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Abstract
Whole-genome surveys of genetic diversity and geographic variation often yield unexpected discoveries of novel structural variation, which long-read DNA sequencing
can help clarify. Here, we report on whole-genome phylogeography of a bird exhib-
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neo-Z chromosome by long-read sequencing. Using short-read genome-wide SNPs,
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honeyeater (Entomyzon cyanotis), and the discovery and characterization of a novel
we inferred population divergence events within E. cyanotis across the Carpentarian
and other biogeographic barriers during the Pleistocene (~0.3–1.7 Ma). Evidence for
introgression between nonsister populations supports a hypothesis of reticulate evolution around a triad of dynamic barriers around Pleistocene Lake Carpentaria be-
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tween Australia and New Guinea. During this phylogeographic survey, we discovered
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some; and in E. cyanotis, the ancestral pseudoautosomal region (PAR) appears non-
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a large (134 Mbp) neo-Z chromosome and we explored its diversity, divergence and
introgression landscape. We show that, as in some sylvioid passerine birds, a fusion
occurred between chromosome 5 and the Z chromosome to form a neo-Z chromorecombinant between Z and W, along with most of the fused chromosome 5. The
added recombination-suppressed portion of the neo-Z (~37.2 Mbp) displays reduced
diversity and faster population genetic differentiation compared with the ancestral-Z.
Yet, the new PAR (~17.4 Mbp) shows elevated diversity and reduced differentiation
compared to autosomes, potentially resulting from introgression. In our case, long-
read sequencing helped clarify the genomic landscape of population divergence on
autosomes and sex chromosomes in a species where prior knowledge of genome
structure was still incomplete.
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I NTRO D U C TI O N

Phylogeographic patterns in this region are complicated by the
recurrent exposure and inundation of the continental shelf between

Revisiting classic phylogeographic study systems with genome-scale

Australia and Papua New Guinea (PNG) during the Pleistocene

data can shed new light on the genomics and history of species

(Joseph, Bishop, et al., 2019). Two transient migration routes existed

(Cutter, 2013; Edwards et al., 2015; Nielsen et al., 2017; Peñalba

for savannah and mangrove adapted species: one between CY and

et al., 2019; Stryjewski & Sorenson, 2017). Compared to multilocus

PNG as recently as 7 ka with sea levels 15 m below present; and a

phylogeography (e.g., Moritz et al., 2016) and the use of reduced-

second route between TE and PNG as recently as 12 ka with sea

representation genome sequencing (e.g., Harvey & Brumfield, 2015),

levels 55 m below present (Chivas et al., 2001; Kearns et al., 2011;

whole-genome phylogeography is most useful for discovery of

Reeves et al., 2007, 2008; Figure 1; Supporting Information). When

structural variation and inference of natural selection on specific

both land bridges were exposed, they were separated by a large

genomic regions (Brito & Edwards, 2009; Edwards et al., 2021).

inland lake, Lake Carpentaria, up to 250 km wide, 500 km long and

Whole-genome sequences provide an abundance of data and the

15 m deep on average (Jones & Torgersen, 1988; Reeves et al., 2008;

ability to choose specific, putatively neutral loci for historical de-

Yokoyama et al., 2001). The effects of gene flow cessation across

mographic analysis, although it is still unclear whether such data is

both migration routes is evident in conflicting phylogenetic pat-

superior for demographic inference compared to targeted locus data

terns across taxa. A general species-area hypothesis, represented

sets, such as ultraconserved elements (UCEs) or exon-capture. Long-

in Newick notation as ((KP, TE),((PNG,CY),EC)), originally proposed

read sequencing is currently expanding the domain of phylogeogra-

using cladistic methods (Cracraft, 1986), is often supported in phy-

phy beyond the monumental burst enabled over the last decade by

logenetic studies (Bowman et al., 2010; Edwards, 1993a; Peñalba

affordable genome-wide, targeted-locus sequencing. For example,

et al., 2019; Toon et al., 2017). However, certain taxa demonstrate

researchers have begun to use long-read sequencing across popu-

closer genetic affinity between the TE and PNG than between CY

lations to explore the microevolutionary significance of structural

and PNG – e.g. (((KP,TE), PNG), (CY,EC)) – despite the more recent

genomic variants (Beyter et al., 2020; De Coster et al., 2021; Rech

and frequent connections between the latter throughout the past

et al., 2022; Weissensteiner et al., 2020). A common strategy is to

2.5 million years (Dorrington et al., 2020; Pepper et al., 2017; Toon

use long reads to characterize unknown chromosomal rearrange-

et al., 2017; Williams et al., 2008; Wüster et al., 2005). Mitonuclear

ments in de novo genome assemblies and to combine these with

phylogenetic discordance in butcherbirds has led authors to hy-

short-read population sequencing to explore both the macroevolu-

pothesize introgression across the Arafura Shelf during Pleistocene

tion of genomic rearrangements as well as their microevolutionary

glacial maxima for taxa with deep CB divergence (Joseph, Bishop,

dynamics among populations. In this way, phylogeography in the era

et al., 2019; Kearns et al., 2011, 2014).

of long-read sequencing seems poised for even further integration
of population genomics and genome evolution.

Pleistocene sea level fluctuations, coupled with cyclic aridity in
the CB resulted in a triad of distinct but transient gene flow barriers

The biota of northern Australia and Papua New Guinea has long

around Lake Carpentaria to the east, west and south (Figure 1). This

been recognized as a valuable system for studying speciation, with

probably provided opportunities for introgression, however, previ-

diverse taxa subject to vicariance in parallel across common biogeo-

ous studies of Australo-Papuan taxa typically lack the genomic res-

graphic barriers (Bowman et al., 2010; Cracraft, 1986; Keast, 1961;

olution or appropriate geographic sampling to test such hypotheses

Mayr, 1940; Schodde & Mason, 1999). In birds, deep phylogenetic

using formalized introgression statistics (but see Kearns et al., 2014).

splits within species and between sister species are observed across

Secondary contact between PNG and TE for a species with a deep-

the Carpentarian Barrier (CB), a former large floodplain separat-

est divergence across the CB is predicted to leave a genomic signa-

ing Cape York (CY) and forests of the east coast (EC) from a series

ture of allele sharing between PNG and TE (potentially also KP) that

of sandstone escarpments to the west constituting the “Top End"

is independent of CY, even if there is more recent shared genetic his-

(TE) and Kimberley Plateau (KP; Jennings & Edwards, 2005; Lee

tory between PNG and CY. Other scenarios of gene flow across non-

& Edwards, 2008; Lamb et al., 2019; Peñalba et al., 2019; Toon

sister populations were possible during Pleistocene species range

et al., 2010). Divergence across the CB for savanna-adapted taxa is

fluctuations, and up to the present, in cases where reproductive in-

typically attributed to either the intrusion of the arid zone from cen-

compatibility was never established during range contractions.

tral Australia to the Carpentarian coastline during Plio-Pleistocene

Using whole-genome data, we aimed to examine phylogeo-

glacial maxima, or to the intrusion of the Carpentarian Gulf waters

graphic history and test the hypothesis of secondary contact

inland towards central Australia (Bowman et al., 2010). Divergence

across the Carpentarian barrier and Arafura Shelf for a system

times across the CB and other less prominent biogeographic barri-

exhibiting a classic distribution across northern and eastern

ers in the region (Figure 1; Bryant & Krosch, 2016; Cracraft, 1986;

Australia. For this work we chose the blue-f aced honeyeater

Edwards et al., 2017; Ford, 1978) are highly variable among taxa

(Entomyzon cyanotis), which we expect to have a phylogeographic

(Bowman et al., 2010; Edwards et al., 2016; Lee & Edwards, 2008);

history typical of codistributed taxa across this region (Figure 1). E.

secondary contact occurs regularly, reflecting the dynamic nature of

cyanotis is the only member of its genus and an ecological general-

these barriers to gene flow (Lee & Edwards, 2008; Lopez et al., 2021;

ist, found across a range of habitats including mangroves, swamp

Toon et al., 2010).

forests and savannah – habitats likely to have been formed on

|
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F I G U R E 1 Geographic range, genetic structure and phylogeny of the blue-faced honeyeater. (a) the distribution of three E. cyanotis
subspecies: cyanotis (green), griseigularis (blue) and albipennis (red). Brown shading indicates a hypothesized hybrid zone. Range map:
Wikipedia commons, adapted from Shodde and Mason (1999). Black circles represent approximate sampling localities. Five populations
identified in this analysis are depicted: East Coast (EC), Cape York (CY), Papua New Guinea (PNG), the Top End (TE), Kimberley plateau (KP).
Common biogeographic barriers in this region are marked as black lines: Bonaparte gap (1), Arafura shelf (2), Torres Strait (3), Torresian gap
(4), Burdekin gap (5), Carpentarian barrier (6). (b, c) PCA of autosome-wide SNPs for 24 individuals (points coloured by sampling locality),
with the top four PCs explaining 16.1, 10.2, 4.5 and 4.4%, respectively. (d) Population divergence time estimates showing the 95% HPD
(node bars) around the median obtained from 3,381 autosomal SNPs using SNAPP (Bryant et al., 2012). The time scale depicts temporal
dynamics of three key landmass configurations of Australia and New Guinea at sea levels 0, 15 and 55 m below present levels, which
putatively enabled range contiguity across the Torres Strait and Arafura shelf (Supplementary Text). Geological time scale is based on global
sea level reconstructions by de Boer et al. (2014).

newly established land masses (Ford, 1982; Norman et al., 2007;

cyanotis, based on observations suggesting interbreeding between

Schodde & Mason, 1999). Three subspecies are recognized, based

these subspecies (Peñalba et al., 2017; Schodde & Mason, 1999).

on phenotypic variation (Schodde & Mason, 1999) and supported

In the course of our phylogeographic survey using a short-read

by ddRAD data (Peñalba et al., 2019). The subspecies E. c. albipen-

de novo assembly, we discovered a neo-sex chromosome in E. cyano-

nis occurs west of the CB in tropical savannah, mixed eucalyptus

tis involving chromosome 5 (Chr5). This structural rearrangement in-

forests and pandanus-d ominated coastal habitats; E. c. griseigularis

volving the sex chromosomes adds to a growing list of avian neo-sex

is found on the Trans-Fly Peninsula of PNG and CY; E. c. cyanotis

chromosome systems (Dierickx et al., 2020; Gan et al., 2019; Huang,

occurs across most of the subtropical and temperate east coast

Furo, et al., 2021; Leroy et al., 2019; Pala et al., 2012; Sigeman

of Australia (Schodde & Mason, 1999). A hybrid zone is thought

et al., 2020), in a clade previously noted for karyotypic stability

to occur at the range intersection of E. c. griseigularis and E. c.

(Ellegren, 2010). We then generated a second de novo assembly of

4
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E. cyanotis using long-read nanopore sequencing data to character-

were expected to undergo hybridization (Peñalba et al., 2017), err-

ize the neo-Z chromosome and determine its structural similarity to

ing towards a sampling scheme in which sampled individuals would

other recently characterized neo-sex chromosomes in passerines,

likely represent their geographic population. Following best prac-

and provide a foundation for examining its macroevolutionary and

tices, all de novo genome assemblies and resequencing data gen-

phylogeographic history. Sardell (2016) reported on a likely neo-

erated in this study for the 26 individuals have associated museum

sex chromosome in the genus Myzomela of the honeyeater family

specimen vouchers (Table S1, Buckner et al., 2021).

(Meliphagidae) using ddRAD data, but did not characterize the locus
in detail. Our study thus presents the first well-characterized neo-
sex chromosome in the honeyeater family.
The context of reticulate evolution in E. cyanotis combined with

2.2 | De novo assemblies using short-and long-
read sequencing

our nearly chromosome-level assembly of this previously uncharacterized major genomic rearrangement provides a new opportunity

We first generated a de novo assembly from one male E. cyanotis

to explore the genomic landscape of diversity, divergence and in-

(museum voucher accession number: MCZ Orn 336010) using short-

trogression. Neo-sex chromosomes are potentially valuable for

read Illumina shotgun and mate-pair libraries and the ALLPATHS-LG

investigating the role of sex-linked genomic regions in speciation

assembly algorithm (Gnerre et al., 2011), following library prepara-

and adaptation (Bracewell et al., 2017; Kitano et al., 2009; Martin

tion steps outlined in Grayson et al. (2017; Supporting Information).

et al., 2020; Sardell, 2016). Yet, case studies are lacking from Z chro-

We aimed for a genome coverage of 55× by sequencing a short read

mosomes containing portions in which recombination with the W

library (220 bp) and a mate-pair library (3 kbp) across four sequenc-

has ceased very recently (Janes et al., 2009; Nam & Ellegren, 2008;

ing lanes using Illumina HiSeq 2500. We hereafter refer to the re-

Wright et al., 2014). Although theory predicts that the Z chromo-

sulting assembly as the “short-read assembly”.

some should carry lower genetic diversity and differentiate faster

We later generated a second de novo assembly from one female

than autosomes as populations diverge due to increased drift and the

E. cyanotis (museum voucher accession number ANWC B60257; mu-

possibility for linked selection (Bachtrog et al., 2011; Charlesworth

seum tissue accession number MCZ Cryo 149706) using long reads

et al., 1987; Pool & Nielsen, 2007), it is not clear from limited case

obtained from Oxford Nanopore PromethION and MinION ma-

studies (Mongue et al., 2021; Sigeman et al., 2021) whether or how

chines with the Flye (version 2.8.1-b1676) assembler (Kolmogorov

population genetic patterns and processes on different strata of

et al., 2019), and polished with the long reads using Medaka (https://

neo-Z chromosomes, including recently added portions, should vary.

github.com/nanoporetech/medaka; Oxford Nanopore Technologies

In addition, the existence of a new pseudoautosomal region (PAR)

Ltd.; Supporting Information). Flye is a haploid assembler with a

on the E. cyanotis neo-Z chromosome may provide a recombination

“nano-raw" option to account for the noisiness of raw nanopore

hotspot, with potential consequences for introgression and adapta-

reads as it collapses haplotypes. Medaka was designed to polish draft

tion (Janes et al., 2009; Otto et al., 2011). Thus, we further analysed

assemblies from Flye using a neural network approach on long reads

our population resequencing data to see what additional phylogeo-

in pileup format to identify and correct systematic errors. We did

graphic insights could arise from population genomic analyses of the

not polish the long-read assemblies with additional Illumina reads in

neo-Z chromosome.

part because we found that having high (>70×) nanopore read coverage and self-polishing with Medaka resulted in an assembly with

2
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2.1 | Fieldwork and specimens used

BUSCO completeness scores similar to other high quality avian assemblies (Table S4; Peñalba et al., 2020). We note that artefacts and
misassemblies such as frameshifts or homogenization of repetitive
regions and paralogues can sometimes arise from excessive polishing (Peona et al., 2021; Rhie et al., 2021). Additionally, software tools

Fieldwork in eastern Australia producing samples now in the care

like Medaka, Racon, and other long-and short-read-based polishing

of the University of Washington Burke Museum (UWBM) took

tools can sometimes fail to fix systematic errors, necessitating new

place in 2002 and were loaned as part of this study. Fieldwork in

polishing methods such as Homopolish, which instead leverage ho-

Western Australia and New South Wales leading to samples now in

mologues from closely related lineages (Huang, Liu, et al., 2021). Best

the care of the Museum of Comparative Zoology (MCZ) took place

practices on polishing nanopore-based assemblies will likely con-

in 2005 and 2019, respectively. Loans from the Australian National

tinue to evolve alongside the continued improvement of nanopore

Wildlife Collection (ANWC) and University of Kansas Museum of

sequencing accuracy. Our primary use of nanopore long-read as-

Biodiversity (KU) provided additional samples from across the geo-

semblies was to inform the structure of the neo-Z chromosome, and

graphic range, including PNG. Entomyzon cyanotis samples were cho-

to explore coarse-scale variation in population genetic parameters,

sen to span the entire geographic range including five major areas of

which is unlikely to be adversely affected by additional polishing.

endemism as defined by Cracraft (1986; EC, CY, PNG, TE, and KP),

Additional steps required to adequately assemble the neo-Z chro-

aiming for 3–6 individuals (6–12 alleles/haplotypes) per region. We

mosome are described below and in Results. We hereafter refer to

specifically avoided geographic regions where E. cyanotis subspecies

various iterations of this assembly as the “long-read assembly”.

|
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2.3 | Population resequencing, read mapping and
variant calling using the short-read assembly
Whole genome-resequencing was performed on 24 E. cyanotis
specimens across its geographic range, including the reference individual (Figure 1), as well as individuals from two species from the

5

neo-sex chromosomes, as we discovered during subsequent analyses (see Results and Figures S7–S9).

2.5 | Population genomic analyses based on the
short-read assembly

sister genus of Entomyzon, Melithreptus albogularis and M. lunatus
(Supporting Information). We aimed for a per-individual read cover-

We used ANGSD, ngsTools and related programs for subsequent

age of ~10× or slightly higher for a few of the individuals (Table S2),

population genetic analyses using genome-wide SNPs mapped to

sequencing all individuals across four lanes of Illumina HiSeq 2500

the short-read assembly (Fumagalli et al., 2013, 2014; Korneliussen

with paired end 125 bp read length. Reads were filtered and trimmed

et al., 2014). We performed PCA on a covariance matrix of genotype

for adapters using TrimGalore (https://github.com/FelixKrueger/

similarities among the 24 E. cyanotis samples based on ~6 million SNPs

TrimGalore), and quality was checked before and after trimming

from all autosomal scaffolds >100 kbp. Using ANGSD, heterozygosity

using FastQC to rule out systematic bias in quality between samples

per base pair (i.e., genetic diversity, π) and Tajima's D were calculated

(http://www.bioinformatics.babraham.ac.uk/projec ts/fastqc/).

for each population as was genetic differentiation (FST ) between

Reads of all individuals were mapped to the short-read assembly

populations and between subspecies. Only the male samples were

using BWA-MEM version 0.7.9 (Li & Durbin, 2009), after having first

used when performing these analyses on the neo-Z chromosome. We

marked remaining adapter content in reads using Picard Tools ver-

performed the ABBA-BABA test for site heterogeneity between four

sion 1.119 (http://broadinstitute.github.io/picard/). Duplicate read

taxa (Durand et al., 2011) for each of the 10 possible arrangements of

removal was performed using Picard Tools, and indel realignment

three taxa plus an outgroup that maintained the overall topology sup-

was performed using GATK version 3.7.0 (McKenna et al., 2010).

ported by our data. These tests produce the statistic “Patterson's D”,

Variant calling was performed using GATK joint genotyping of ei-

which was used to assess evidence for gene flow between nonsister

ther (a) 24 E. cyanotis samples (for population analyses), or (b) 24 E.

lineages in a trio of E. cyanotis populations. We used our M. albogularis

cyanotis samples plus 2 Melithreptus samples for analyses requir-

sample to designate the ancestral allele in all topology tests (ANGSD

ing an outgroup. On this SNP set, filtering was performed follow-

chose an allele at random from the outgroup if it was heterozygous

ing the GATK recommendations and checking distributions of the

at a relevant site) and selected one male sample with genome-wide

following metrics: QD > 2.00 (quality by depth), DP < 700 (per-base

coverage close to 9× to represent each population, to minimize any

depth of coverage, for all samples), −0.5 < BaseQRankSum < 0.5

possible bias resulting from coverage differences. Jackknife standard

(base quality), SOR < 3.0 (strand odds ratio, for detecting strand bias,

errors of Patterson's D were calculated using a block size of 100 kbp.

−4.0 < ReadPosRankSum < 4.0 (rank sum test of base calls relative to

Z-scores were used to assess the statistical significance of gene tree

proximity to read edge).

heterogeneity, taking an absolute value above 3 as an indication
of statistical significance (as in Patterson et al., 2012; Supporting

2.4 | Classification of Z-linked scaffolds in the
short-read assembly

Information). For all calculations except for estimation of windowed
π, we used the -sites flag in ANGSD to restrict analyses to only the
SNPs passing GATK filtering. The different treatment for π estimates
was implemented so that ANGSD used the appropriate number of

Male samples (homogametic -ZZ) were preferentially chosen for se-

callable bases per window as the denominator.

quencing over females which are heterogametic (ZW), as is typical

We used TreeMix (Pickrell & Pritchard, 2012) to infer population

in population genomic studies of birds. However, a total of seven fe-

splits and mixtures based on allele frequencies of autosome-wide

male specimens from three populations (TE, PNG, EC) were included

SNPs calculated for all populations and for both Melithreptus samples,

in the dataset due to limited availability of male samples as well as

and which passed filtering following the GATK best practices. Finally,

sex misidentification of three specimens, which we confirmed post

we used the program EEMS (Petkova et al., 2016) to produce inter-

hoc using sexing PCR (Fridolfsson & Ellegren, 1999). To initially con-

polated surfaces of spatial genetic variation and effective migration

fine our population studies to autosomal scaffolds, scaffolds belong-

rates using a heavily filtered set of ~68,000 autosome-wide SNPs. We

ing to the Z-chromosome of E. cyanotis were identified by calculating

filtered the SNPs for this analysis in order to find a SNP set that ful-

the per-scaffold coverage ratio of males to females using seven sam-

filled the assumptions of the EEMS distance matrix and also because

ples of each sex. Scaffolds were initially designated as linked to the

full genome-wide SNPs are not necessary for this particular analysis.

Z-chromosome if the per-scaffold coverage ratio of males to females
was close to 2, and if the difference in read count between sexes was
statistically significant (p < .05, following Lamichhaney et al., 2016).

2.6 | Estimates of divergence time

This method effectively removed all scaffolds with major synteny to
the zebra finch (Taeniopygia guttata) Z chromosome, but did not re-

Divergence times were estimated with SNAPP (Bryant et al., 2012)

move all sex-linked scaffolds due to the presence of relatively young

using a strict clock model and linked population sizes, following Stange

6
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et al. (2018) and Fang et al. (2020). To reduce run time, this analysis

branches of the population phylogeny. In this analysis, M. albogularis

was performed using 3381 SNPs across all autosomes filtered to re-

and M. lunatus were used as outgroups. All data sets have been de-

quire genotype calls for 90% of individuals per site and to exclude

posited in relevant databases, including ancillary data deposited in

SNPs closer than 1 kbp. Additionally, a constraint tree was used to pre-

Dryad [data set] (Edwards et al., 2022).

vent the MCMC from exploring topologies other than that supported
by clustering of the population genetic dissimilarity matrix from the
full autosomal SNP set using the neighbour-joining method (Saitou &
Nei, 1987) implemented in the R package, APE (Paradis et al., 2004;
Supporting Information). A prior of 1.8 Ma with a standard deviation of

3
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3.1 | Entomyzon cyanotis genome assemblies

0.2 was placed on the divergence time across the Carpentarian Barrier,
following the only available previous estimate for Entomyzon across

The short-read assembly used a total of 79.5 GB of raw data, includ-

this same barrier based on mtDNA (Toon et al., 2010). A generation

ing ~360 million reads from the fragment library and ~450 million

time of 2 years was assumed based on reports of ~1.5 year maturation

reads from the mate-pair library. We obtained 64.5× coverage and

time of adult facial coloration and breeding over several years (Higgins

produced an assembly totaling 1.03 Gbp, representing 93.6% of the

et al., 2020). We acknowledge that generation time is critical for esti-

estimated genome length of 1.1 Gbp, and with a contig and scaffold

mating divergence times accurately and that more precise estimates

N50 of 168 kbp and 4.6 Mbp, respectively, which places it in the top

of generation time, ideally based on demographic data, are needed for

31% of short-read avian assemblies reviewed in Bravo et al. (2021)

such analyses (Bakker et al., 2022; Jonasson et al., 2022).

as of January 2021. This assembly contains 94.5% complete benchmarking orthologues in the BUSCO avian set aves_odb9 (Simão

2.7 | Population genomic analyses of the neo-Z
chromosome using the long-read assembly

et al., 2015; Table S4), and contains 507 scaffolds larger than 100
kbp (of 3504 total), which we have analysed in population genomic
analyses presented here unless otherwise stated. We generated
the long-read assembly from 7.1 million long reads (mean cover-

We mapped filtered reads from all male samples (n = 17) to a sub-

age 72×) sequenced on PromethION and MinION with a combined

set of scaffolds in the long-read assembly representing the neo-Z

read length N50 of 16,771 bp (Table S3). The prepolished long-read

chromosome and Chr1A. Chr1A was chosen to represent autosomes

assembly had a fragment (assembled contigs and scaffolds) N50

because it is similar in length to the ancestral Chr5 as well as the

of 28.9 Mbp and total length of 1.082 Gbp, and contains 90.1% of

ancestral-Z chromosome, and it is acrocentric (in zebra finch) like

benchmarking orthologues (present and complete) from the BUSCO

Chr5 (Dos Santos et al., 2017). Read mapping, duplicate removal and

aves_odb9 database (Table S4; Simão et al., 2015).

indel realignment were performed as described above for genome-
wide sequencing data mapped to the short-read assembly. In this
case, however, variant calling was performed using Samtools mpileup (Li et al., 2009). A different set of bioinformatic tools was used

3.2 | Population structure and
phylogenetic inference

for SNP calling and analysis using the long- and short-read assemblies because pixy, unlike ANGSD, provides a formalized approach

The per-sample sequencing depth among the 24 resequenced

to calculate dXY and because Samtools was a faster way to obtain the

Entomyzon individuals ranged from 7.33 to 38.85 (mean = 11.22),

input files for pixy and Dsuite than GATK. We used pixy (Korunes

calculated as the total number of bases with Q ≥ 30, divided by the

& Samuk, 2021) to estimate genetic diversity within and between

estimated genome length for E. cyanotis (1.1 Gb). A principal com-

populations (π and dXY, respectively) in nonoverlapping 50 kbp win-

ponent analysis (PCA) based on approximately 6 million autosomal

dows on specific regions of the neo-Z chromosome (see Results) and

SNPs shows that geography is a major factor influencing genetic

Chr1A. The Dsuite program (Malinsky et al., 2021) was used to cal-

differentiation in E. cyanotis (Figure 1). The first two principal com-

culate introgression statistics separately for those genomic regions

ponents (PCs, total variance explained = 26.3%) together separate

in 3000-SNP windows, rather than fixed-size windows, to avoid bias

samples into three main clusters corresponding to E. cyanotis sub-

in the power to detect introgression caused by sample size variation.

species based on morphological variation (Schodde & Mason, 1999),

In contrast to the analysis implemented in ANGSD, Dsuite utilizes all

mitochondrial (ND2) data (Toon et al., 2010) and RAD sequencing

samples in a population rather than a single individual per popula-

data (Peñalba et al., 2019). Clustering of samples within subspecies

tion. The modified f statistic, fdM, is reported in these tests because it

was also evident in the first two PCs, but more prominently in the

has less variance than Patterson's D in small genomic windows; posi-

third and fourth PCs (total variance explained = 8.9%). Five popula-

tive and negative values reflect introgression between P3–P2 and

tions identified by PCA are monophyletic, based on a neighbour-

P3–P1, respectively, for a trio of populations defined as ((P1,P2),P3)

joining tree obtained with autosome-wide SNPs (Figure S4).

(Malinsky et al., 2015, 2021; Martin et al., 2015). For significant

Using SNAPP and priors on divergence time from previous work,

f4-ratio tests (p < .01) in Dsuite, f-branch statistics were used to as-

we estimated that E. cyanotis diverged across the Carpentarian

sign introgression evidence from f statistics to internal or external

Barrier approximately 1.70 Ma (95% highest posterior density [HDP]:
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1.04–2.38 Ma), based on a coalescent model that assumes no gene

rapidly per unit area than the range-wide average rate – covers the

flow after divergence, fixed population size and a generation time of

CB and eastward to the broadly defined Torresian Gap, dividing the

2 years (Figure 1d). The mean estimate of CB divergence time was

three recognized E. cyanotis subspecies (Figures 2d and S5). The ef-

reduced to 1.5 Ma when the standard deviation of the prior was in-

fective diversity surface generally recapitulates higher diversity to-

creased from 0.2 to 0.4; however, the following estimates were more

wards the geographic centre of the E. cyanotis range, albeit divided

robust to this change. We estimated divergence between the sub-

by the Gulf of Carpentaria (Figures 2e and S5). The EEMS analysis

species griseigularis in CY-PNG and cyanotis in EC at approximately

also demonstrated that the genetic structure in E. cyanotis is unlikely

0.27 Ma (95% HDP: 0.01–0.64 Ma; Figure 1d). Based on present-day

due to isolation by distance.

distributions, these subspecies likely diverged across a barrier in the
region of the Torresian and Burdekin Gap (Figure 1), although our
sampling does not allow us to rule out divergence across the Torres

3.4 | Tests of introgression on genome-wide SNPs

Strait followed by subsequent migration into CY before a second
split across the Torres Strait. Divergence times within subspecies

We ran ABBA-BABA tests for each of the 10 possible 4-t axon topol-

grisiegularis, between CY and PNG, likely occurred in the past 123

ogies possible with five E. cyanotis populations, given the phylogeny

ka based on the 95% HPD (Figure 1d). This divergence is consistent

inferred from genome-wide SNPs, with M. albogularis used to desig-

with reduced gene flow caused by the inundation of Torres Strait,

nate the ancestral allele in all cases. From across the autosomes, tests

which most recently occurred approximately 7, and 130 ka before

used ~844,000 (±50 K) biallelic SNPs per topology test (Table S5). An

that (Figures 1d and S3). Divergence time within subspecies albipen-

excess of ABBA sites in the topology test (((PNG,CY),EC),O) indicates

nis, between KP and TE, is spatially consistent with hypothesized

the occurrence of gene flow between CY and EC, independently of

barriers in the region of the Bonaparte Gap and occurred in the past

PNG (D = 0.07; Z = 23.3; Figure 3a). Similarly, an excess of ABBA

98 ka based on the 95% HPD (Figure 1d).

sites in the topology test (((EC,CY),TE),O) indicates the occurrence
of gene flow between CY and TE, independently of EC (D = 0.10;

3.3 | Population genetic diversity and
differentiation

Z = 38.1; Figure 3a). Given that a similar result to the previous test
– (((EC,CY),TE),O) – is obtained by replacing CY with PNG and/or
replacing TE with KP (Table S5), these four tests together indicate
that gene flow occurred between E. c. griseigularis and E. c. albipen-

Autosome-wide genetic diversity (π) varies from 0.0019 (EC) to

nis since the former diverged from cyanotis and prior to splits within

0.0031 (TE and CY; Figure 2a; Table S7). The EC population has

griseigularis and albipennis (Figure 3a). However, in the topology test

substantially lower π than other populations, with median π close

(((PNG,CY),TE),O), a small but statistically significant excess of BABA

to or less than the lower quartile of other populations (Figure 2a;

sites indicates that gene flow also occurred between PNG and TE

Table S7), which may reflect a historical EC population size reduc-

independently of CY (D = −0.01; Z = −3.13; Figure 3a; Table S5). The

tion. Tajima's D is positive in most 50 kbp windows of autosomes

TreeMix model with two migration edges provided the greatest re-

for KP, PNG and EC, while the median Tajima's D is marginally below

duction in the residual error matrix, supporting gene flow from an

zero for TE and CY (Figure 2b; Table S7).

ancestor of the EC population into CY and from the common ances-

Pairwise genetic differentiation (FST ) between the subspecies
is expected to mirror relative divergence times in the absence of

tor of CY and PNG to the common ancestor of TE and KP (Figures 3b
and S6).

genome-wide effects of introgression, selection or population size
fluctuations. This expectation is met on the Z chromosome but not
on autosomes (Figure 2c). On the Z chromosome (see below for
characterization of the ancestral- and added- portions), differentia-

3.5 | Evidence for an autosome-Z fusion from
male/female resequencing

tion is, as expected, lowest between the most recently diverged subspecies pair griseigularis–cyanotis (ancestral-Z median FST = 0.237).

During preliminary analyses of population genetic structure de-

Whereas, on autosomes, differentiation between recently diverged

scribed above, we discovered 10 scaffolds summing to 37.2 Mbp in

griseigularis–cyanotis (median FST = 0.159) is slightly higher than be-

the short-read assembly (of the scaffolds >100 kbp) that starkly con-

tween albipennis–griseigularis (median FST = 0.152; Figure 2c). This

flicted with the genome-wide pattern of population genetic struc-

discrepancy may be caused by autosome-biased introgression be-

ture, most readily observed in PCAs restricted to those scaffolds

tween albipennis and griseigularis that would reduce differentiation

(Figure S7). We performed sexing PCR on all samples and found

between them relative to the albipennis–cyanotis comparison (me-

that sex was the driving factor of genetic structure on these scaf-

dian FST = 0.244; Figure 2c).

folds (Figure S7; Supporting Information). These scaffolds were not

In general, spatial patterns in genetic diversity and differentia-

characterized as sex-linked in our protocol for identifying Z-linked

tion are recapitulated in estimated effective migration and diversity

scaffolds due to equal read depth from male and female samples,

surfaces generated using EEMS (Petkova et al., 2016). A broad region

yet they showed higher SNP density for females in a VCF generated

of low effective migration – where genetic similarity declines more

assuming diploidy in variant calls (Figure 4; Supporting Information).
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F I G U R E 2 Spatial patterns in genetic diversity, differentiation and migration. (a, b) the distribution of nucleotide diversity per base
pair (π) and Tajima's D for E. cyanotis populations across all autosomes in 50 kbp windows. (c) the distribution of weighted FST between E.
cyanotis subspecies in 50 kbp windows, comparing the autosomes, ancestral-Z chromosome, and the recombination-suppressed (RS) portion
of the added-Z. (d) Interpolated surface of genetic diversity (q) on the log10 scale. (e) regions where the interpolated migration rate (m) is
significantly different to the mean. Boxplots depict the median (centre bar), 95% confidence intervals (notches) in (a, b), interquartile range
(IQR; box extents) and the extent of values <1.5*IQR beyond box edges (whiskers), with the outliers removed for clarity. Plots d and e were
generated using the package EEMS (Petkova et al., 2016).

In addition, alignments between the short-read assembly and zebra
finch genome (tgut3.2.4) showed that the 10 sex segregating scaf-

3.6 | Further resolution of the neo-Z from long-
read sequencing

folds are homologous to zebra finch Chr5 (Figure 4). We found evidence of physical linkage between Chr5 and a small portion of Z on

The initial long-r ead assembly of a female was highly contiguous

scaffold 31 of the short-read assembly as well as a transition between

(ONT-F lye, contig N50 = 28.9 Mbp, Table S4), with the stark ex-

autosomal and sex-linked sequence on scaffold 161 (Figures S8 and

ception of a highly fragmented (387 contigs, 1 scaffold) 37.2 Mbp

S9). These patterns suggested a neo-Z fusion and a physically linked

region homologous to zebra finch Chr5 (Figures 5 and S1). The

PAR region, although with only these data at the time, we could not

version of this long assembly that was polished with Medaka and

rule out misassembly errors. We therefore generated an independ-

used in subsequent analyses is ONT-F lye-M edaka-v1 (Table S4).

ent long-read assembly to verify this possibility.

We defined the portion of Chr5 that putatively fused to the Z in

|
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F I G U R E 4 Evidence for a neo-Z chromosome from the short-
read assembly and population resequencing. The scatterplot shows
the per-scaffold SNP density sex ratio plotted against the read
coverage sex ratio for scaffolds >100 kbp (n = 507). High SNP
density f:m in some scaffolds syntenic to zebra finch Chr5 occurs
because reads from both added-W and added-Z mapped to the
male reference genome (demonstrated by equal m:f coverage),
leading the genotyping algorithm to call heterozygous sites
wherever the added-W and added-Z differ. Note that the ancestral
W chromosome is highly degenerated so that those reads tend not
to map to Z-linked scaffolds. Colours represent scaffold homology
to zebra finch (Tgut 3.2.4) Chr5 (red), other autosomes (black) and Z
chromosome (blue). Grey points represent E. cyanotis scaffolds that
share homology to more than one scaffold of Tgut 3.2.4, even if
belonging to the same chromosome.

TE

syntenic to Zebra Finch Chr5 was 70.3 Mbp, only ~8.7 Mbp larger

KP

than the length of zebra finch Chr5 (61.6 Mbp), indicating that

KP
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0.00
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the recombination-s uppressed (RS) region of the added-Z /W
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0.15

0.20
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F I G U R E 3 Inference of recent and ancient admixture. (a) ABBA-
BABA results showing evidence for asymmetric gene flow in four
topology tests (remaining six topology tests shown in Table S5).
Patterson's D is statistically significant in all cases (|Z| > 3). (b)
TreeMix graph with two migration edges coloured by migration
weight.

(37.2 Mbp) was mostly not assembling into separate haplotypes,
unlike the highly diverged ancestral-Z and W. We inferred that
recombination between added-Z and -W had been suppressed in
this 37.2 Mbp region from the highly elevated SNP density in females compared to males. Henceforth we will refer to this region
of the neo-Z as “added-Z-R S”.
To improve the fragmented, collapsed, and likely chimeric assembly of the added-Z, we therefore isolated PromethION reads from
this region and mapped them to the homogametic (male) short-read

E. cyanotis as the “added Z”, following the terminology of Sigeman

assembly using Minimap2 (Li, 2018), focusing first on the scaffolds

et al. (2021). The other haplotype would then be called the “added

determined to be sex-linked and syntenic to zebra finch Chr5 (see

W” because it can no longer segregate randomly with respect to

Figures 4 and S8). Using BLAST-like percent identity (Figure S2) and

sex and, regardless of its fusion status, must be inherited with

the recombining PAR of the added-Z/W as a control, we were able

the ancestral W to avoid major genomic imbalances (Beukeboom

to isolate reads specific to the added-Z, and, after two rounds of

& Perrin, 2014). We speculated that this 37.2 Mbp region of

assembly, mapping, and polishing, generated two refined assemblies

Chr5 was likely fragmented due to the level of divergence be-

of the added-Z. We termed these versions of the long-read assem-

tween the added-W and added-Z – lower than between ances-

bly using an abbreviation for Oxford Nanopore Technology (ONT):

tral sex chromosomes but higher than between typical autosome

ONT-addedZ-v1 and ONT-addedZ-v2 (Figure 5). The final assembly

pairs (Figure S2) – which would lead to fragmentation as the

of the added-Z (ONT-addedZ-v2) was 62.18 Mbp and consisted of 4

haploid assembly algorithm attempted collapse the haplotypes

fragments, the largest (contig 4) being 55 Mbp, which we focus on

(Guiglielmoni et al., 2021). The total length of the 388 fragments

here (Figure 5; Supporting Information).
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Added-Z recomb.Added-Z/W
suppressed
Non-recombining

new PAR

1

C5

ONT-Flye
387 congs, 1 scaffold
(251 congs < 162 kb not pictured)

2

3

ONT-addedZ-v1
5 congs

ONT-addedZ-v2
2 congs, 1 scaffold
Cong 4

Cong 14

Scaffold 13

Aligned to tgut2_mat.v3 Chromosome 5

F I G U R E 5 Refinement of the long-read added-Z assembly. The region of the added-Z which no longer recombines with the added-W
(added-ZRS) was highly fragmented in the initial long-read assembly, which contained a total of 387 contigs and 1 scaffold homologous to
zebra finch Chr5, summing to 70.34 Mbp. Of these, 251 contigs (summing to 11.3 Mbp) were not visualized with Satsuma and likely included
added-W or chimeric added-Z/W haplotypes (Figures S1 and S2). After filtering and assembling added-Z reads (see Results and supporting
information), the ONT-addedZ-v1 assembly contained 5 contigs. ONT-addedZ-v2 (assembled from filtered reads mapping to ONT-
addedZ-v1) contained 2 contigs and 1 scaffold (one contig <6 kp was removed). ‘C5’ denotes unplaced autosomally-behaving fragments that
are not physically connected to the new PAR in ONT-addedZ-v2 (contig 14 and scaffold 13).

61.5
Zebra Finch Chr5

5

0 0

*

PAR

28
Zebra Finch Z

Blue faced Honeyeater Added Z
0

17.4

Blue faced Honeyeater Ancestral Z
55 5.5 0

Cong 4

72 Mbp

0 1.6

0

52 Mbp
Scaffold 430 (largest scaffold)

Cong 14 Scaffold 13

Hypothesized Neo Z Structure in Blue faced Honeyeater
Added Z

Ancestral Z

Recombinaon suppressed added Z

Recombinaon suppressed ancestral PAR

Recombining new PAR on added Z

Ancestral PAR synteny

* Approximate locaon of centromere
Unplaced and homologous to Chr5

F I G U R E 6 Evidence for the physical structure of the E. cyanotis neo-Z chromosome based on synteny to zebra finch (bTaeGut2.Mat.
v3). The largest of three contigs in ONT-addedZ-v2 (contig 4) is almost entirely syntenic with zebra finch Chr5 (q-arm) with the exception of
380 kbp that is syntenic with zebra finch Z-PAR. Around this putative point of Z-autosome fusion, ancestral PAR is nonrecombinant between
Z and W in E. cyanotis, along with 37.2 Mbp of the added-Z, while 17.4 Mbp of contig 4 displays characteristics of a “new” PAR. We cannot
ascertain whether a drastically truncated Chr5 exists in E. cyanotis, comprised of scaffold 13 and contig 14 that are approximately syntenic
to the p-arm and centromeric region of zebra finch Chr5, or whether these regions are physically linked to the neo-Z but failed to assemble
with the larger contig. Synteny visualized with FastANI (Jain et al., 2018). Centromere locations derived from Knief and Forstmeier (2016).
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3.7 | Resolving the structure and
fusion of the neo-Z with synteny mapping and
multispecies alignments

11

again suggested that the end of contig 4 contains a putative fusion
point between Chr5 and ancestral-Z on the PAR end (Figure 7). In
all assemblies except zebra finch (which is chromosome-level), the
PAR scaffolds were small and unplaced, suggesting that this region

Using Satsuma (Grabherr et al., 2010), we performed synteny map-

is generally hard to assemble in most species and may help explain

ping between the short- and long-read assemblies and determined

why we could not assemble a longer pseudomolecule of the entire

that the first 17.1 Mbp of contig 4 from ONT-addedZ-v2 consti-

neo-Z even with long reads. This analysis also suggested that the

tutes part or all of the new PAR (Figure S10). The rest of contig 4 is

Entomyzon neo-sex chromosome system is absent in the superb

syntenic to the 10 sex-linked scaffolds identified in the short-read

fairywren (Malurus cyaneus; Peñalba et al., 2020), which is estimated

assembly (Figures S8 and S10). Synteny mapping the long-read

to have diverged from Entomyzon 30 Ma (Oliveros et al., 2019). We

added-Z assembly (ONT-addedZ-v2) to zebra finch (bTaeGut2.mat.

also unexpectedly found that the previously described neo-sex

v3) indicated that the majority of contig 4 is homologous to the q-

chromosome fusion involving Chr5 and Z-PAR in the horned lark

arm of the acrocentric Chr5 in zebra finch (Figure 6), where the cen-

(Eremophila alpestris) and Eurasian skylark (Alauda arvensis; Dierickx

tromere is designated as near the beginning of the chromosome (Dos

et al., 2020; Sigeman et al., 2019; Sigeman, 2021) involved the same

Santos et al., 2017; Knief & Forstmeier, 2016). At the end of contig

region on the translocated Entomyzon Chr5, despite these being in-

4 (at 54.6 Mbp), a 380 kbp region is syntenic to the beginning of the

dependent translocation events (Figure 7).

Z chromosome in zebra finch, which is the location of the ancestral
PAR (Ponnikas et al., 2022; Figure 6).
We then performed a multispecies pairwise alignment using
AliTV (Ankenbrand et al., 2017), focusing on the putative fusion

3.8 | Diversity, differentiation and evidence for
introgression across the neo-Z chromosome

point between Entomyzon Chr5 and the ancestral-Z-PAR (Figures 7
and S11). We aligned this region in seven species, including the zebra

Using our long-read assembly, we characterized variation in genetic

finch and collared flycatcher, for which the PAR scaffolds were

diversity, differentiation and evidence for introgression along two

known a priori (Ponnikas et al., 2022; Smeds et al., 2014). This analysis

contigs representing the near-complete neo-Z chromosome, and

CM018236: 10.5– 11.2 Mbp
Zebra Finch

VOHI02000204 (551 Kbp)

Chr5

W-PAR

CM018259: 1 – 480 Kbp

Z-PAR

Collared
Flycatcher

Barn Swallow
Sylvioidea

Eurasian
Skylark

Horned Lark

Meliphagoidea

Blue-faced
Honeyeater

CADDXX010000025.1: 1—1.35 Mbp

WMCF01000023.1: 7.3 — 8.5 Mbp

contig_4_segment0: 53.6 – 55 Mbp

Homologous to Zebra Finch Chr5
Homologous to Zebra Finch PAR

Superb
Fairywren

Link Identity (%)

F I G U R E 7 Convergent translocations involving Chr5 and the Z-PAR in E. cyanotis and larks (Alaudidae in Sylvioidea sensu Sigeman, 2021).
Pairwise alignments of 7 songbird genome assemblies focusing on the end of contig 4 (53.6–55 Mbp) where the putative point of fusion
between Chr5 and Z-PAR occurs in ONT-addedZ-v2. Neo-sex chromosomes have been described in Sylvioidea where all species carry a
translocation between Chr4A and Z/W, which additionally involves Chr5 and Chr3 in most or all lark species (Sigeman et al., 2019). We
discovered that the Chr5-Z-PAR fusion point in the male horned lark assembly (CLO_EAlp_1.0) and in the male Eurasian skylark assembly
(GCA_902810485.1_skylark_genome) occurs in the same place as E. cyanotis, indicative of a convergent fusion between Chr5 and Z-PAR.
The alignment was created with AliTV (Ankenbrand et al., 2017).
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three contigs representing Chr1A as a control (Figure 8). Mean
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fdM ((PNG,CY),EC) > 0 (mean fdM ((PNG,CY),EC) = 0.024, IQR = 0.010–0.039;

π across populations in 50 kbp windows varies significantly be-

Figure 8c,h). Evidence for introgression is also evident across Chr1A,

tween the new PAR and the added-Z-RS, the ancestral-Z-PAR, the

albeit with lower mean and more variability across windows (mean

ancestral-Z and Chr1A (one-way ANOVA; F4,3517 = 179.3; p < .001;

fdM

Figure 8a). Post hoc tests showed that means of π from all regions

Figure 8c,h). By contrast, added-Z-RS does not show a strong or

((PNG,CY),EC)

= 0.015, IQR = −0.005–0.035, n = 145 windows;

differ except that the ancestral-Z-PAR is not different to either the

consistent signal of this recent introgression (Figure 8c). Evidence

added-Z-RS or the ancestral-Z (Tukey's post hoc p < .05 for all other

for introgression in the topology test ((EC,CY),TE) –a test supporting

comparisons; Figure 8a), suggesting that the ancestral-Z-PAR is af-

ancient gene flow between albipennis and griseigularis since the latter

fected by recombination suppression just as in physically close por-

split from cyanotis but prior to splits within the subspecies (Figure 3;

tions of the added- and ancestral-Z. We therefore considered the

Table S5) – is generally positive across all regions tested here irre-

ancestral-Z-PAR as linked to the RS region of the neo-Z chromosome

spective of sex-linkage (74.6% of windows having fdM ((EC,CY),TE) > 0,

in subsequent comparisons. The new PAR (mean π = 0.0043) dis-

mean = 0.024, n = 307; Figure 8d,i), with no significant difference

plays slightly higher π than autosomes (Chr1A mean π = 0.0037, pixy

between fdM ((EC,CY),TE) on the new PAR and other regions (Tukey's

estimate; autosome-wide mean π = 0.0031, ANGSD estimate) de-

post hoc p > .5), although lower than on Chr1A (Tukey's post hoc

spite being physically linked to the RS portion of the added-Z, which

p = .03; Figure 8d,i).

has even lower π (mean = 0.0016) than the ancestral portion of the

We calculated f-branch statistics to assign evidence of gene

neo-Z chromosome (mean π = 0.0022; Figure 8a; Table S8), resulting

flow to specific branches using correlated f4-ratio tests (Malinsky

in a substantial transition in π along the neo-Z, particularly on the

et al., 2018, 2021). This analysis demonstrates that autosomally-

added portion (Figure 8e).

recombining sequence (new PAR and Chr1A) show greater evi-

For the most genetically distant population pair (KP-EC), FST in

dence for introgression than sex-linked sequence (added-Z-RS and

the neo-Z chromosome varies significantly between the new PAR,

ancestral-Z; Figure 9). We also note that the directional introgres-

added-Z-RS and ancestral-Z (Tukey's post hoc p < .005; Figure 8b).

sion from CY to EC supported by f-branch statistics is in a direc-

For KP-EC, FST is lowest on the new PAR (mean = 0.39), followed

tion opposite to the migration edge inferred in the TreeMix analysis

by Chr1A (mean = 0.44), then the ancestral-Z (mean = 0.58), and is

(Figure 3b). Finally, f-branch statistics provide additional support for

highest on the added-Z-RS (mean = 0.64; Figure 8b). This pattern

the hypothesis of gene flow between PNG and the TE and KP inde-

of FST variation between regions is not observed for the least di-

pendently of CY, which would most probably have occurred when

vergent pair (KP-TE), for which FST is significantly higher on Chr1A

the Arafura Shelf was fully exposed during Pleistocene glacial max-

(mean = 0.10) than all other regions (Tukey's post hoc p < .00001),

ima (Figures 1d and 9).

while FST for the new PAR is not different from that for the sex-
linked regions (Tukey's post hoc p > .3; Figure 8b).
Evidence for recent introgression between CY and EC independently of PNG, which was supported in autosome-wide ABBA-
BABA tests (Figure 3; Table S5), varies significantly among genomic

4
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DISCUSSION

4.1 | Phylogeography of Entomyzon cyanotis

regions tested here (one-way ANOVA; F3,272 = 9.9; p < .00001;
Figure 8d). Here, we report the modified f4-ratio statistic fdM cal-

The key finding from our whole-genome phylogeographic analysis

culated in 3000-SNP windows, which can be interpreted as rel-

is that the genetic history of E. cyanotis is characterized by vicari-

ative amounts of gene flow between P3–P2 (positive values) or

ance as well as introgression across typical biogeographic barriers

P3–P1 (negative values), again for a trio of populations defined

in Northern Australia and New Guinea. Specifically, we infer re-

as ((P1,P2),P3); see Methods and Malinsky et al. (2021). The new

ticulate evolution around a triad of transient barriers to gene flow

PAR appears to be strongly affected by this recent gene flow be-

between Northern Australia (KP and TE) and New Guinea (PNG)

tween CY and EC, with 83.7% of windows (n = 43 windows) having

during the Pleistocene, such that introgression occurred between

F I G U R E 8 Diversity, differentiation and introgression statistics across regions of the neo-Z and Chr1A. (a) π in nonoverlapping 50 kbp
windows, averaged across populations, for the new PAR and recombination suppressed (RS) portions of the added-Z as well as the ancestral-
Z-PAR, the ancestral-Z and Chr1A. Outlier points are excluded in (a) but included in (e), which shows windowed π across the chromosomes,
as well as a loess smoothed curve (smoothing parameter = 0.1). (b) FST in nonoverlapping 50 kbp windows shown for the most and least
divergent population pairs (KP-EC and KP-TE, respectively), also shown in (g) for all population pairs as loess smoothed curves (smoothing
parameter = 0.2). (f) dXY similarly represented as loess smoothed curves. (c, d) The introgression statistic (fdM), summarized across genomic
regions, from two topology tests that supported genome-wide introgression (Figure 3); and (h, i) fd from those topologies, shown in the
legend, in nonoverlapping windows of 3000 SNPs with step size of 1000 SNPs between windows. The neo-Z was studied with Scaffold_430
(ONT-Flye-medaka-v1 assembly), representing the ancestral-Z portion of the neo-Z (51.6 Mbp, 70% of zebra finch Z (Figure S1) and contig 4
(ONT-addedZ-v2 assembly), representing most of the added-Z. Contigs from Chr1A (scaffold_334 segments 0 and 1, and contig_1888 from
ONT-Flye-medaka-v1) are aligned here according to synteny with zebra finch (bTaeGut1.4.pr, coordinates reversed), which would imply a
centromere in the vicinity of 11.6 Mbp (Knief & Forstmeier, 2016).
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populations that first diverged across the Carpentarian Barrier

and TE (potentially also KP) via the Arafura Shelf more recently

and apparently then interbred on the Arafura Shelf during recent

than the divergence between PNG and CY that likely occurred

glacial maxima. Results from tests for unbalanced allele sharing

across the Torres Strait. If the PNG-C Y divergence occurred fol-

among populations (Figures 3 and 9; Tables S5 and S6), together

lowing the ~130 ka inundation of the Torres Strait, as opposed to

with estimates of divergence time and historical sea level data

the most recent inundation (~7 ka), then there was a window of ap-

(Figures 1d and S3), support a scenario of gene flow between PNG

proximately 60 ka where the PNG population (griseigularis) likely
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(new PAR)

added-Z-RS

Chr 1A
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F I G U R E 9 The fbranch statistic (fb)
shows excess allele sharing between
branches (including internal branches)
labelled on the y axis and populations
labelled on the x-axis. The colour scale
is consistent across plots for different
genomic regions shown.

had contact with subspecies albipennis across the Arafura Shelf,

et al., 2002). Nevertheless, our estimates are useful in ascertain-

which was at that time exposed by sea levels 55 m or more below

ing the Pleistocene and potentially Holocene diversification of E.

present levels (Figure S3). Given that the Arafura Shelf is thought

cyanotis.

to have been covered by savannah woodlands and grasslands

Spatial patterns in genetic variation across E. cyanotis popula-

when exposed (Hope et al., 2004; Kearns et al., 2014), it is plausi-

tions are consistent with a history of gene flow across a network

ble that E. cyanotis populations came into contact across this route

of populations (Duncan et al., 2015; Eckert et al., 2008). This sug-

as well as the Torres Strait land bridge, which was exposed by lev-

gestion arises because we find that populations better-connected

els 15 m or more below present levels (Figures 1d and S3). Ancient

to others by Pleistocene bridges display greater genome-wide diver-

Lake Carpentaria is thought to have been filled with fresh water

sity (Figure 2). For example, TE and CY display relatively high π and

from 12 to 36 ka, as well as during earlier glacial maxima, which

both are “adjacent” to three other populations, assuming connec-

may have provided a ring of suitable habitat around its shoreline

tivity across all potential bridges, including across the Arafura Sea

(Chivas et al., 2001; Reeves et al., 2007). Secondary contact be-

(Figure 2). By contrast, KP and EC are each “adjacent” to only one

tween griseigularis and albipennis may have occurred around the

other population and have the lowest levels of π –substantially lower

entire perimeter of Lake Carpentaria, although our finding of more

in EC –consistent with genetic isolation and population contraction.

extensive allele sharing between TE and PNG than CY and TE im-

Elevated genome-wide Tajima's D for KP, PNG and EC also suggest

plies that the more recent secondary contact primarily occurred

that these peripheral populations underwent recent contraction

across the Arafura Shelf, despite the original split within E. cyanotis

(Tajima, 1989), whereas TE and CY appear to be at mutation-drift

occurring across the Carpentarian Barrier.

equilibrium, with Tajima's D values close to 0 (Figure 2b; Table S7).

There are two main caveats of our approach for estimating di-

Altogether these results underscore that E. cyanotis is best thought

vergence times. First, the model assumption of clean population

of as one species unit despite genetic and phenotypic differentia-

splits without subsequent gene flow (Bryant et al., 2012) is not

tion. That genetic diversity within species diminishes from range

met in E. cyanotis (Figure 3). Evidence of gene flow presented here

core to periphery is documented across a wide range of taxa and

implies an increased incidence of recent coalescent events, which

geographic regions and is consistent with population genetic the-

may lead to underestimation of divergence times. Second, the only

ory (Eckert et al., 2008; Hoffmann & Blows, 1994; Soulé, 1973).

available prior for divergence in this species was derived from the

Future studies should test the generality of this spatial genetic pat-

coalescence time of mtDNA (Toon et al., 2010), which is expected

tern for Autralo-Papuan taxa because consistent spatial patterns in

to overestimate actual population divergence times (Arbogast

standing variation across codistributed species may influence how
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communities respond to global change, aiding conservation efforts

the added-Z is physically linked to a 380 kbp portion of the PAR on

(Ewart et al., 2020; Kelly & Phillips, 2016; Lai et al., 2019; Ralls

the ancestral-Z chromosome.

et al., 2018).

Our long-read genomic data suggests that a large portion of the

To our knowledge, this study is the first to comprehensively

putative q-arm of ancestral Chr5 (zebra finch nomenclature) has

test the hypothesis of introgression across the Arafura Shelf using

fused with the ancestral-Z at the PAR end (Figure 6). However, we

genome-wide SNPs from whole-genome resequencing (Joseph,

hypothesize that the ancestral Chr5 centromere did not fuse with

Bishop, et al., 2019; Joseph, Dolman, et al., 2019; Kearns et al., 2014),

the ancestral-Z, because dicentric chromosomes are not as stable or

although several studies have investigated patterns of gene flow in

common, although they can in some cases exist stably through inac-

this region with other data types, especially mtDNA and RADseq

tivation of one of the centromeres (Stimpson et al., 2012). Because

(Andersen et al., 2021; Dorrington et al., 2020; Edwards, 1993a;

we know that at least 55 Mbp of Chr5 fused to Z (Figure 6), the re-

Joseph, Bishop, et al., 2019; Kearns et al., 2011, 2014; Lamb

maining questions are: (i) what is the nature of fusion and degen-

et al., 2019; Peñalba et al., 2019; Toon et al., 2017). Species histo-

eration of the other haplotype, which by definition has become an

ries of other Australo-Papuan taxa might also be shaped by retic-

added-W (Beukeboom & Perrin, 2014), and (ii) is the remainder of

ulate evolution around the ancient Lake Carpentaria. Our sampling

Chr5 also linked to the neo-Z, or is it now a reduced autosome? Our

strategy was focused more on determining the existence of gene

data cannot yet answer these questions, but double fusions involv-

flow between major areas of endemism rather than measuring rates

ing the neo-sex chromosomes have been previously documented

of gene flow or nonequilibrium demographic events. Future stud-

in the Sylvioidea (sensu Sigeman, 2021 and Alström et al., 2014)

ies to determine taxon-specific histories in this region would bene-

neo-sex chromosome system (Sigeman et al., 2019, 2021) and a

fit from bolstering the number of individuals sampled to test more

Chr5-W fusion is likely in larks due to cytogenetic evidence of

complex demographic scenarios (reviewed in Beichman et al., 2018).

highly enlarged W chromosomes alongside the enlarged neo-Z

Additionally, sampling from island populations in the Arafura Sea

(Bulatova, 1981; Sigeman et al., 2019). In such a double fusion sce-

such as the Tiwi and Aru Islands may provide valuable insights into

nario, whether fusion with the Z or W would preferentially occur

the ancestry of populations that existed on the Arafura Shelf when it

first is not yet clear, however a sequential series of events rather

was last exposed (Draffan et al., 1983; Edwards, 1993b). Future com-

than a simultaneous double fusion seems more biologically plausible.

parative phylogeographic studies in this region may test theoretical

These kinds of rearrangements can potentially lead to PAR enlarge-

predictions on the time to speciation in three divergent populations

ment or turnover, where the ancestral PAR ceases to recombine and

compared to two (Peñalba et al., 2019; Yamaguchi & Iwasa, 2017).

facilitate pairing during meiosis (Smeds et al., 2014). In E. cyanotis,
PAR turnover has potentially occurred because the ancestral PAR is

4.2 | Evidence for neo-sex chromosomes and
fusion scenarios

now recombination-suppressed, which we infer because it exhibits
higher female:male SNP density than expected for a recombining
region. It is possible that contig 14 and scaffold 13 in the ONT-
addedZ-v2 long-read assembly are part the new PAR, although this

We present evidence for a major chromosomal rearrangement in

might involve additional rearrangement of material from one end of

E. cyanotis featuring translocation from Chr5 to the ancestral PAR

the chromosome to the other, as well as a dicentric neo-Z, which

of the Z chromosome, based on two independent de novo genome

currently seems improbable. All these scenarios need to be further

assemblies and population resequencing data. This discovery was

examined cytogenetically.

made independently of and before we became aware of a similar
finding by Sardell (2016) of a neo-sex chromosome in Myzomela
honeyeaters. Our finding that male-to-female read coverage did
not clearly separate sex chromosome-linked scaffolds highlights the

4.3 | Phylogenetic history of the neo-sex
chromosome system in honeyeaters

need for additional bioinformatic steps to locate sex-linked sequence
in organisms where sex chromosomes may vary from homomorphic

Viewed in a phylogenetic context, comparing our E. cyanotis assem-

to heteromorphic (Palmer et al., 2019; Webster et al., 2019). In our

blies to species with PAR identified a priori and to those with known

case, the large difference in SNP density between males and females

Chr5 translocations bolsters our working hypothesis that Chr5

flagged a portion of the added-Z as recombination-suppressed and

translocated to the PAR end of Z (Figure 6; Supporting Information).

therefore distinct from autosomal sequence (Figures 4 and S8). We

In zebra finch (bTaeGut2.pat.W.v2 and bTaeGut1.4.pri) and collared

additionally relied on synteny mapping with chromosome-level ge-

flycatcher (Ficedula albicollis; FicAlb1.5), the location of the PAR

nome assemblies from zebra finch and superb fairywren to deter-

was identified previously (Ponnikas et al., 2022; Smeds et al., 2014).

mine that scaffolds exhibiting sex-differences in SNP density, but

The Eurasian skylark, part of the parvorder Sylvioidea possess-

not read coverage, are all homologous to Chr5. Our long-read as-

ing the Chr4A translocation to Z/W, was also known to have addi-

sembly of the added-Z region strengthens key findings from the ear-

tional translocations involving Chr5 and Chr3 (Dierickx et al., 2020;

lier assembly: first, that the added portion of the Z, homologous to

Sigeman et al., 2019). Finally, the horned lark was suspected to have

Chr5, is physically linked to a large new PAR region, and second, that

these translocations based on cytogenetic evidence, although there
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was no signature of recombination suppression on Chr5 in the sam-

currently known to possess this rearrangement. Therefore, the most

pled subspecies (Eremophila alpestris flava) from Sweden (Sigeman

parsimonious scenario of a single Chr5-Z fusion in the Entomyzon-

et al., 2019). The barn swallow, like the larks, is also a member of

Myzomela ancestor contradicts the UCE-based phylogeny (Andersen

Sylvioidea, but does not possess this additional translocation in-

et al., 2019) and aligns with mtDNA-based phylogenies (Joseph

volving Chr5. As expected, in barn swallow, zebra finch, collared

et al., 2014; Marki et al., 2017). These observations call for more

flycatcher, and superb fairywren, the ancestral PAR assembles sepa-

in-depth phylogenomic work to understand the origins and conse-

rately from Chr5. The fact that the same region on zebra finch Chr5

quences of neo-sex chromosomes that may occur in more than half

has fused convergently to the Z-PAR in larks and E. cyanotis is in-

of the ~190 honeyeater species.

triguing and suggests that this part of the avian genome is prone to
rearrangements involving the ancestral sex chromosomes, at least
in songbirds.
There are several reasons why this particular region of avian Chr5

4.4 | Divergence and introgression
landscape of the neo-Z chromosome

may be prone to fusion with the sex chromosomes. One possibility is
the presence of similar or shared repeats at the end of the Chr5 long

The importance of sex chromosomes in speciation is well known

arm and in the telomeric or subtelomeric region of the Z-PAR, leading

(Coyne & Orr, 2004), yet few studies have characterized the genomic

to interchromosomal rearrangements due to nonallelic homologous

divergence landscape across neo-sex chromosomes in ZW systems

recombination events (Gu et al., 2008). Female meiotic drive can

with some recent exceptions (Mongue et al., 2021; Talla et al., 2020).

also play a role in the formation of neo-sex chromosomes if fused

The formation of large neo-Z chromosomes potentially changes the

chromosomes involving Chr5 and Z/W are preferentially transmit-

course of genome evolution because of the sex linkage of genes en

ted to the egg rather than the polar bodies (Yoshida & Kitano, 2012).

masse, recombination suppression and associated changes in link-

Centromeric drive has primarily been considered as a mechanism

age and the efficacy of selection (Bachtrog et al., 2011; Shakya

in this context, although telomeres also have the potential to cause

et al., 2022). In addition, the formation of new PARs may initiate

segregation distortion during meiosis (Axelsson et al., 2010). In birds,

recombination hotspots in those regions, as PARs typically display

both autosome-Z and autosome-W fusions could potentially be in-

elevated recombination compared to genome-wide rates (Janes

fluenced by female meiotic drive since females are the heteroga-

et al., 2009; Otto et al., 2011). The enlarged neo-Z chromosome

metic sex. If loci involved in sexual traits are enriched on Chr5 in

found in E. cyanotis, combined with the history of reticulate evo-

honeyeaters and larks, it could also be adaptive for Chr5 to translo-

lution in the species, presents a new opportunity to explore the

cate to the sex chromosomes, since these types of loci are generally

genomic landscape of population divergence.

under sexually antagonistic selection. A translocation would enable

Our results portray a genomic divergence landscape on the E. cy-

male-beneficial alleles on Chr5 to be in linkage disequilibrium (LD)

anotis neo-Z chromosome that, at coarse resolution, is likely shaped

with the Z (male-biased transmission) and female-beneficial alleles

by differences in recombination along the chromosome and the in-

to be in LD with the W (female-limited transmission), thus resolv-

creased susceptibility to introgression for recombination hotspots

ing or reducing sexual antagonism (Matsumoto & Kitano, 2016).

(Figure 8). Diversity (π), and inversely FST, varies along the neo-Z in

Autosomal fusion (whether Chr5 or otherwise) with the ancestral

accordance with expectations for sequence with Z-W recombination

PAR might also be adaptive if the ancestral PAR becomes so small

suppression (Charlesworth et al., 1987). However, the neo-Z diver-

that Z-W pairing during meiosis is compromised, necessitating PAR

sity landscape E. cyanotis is yet more complex. The added RS portion

enlargement or turnover (Blackmon & Demuth, 2015). These will be

of the neo-Z displays reduced π by a factor of 0.71 and faster popu-

fruitful avenues to explore in future studies.

lation genetic differentiation (higher FST ) compared with the ances-

Recent genome assemblies in the Meliphagoidea (sensu Marki

tral-Z (Figure 8). Yet, the new PAR on average shows elevated π by

et al., 2017), the larger clade to which honeyeaters (Meliphagidae)

a factor of 1.16 and reduced differentiation compared to autosomes

also belong, present clues –and further mystery –about the origin of

(Figure 8). In general, dXY is high where FST is low (Figure 8f,g), which

neo-Z chromosomes detected in E. cyanotis (this study) and Myzomela

can occur when migration is high during divergence (Cruickshank &

(Sardell, 2016). Assemblies from Malurus (Peñalba et al., 2020) and

Hahn, 2014). We also found stronger evidence for recent introgres-

Lichenostomus (Robledo-Ruiz et al., 2022) show the rearrangement

sion on the new PAR than on Chr1A between populations where

is absent in these taxa. Together, these findings imply independent

no signal of introgression was evident on the sex-linked sequence

Chr5-Z fusions in ancestors of Entomyzon and Myzomela, or alter-

(Figure 8h). Together these results suggest the new PAR in E. cya-

natively a loss in the lineage leading to Lichenostomus, according to

notis may be a recombination hotspot, consistent with other PARs

a recent phylogenetic analysis (Andersen et al., 2019) based on a

(Otto et al., 2011), and may thus also be particularly susceptible to

concatenated supermatrix of nuclear-genome-wide ultraconserved

introgression (Martin et al., 2019). Similarly, the recombining PAR

elements (UCEs), which placed Myzomela outside a clade containing

end of the added portion of the neo-X chromosome in Japan Sea

Entomyzon and Lichenostomus. However, phylogenies more heavily

sticklebacks also exhibits a signature of introgression, but it is local-

reliant on mtDNA markers (Joseph et al., 2014; Marki et al., 2017),

ized to a small region (Ravinet et al., 2021), even though much of the

place Lichenostomus outside of the clade containing both lineages

added portion is recombining (Yoshida et al., 2017).
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We found that the genomic signal of recent and ancient intro-
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qualitatively similar variation along Chr1A, with elevated diversity

gression scenarios, from tests of imbalanced allele sharing, is variable

and reduced differentiation towards the telomeres (Figure 8e–g),

across the neo-Z. Recent gene flow between subspecies E. c. griseigu-

consistent with results for zebra finch (Backstrom et al., 2010). Thus,

laris in CY and E. c. cyanotis, corresponding with a noted hybrid zone

an alternate interpretation of our results is that patterns of elevated

(Schodde & Mason, 1999; Figure 1), is evident on the autosomes and

diversity, reduced differentiation and increased introgression on the

the new PAR, but is highly restricted on RS portions of the neo-Z,

new PAR are a result of its proximity to the telomere, rather than for

particularly the added portion (Figures 8c and 9). However, there is

being a PAR per se. By similar reasoning, the reduced diversity on

no difference between the new PAR and RS portions of the neo-Z in

the added-Z relative to the ancestral-Z may be a product of its cen-

the signal for ancient introgression hypothesized across the Arafura

tral position in the neo-Z chromosome, rather than an outcome of

Shelf during Pleistocene glacial maxima (Figure 8d). Depletion of in-

linked selection as in the eastern yellow robin (Morales et al., 2018).

trogression on sex chromosomes is expected to occur, in part, due to

Further analyses are required to distinguish among these hypothe-

the faster rate of accumulation of hybrid incompatibilities compared

ses, but, regardless, long-read sequencing is likely to play an import-

to autosomes (Hooper et al., 2019; Maheshwari & Barbash, 2011;

ant role in testing them.

Martin et al., 2013). Therefore, one possibility to explain the lack of
expected variation in evidence for ancient introgression across the
neo-Z is that Pleistocene E. cyanotis populations were, overall, less

4.5 | Conclusions

diverged compared to present-day populations, such that putative
incompatibility loci historically mattered less.

We present one of the first whole genome phylogeographic

Whereas theoretical expectations of diversity on sex-linked

surveys of an Australo-P apuan songbird. We inferred multiple

compared to autosomal sequence provides a lens for compar-

instances of introgressive hybridization including ancient gene

ing the evolutionary processes acting on the added-Z and an-

flow between New Guinea and the north-west of mainland

cestral-Z (Bachtrog et al., 2011; Charlesworth et al., 1987; Pool &

Australia despite a deepest divergence in this species across the

Nielsen, 2007), there is little consistency among studied neo-Z sys-

Carpentarian Barrier separating subspecies in north-western

tems (Wilson Sayres, 2018). In E. cyanotis, reduced π on the added-

from eastern Australia. We showed that spatial patterns in genetic

Z-RS relative to the ancestral-Z is consistent with a stronger role of

diversity are consistent with Pleistocene divergence and conver-

linked selection or recombination suppression on the added-Z-RS.

gence across well-k nown biogeographic barriers, which may be

In either case, the pattern conflicts with that reported in the great

common in co-d istributed taxa. Long-r ead sequencing was instru-

reed warbler (Acrocephalus arundinaceus), where an added-Z shows

mental to characterize a neo-Z chromosome, hitherto unknown in

even higher genetic diversity than autosomes (Sigeman et al., 2021).

this species, that we infer may be shared across honeyeaters; and

A simple explanation for this discrepancy may be related to the po-

a parallel translocation in Sylvioidea points to a region of Chr5

sition of added Z relative to telomeres, because telomeres tend to

as potentially predisposed to the occurrence of this. Entomyzon

have higher recombination rates than central regions of chromo-

cyanotis population resequencing data mapped to the neo-Z

somes (Backstrom et al., 2010; Peñalba et al., 2020). The reed war-

showed microevolutionary consequences of this translocation in-

bler neo-Z involves a relatively small fusion, 9.6 Mbp, with no new

cluding a transformed recombination landscape for the affected

PAR associated with it, at the opposite end of the ancestral-Z to the

autosome. Consequences for the recombination suppressed (sex-

E. cyanotis neo-Z. Similarly, in the monarch butterfly neo-Z, genetic

linked) portion include extremely reduced diversity and resist-

diversity in the added-portion is much higher than the ancestral-

ance to introgression, even compared to the ancestral-Z for which

portion and approaches or is equal to that in the autosomes, de-

these characteristics are expected. While consequences for the

pending on the metric (Mongue et al., 2021). In the eastern yellow

new PAR include increased diversity and patterns of allele sharing

robin (Eopsaltria australis), another Australian songbird with neo-sex

between nonsister populations consistent with increased poros-

chromosomes involving Chr1A (Gan et al., 2019), a region of reduced

ity to gene flow compared to autosomes. Our case study shows

divsersity within the added portion has been attributed to a recent

how the combination of long-read sequencing, for resolving chro-

selective sweep around a cluster of genes involved in mitochondrial

mosomal rearrangements, with shotgun resequencing across

coevolution (Gan et al., 2019; Morales et al., 2018). Adaptive evo-

populations can bring synergistic insights for phylogeography and

lution could also shape the divergence landscape on the added-Z

genome evolution.

of E. cyanotis, although avian Z chromosomes are also susceptible
to enhanced drift relative to autosomes (Hayes et al., 2020; Mank
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et al., 2010;Shakya et al., 2022). Too few surveys of genetic diversity
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and other statistics along neo-sex chromosomes in lineages with ZW
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systems are available to adequately address these different patterns.

lected data; John T. Burley and Sophia C. M. Orzechowski analysed

Although differences in population genetic statistics along the
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