 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 PRO TGAMMALGX.” Genecon v (1.81a) [ 76 ] was used to detect 
gene conversion signal from the alignment. 

Species-specific X evolution 

The platypus and ec hidna lastZ r esult gener ated abov e was used 

here to obtain the alignment of the Xs between the 2 species. Gene 
distribution on the region was visualized with pyGenomeTr ac ks 
(v3.7) [ 77 ]. N-masked X sequences were aligned to N-masked Y 

with lastZ under parameter set “–step = 19 –hspthresh = 2200 –
inner = 2000 –ydr op = 3400 –ga ppedthr esh = 10000” and a matrix for 
distantl y r elated species. We further filter ed the alignment to r e- 
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 nonov erla pped windows. X/Y identity on differ ent r egions 
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 
eac h str atum. Since the m utation r ates of male and female ar e 
differ ent, the r ate of XY sequence div er gence is not the same as 
the rate of divergence of an autosomal duplication. Ho w ever, they 
can be connected by the male mutation rate α, which is the ratio 
of the male and female mutation rates. Assuming the female mu- 
tation rate is μ f , the evolutionary rate of different chromosomes 
is 

A : 
α + 1 

2 
μ f 

X : 
2 + α

3 
μ f 

Y : αμ f 

The div er gence r ate of autosome and XY is 

Autosome : 
α + 1 

2 
μ f + 

α + 1 
2 

μ f = ( 1 + α) μ f 

XY : 
2 + α

3 
μ f + αμ f = 

2 + 4 α
3 

μ f 

T hus , similar to Ross et al. [ 41 ], the ratio of rates of XY and the 
autosome sequence is 

2 + 4 α
3 

μ f / ( 1 + α) μ f = 

2 + 4 α
3 + 3 α
We took the platypus autosomal div er gence r ate μAA (i.e., the
 utation r ate), 7 × 10 −9 /site/year from Martin et al. [ 78 ], and the

v er a ge male m utation bias α = 2 . 95 estimated by Link et al. [ 79 ].
he platypus XY div er gence r ate μXY is thus 8 . 15 × 10 −9 /site/year.

Assuming the molecular clock, the age of each stratum T can
e calculated as T = div/ μXY , where the divergence between X and
 div was inferred based on the pairwise X/Y lastZ alignments
ener ated abov e. We extr acted all alignments of eac h str atum,
 emov ed alignments that fell in coding regions or re petiti ve se-
uences identified by Re peatMask er and Tandem Repeats Finder

v4.09) [ 70 ], and concatenated them into a single sequence align-
ent. We only used X-Y3/Y5 alignment for the calculation of S0.
iv er gence was estimated with baseml in PAML pac ka ge (v4.8)

 RRID:SCR _ 014932 ) [ 74 ] under JC69 model, and the 95% confidence
nterval was estimated after 1,000 bootstraps. Divergence time of 
ac h str atum was calculated for eac h monotr eme, and for the an-
estr al shar ed str ata, we took the div er gence time calculated from
he larger alignment of the 2 monotremes in the main text. 

mpliconic region analysis 

e mainly follo w ed Makova et al. [ 80 ] to identify the ampliconic
egion by 3 methods: lastZ, blastn, and sequencing depth. To
etect palindrome ( ≥98% identity, arm length ≥8 Kb, spacer ≤500
b), we first performed lastZ alignment with parameter set “–self
format = gener al:name1,zstart1,end1,name2,str and2,zstart2 + , 
nd2 + ,id%,cigarx” and the palindr ov er obtained was used for
alindrome detection. We further required the repeat content 

n the candidate palindrome to be < 80%. Ampliconic region
rranged in the array was detected with the BLASTN method.
asically, the X-linked (or Y-linked) sequences were repeat- 
asked and split into 5-Kb windows with 2-Kb ov erla ps. We

LASTNed the sequence to itself, and only alignments with 

 50% aligning rate and > 99% identity were k e pt. We further
erged the segments and r equir ed a mer ged length ≥10 Kb.
e also considered depth information to identify ampliconic 

egions since the ampliconic regions might have collapsed during 
ssembling. Briefly, we mapped male resequencing reads to the 
enome with BWA MEM and calculated the mean sequencing 
epth of each 5-Kb window after correcting with GC content
ith deepTools (v3.5.1) ( RRID:SCR _ 016366 ) [ 81 ]. If the corrected

equencing depth of a nonPARX/Y windo w w as larger than or
qual to that of the autosomes, the window would be considered
 candidate ampliconic region. We required the repeat content 
n the candidate ampliconic region identified by depth to be
 80%. Ampliconic regions of the 3 methods were then merged
ith bedtools (v2.29.2) to obtain the final ampliconic region set.
enes with > 80% of the length ov erla pping with the ampliconic
 egions wer e consider ed ampliconic genes. Olfactory r eceptor
nd vomeronasal receptor genes were excluded since they were 
ound amplified in the whole genome and were not specifically
ex-linked [ 9 ]. 

RNA sequencing data of platypus and ec hidna wer e ob-
ained from NCBI with accession codes SRP000120, SRP102989,
RP233233, and SRP027593. Expr ession le v el as tr anscripts per
illion (TPM) was estimated with Kallisto (v0.46.1) [ 82 ] with

ar ameter “–bias.” Expr ession was normalized with DESeq2 
v1.31.16) ( RRID:SCR _ 015687 ) [ 83 ], and the gene expression tissue
pecificity was quantified as “tau” following the formula in Yanai 
t al. [ 84 ]. The expression profile of AGs in small nuclear RNA se-
uencing data of spermatogenesis was obtained from [ 47 ]. Human
xpression data were obtained from GTEx ( RRID:SCR _ 013042 ), and

https://scicrunch.org/resolver/RRID:SCR_006086
https://scicrunch.org/resolver/RRID:SCR_011798
https://scicrunch.org/resolver/RRID:SCR_014932
https://scicrunch.org/resolver/RRID:SCR_016366
https://scicrunch.org/resolver/RRID:SCR_015687
https://scicrunch.org/resolver/RRID:SCR_013042
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he tissue specificity index tau was calculated with the same ap-
r oac h described abo ve . 

dditional Files 

upplementary Fig. S1. Normalized depth distribution along ex-
mple X, Y, and autosomal sequences. 
upplementary Fig. S2. Using Hi-C interaction strength (100
b resolution) between unplaced scaffold and anchored
 hr omosomes to confirm which chromosome bears the scaf-
old. In echidna, higher interaction strength is observed
etw een scaffold_101_arro w_ctg1 and X3, Y3, as well as be-
w een scaffold_145_arro w_ctg1 and Y3, X4, suggesting that
caffold_101_arr ow_ctg1 and scaffold_145_arr ow_ctg1 could
e a X3Y3 PAR and Y3X4 PAR, r espectiv el y. Ec hidna scaf-
old_1_arrow_ctg1 has a higher interaction with both chr11 and
hr27, and thus its exact origin chromosome is unknown. In
latypus, scaffold_344_arrow_ctg1 has a higher interaction with
3, suggesting that this X-Div scaffold could be on X3. 
upplementary Fig. S3. Confirmation of an inversion artifact in
he Illumina-based echidna assembly with Hi-C data under a 50-
b resolution. Top heatmap: Hi-C map of the PacBio assembly;

eft heatma p: Hi-C ma p of the Illumina assembl y. The SV br eak-
oints are highlighted with red dashed lines. Pairwise interaction
trength in the four 200-Kb regions (a, b, c, and d) wer e extr acted to
onfirm the SV. In the P acBio assembl y, higher inter action was ob-
erved in a.vs.c than a.vs.d and b .vs.c; similarly, b .vs.d was higher
han b.vs.c and a.vs.d. Both suggest that the genome structure (c-
-b-d) in the P acBio assembl y is correct. In the Illumina-based as-
embly, a.vs.c > b.vs.c and b.vs.d > a.vs.d, but the order is c-b-a-d,
uggesting that this genome structure in the Illumina assembly is
rong. 
upplementary Fig. S4. Impr ov ement of the ne w ec hidna assem-
l y, e v aluated in contig length distribution (a), number of misas-
embly artifacts (b), BUSCO (c), and the number of bases (gap ex-
luded) in sex c hr omosomes (d). 
upplementary Fig. S5. Confirmation of interc hr omosomal ge-
omic r earr angement between platypus and echidna with Hi-
 data under a 500-Kb r esolution. Top heatma p: platypus;

eft heatma p: ec hidna. Coordinates of assembled telomer es ar e
arked with black triangles. 

upplementary Fig. S6. Confirmation of interc hr omosomal ge-
omic r earr angement between platypus and echidna with Hi-
 data under a 500-Kb r esolution. Top heatma p: platypus;

eft heatma p: ec hidna. Coordinates of assembled telomer es ar e
arked with black triangles. 

upplementary Fig. S7. Confirmation of intr ac hr omosomal ge-
omic r earr angement between platypus and echidna with Hi-
 data under a 500-Kb r esolution. Top heatma p: platypus;

eft heatma p: ec hidna. Coordinates of assembled telomer es
re marked with black triangles. Intrachromosomal SV break-
oints are highlighted with red dashed lines. Pairwise interaction
trength in the four 5-Mb regions (a, b, c, and d) were extracted to
onfirm the SVs. 
upplementary Fig. S8. Ancestral karyotype reconstruction un-
er a 300-Kb resolution. 
upplementary Fig. S9. Ancestral karyotype reconstruction un-
er a 500-Kb resolution. 
upplementary Fig. S10. Mapping of mammalian ancestral chro-
osomes to c hic ken c hr omosomes. Chic ken c hr omosomes ar e

olor-coded based on the homology of the mammalian ancestral
 hr omosomes. Some of the micr oc hr omosomes hav e no color as
hey are unable to map to mammalian ancestral chromosomes. 
upplementary Fig. S11. In silico c hr omosome painting of mam-
alian ancestral karyotype (a) and orthologous c hic ken se-

uences (b) to each echidna and platypus sex chromosome . T he
ecombination between PARs of X and Y is indicated by a bar (a)
nd crosses (b). We also labeled the genomic coordinates of the
utative sex-determining gene AMHX/Y . Note that since the an-
estr al r econstruction is built based on the genome with only au-
osomes and Xs, we were not able to map ancestral chromosomes
o the monotreme Y chromosomes. 
upplementary Fig. S12. Gametolog pair dS distribution for each
tratum. (a) No siginficant difference can be found among the dS
n S0_X1, S0_X2, S0_X3, and S0_X4 (note: platypus S0_X4 is on X5),
uggesting that they may form ancestr all y on a single c hr omome
ut then spread across the 4 ancestral Xs. (b) dS distribution for
ac h str atum after mer ging S0_X1, S0_X2, S0_X3, and S0_X4 (or
latypus S0_X5). Number in the br ac kets shows the number of
ametolog pairs . T he X c hr omosome locations ar e also noted for
ac h str atum. Note that in ec hidna, onl y the X or Y gametolog is
ound in S3 E ( Supplementary Table S15 ); ther efor e , no dS is a vail-
ble in the plot. We considered S1 and S2 as 2 differ ent str ata since
hey are located on 2 differ ent c hr omosomes, and both ar e signif-
cantl y differ ent fr om S0; ther efor e, their r ecombination suppr es-
ion was unlikely at the same time. Conclusion was drawn for S3P,
4P, and S5P for a similar reason. 
upplementary Figure S13: Alignment between echidna Y3 and
latypus Y5. 
upplementary F ig. S14. Ph ylogeny of S1 (a), S2 (b), and S3 P (c)
/Y gametolog and the orthologs. (a) S4 gametolog pairs are clus-

ered by sex chromosome instead of by species, and no gene con-
ersion is detected, suggesting that S4 originated before species
iv er gence. (b) While S2 gametolog pairs are clustered by species

nstead of by sex c hr omosomes, the bootstr a p is low and gene
onversion is detected between the X and Y of the same species,
uggesting that S2 likely evolved ancestrally before species diver-
ence. (c) S3 P gametolog pairs ar e cluster ed by species, but the
rthologs in echidna locate on the autosome, and ther efor e, we
onsider the XY div er gence ha ppened independentl y in platypus.
ed, X-linked gene; blue, Y-linked gene; black, autosomal gene.
ootstr a p is noted at the internal nodes. Strong gene conversion
ignal (gene conversion ratio > 10%) is marked by the link between
enes. Pseudogenes are marked with a “p” suffix. 
upplementary F ig. S15. Ph ylogeny of S4 P (a), S5 P , and S4 E (b)
/Y gametolog and the orthologs. Gametolog pairs are clustered
y species instead of by sex c hr omosomes, and little gene con-
ersion signal is detected, suggesting that these strata originated
fter species div er gence . Red, X-linked gene; blue , Y-linked gene;
lac k, autosomal gene; or ange , PAR gene . Bootstr a p is noted at the

nternal nodes. Strong gene conversion signal (gene conversion ra-
io > 10%) is marked by link between genes. 
upplementary Fig. S16. Normalized male and female sequenc-

ng depth in echidna chrX5, scaffold_344_arrow_ctg1 and platy-
us c hrX4, scaffold_1_arr ow_ctg1. Red: female; blue: male; green:
emale-vs.-male depth ratio (f/m). PAR and nonPARX on the as-
embled echidna X5 and platypus X4 are marked in the plot.
 he female-vs .-male depth ratio is around 2 in echidna scaf-

old_344_arrow_ctg1, and the normalized depth of female and
ale is around four and one, r espectiv el y, suggesting that the scaf-

old is a nonPARX but is collapsed during assembling. 
upplementary Fig. S17. Alignment of the species-specific
 and the autosomal sequences in the other monotreme.

a) Alignment between echidna chrX5:12,000,000–16,101,208
nd the homologous sequences in platypus chr12:46,200,000–
9,200,000 and scaffold_344_arr ow_ctg1:1–741,479. Blac k bar

https://academic.oup.com/gigascience/article-lookup/doi/10.1093/gigascience/giae112#supplementary-data
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indicates PAR. Duplicated genes encoding olfactory receptor 
( OR ), vomer onasal r eceptor 1 ( V1R ), and 2 ( V2R ) ar e shown in
blue, r ed, and or ange, r espectiv el y. 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 

ec hidna c hr27:1–1,000,000 and scaffold_1_arr ow_ctg1:2,300,000–
6,386,367. Black bar indicates PAR. 
Duplicated genes encoding olfactory receptor ( OR ), vomeronasal 
receptor 1 ( V1R ), 2 ( V2R ), and lipocalin ( LCN ) are shown in blue,
r ed, or ange, and gr een, r espectiv el y. X/Y identity is calculated in a 
1-Kb window and color-coded. (c) Alignment of the inversion and 

its upstr eam r egion in human, opossum, platypus, and echidna 
shows that the inv ersion ha ppened 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_ctg1). 
X/Y sequence identity is calculated in a 1-Kb windo w. Tw o-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 
inter action str ength in the four ∼5-Mb regions (a, b, c, and d) 
was extracted to confirm the translocation. Normalized male and 

female sequencing depth is also shown to indicate the involve- 
ment of a P AR-nonP ARX transition. Normalized male and female 
depth, as well as female-vs.-male depth ratio, is also plotted 

along the two X3. PAR and ga ps ar e marked as black and blue 
r ectangles, r espectiv el y. (b) Alignment of the translocation and 

its upstr eam r egion in human, opossum, platypus, and echidna.
Alignment of the translocation region is highlighted in red. Vi- 
sualized region includes human chr6:1,949,424–2,785,777, opos- 
sum c hr3:345,825,794–346,965,677, platypus: c hrX3:17,430,000–
18,000,000, and echidna chrX3:4,913,378–16,395,920. 
Supplementary F ig. S20. Gene ph ylogeny of SYCP3 s and SYCP3Y s.
Supplementary Fig. S21. The expr ession pr ofile 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); y ello w, other somatic cells. Plots were obtained 

fr om https://a pps.kaessmannlab.or g/SpermEvol/. Note that dif- 
fer ent annotations ar e used in Mur at et al. and this study, and 

ther efor e, 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 inter action str ength be- 
tween unplaced scaffold with sex c hr omosome 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; 
RANS: translocation; INVTR: inverted translocation; P: support 
o PacBio-based assembly; I: support to Illumina-based assembly.
upplementary Table S9. Gap-filling state in the echidna assem- 
ly. 
upplementary Table S10. CAR-ordered information during an- 
estr al karyotype r econstruction under a 300-Kb and 500-Kb r es-
lution. CAR: continuous ancestral region. 
upplementary Table S11. Reconstructed ancestral karyotype in- 
ormation under a 300-Kb resolution. 
upplementary Table S12. Reconstructed ancestral karyotype in- 
ormation under a 500-Kb resolution. 
upplementary Table S13. In silico c hr omosome painting informa-
ion between each monotreme and chicken. 
upplementary Table S14. The genomic coordinates of each stra- 
um. 
upplementary Table S15. X/Y gametolog pairs in monotremes. 
upplementary Table S16. Statistics of X/Y gametolog pairs num- 
er in monotremes S0. 
upplementary Table S17. The statistic of XY alignment. 
upplementary Table S18. Summary of gene conversion between 

 and Y. 
upplementary Table S19. The div er gence of eac h sex c hr omo-
ome in echidna and platypus. 
upplementary Table S20. Expression matrix of sex-linked genes 

n platypus (units in TPM). 
upplementary Table S21. Expression matrix of sex-linked genes 

n echidna (units in TPM). 
upplementary Table S22. The enrichment test of testis-specific 
xpression in ampliconic genes. Olfactory and vomeronasal re- 
eptor genes are excluded in the analysis. 
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