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Abstract
A high-quality reference genome can be a valuable resource for threatened species 
by providing a foundation to assess their evolutionary potential to adapt to future 
pressures such as environmental change. We assembled the genome of a female hihi 
(Notiomysits cincta), a threatened passerine bird endemic to Aotearoa New Zealand. 
The assembled genome is 1.06 Gb, and is of high quality and highly contiguous, with 
a contig N50 of 7.0 Mb, estimated QV of 44 and a BUSCO completeness of 96.8%. A 
male assembly of comparable quality was generated in parallel. A population linkage 
map was used to scaffold the autosomal contigs into chromosomes. Female and male 
sequence coverage and comparative genomics analyses were used to identify Z-, and 
W-linked contigs. In total, 94.6% of the assembly length was assigned to putative 
nuclear chromosome scaffolds. Native DNA methylation was highly correlated be-
tween sexes, with the W chromosome contigs more highly methylated than autoso-
mal chromosomes and Z contigs. 43 differentially methylated regions were identified, 
and these may represent interesting candidates for the establishment or maintenance 
of sex differences. By generating a high-quality reference assembly of the heteroga-
metic sex, we have created a resource that enables characterization of genome-wide 
diversity and facilitates the investigation of female-specific evolutionary processes. 
The reference genomes will form the basis for fine-scale assessment of the impacts of 
low genetic diversity and inbreeding on the adaptive potential of the species and will 
therefore enable tailored and informed conservation management of this threatened 
taonga (treasured) species.
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1  |  INTRODUC TION

Anthropogenic changes to the planet have had significant and on-
going detrimental effects for biodiversity (Ceballos et al.,  2017). 
Conserving species has become a critical issue as the loss of complex 
ecosystems will impact the global food supply, access to biomateri-
als and medicines and is likely to exacerbate climate change (Lewin 
et al., 2018). Many species and ecosystems also have a high cultural 
value, which means there is a generational responsibility to preserve 
them (Hare et al., 2019). Multidisciplinary approaches are required 
to enable the preservation of biological diversity (Soulé, 2013) and 
genomic techniques are increasingly being applied as one ‘tool’ in the 
conservation biology ‘toolbox’ to inform conservation management 
of threatened species (Allendorf et al., 2010; Brandies et al., 2019; 
Supple & Shapiro, 2018). Genomic data and, in particular, a reference 
genome assembly, allow genetic diversity and adaptive variation to 
be studied at a more refined assessment scale than traditional meth-
ods that survey variation at a small number of regions in the genome 
using relatively few molecular markers (Allendorf et al., 2010; Shafer 
et al., 2015).

For threatened species, a genome assembly is a valuable re-
source because it allows for considerations of genetic processes in 
recovery plans to ensure a population's long-term viability (Brandies 
et al., 2019). Threatened species are characterized by isolation and 
small population sizes, which often leads to the reduction of genetic 
diversity and high levels of inbreeding (Brandies et al., 2019; Dussex 
et al., 2021; Kardos et al., 2021; Morin et al., 2020). Genome-wide 
data alongside an annotated reference genome can aid the fine-scale 
assessment of inbreeding depression, the reduced fitness of off-
spring from related parents, whereby genome annotation can help 
identify genes and the encoded biological pathways impacted by 
inbreeding depression (Allendorf et al., 2010; Keller & Waller, 2002; 
Mathur & DeWood,  2021). A genome assembly can also be used 
to help understand the sex-specific patterns of susceptibility to 
inbreeding (Duntsch et al., 2023). Genome-wide assessment of ge-
netic diversity can be used to monitor populations and assess the 
adaptive potential of species to cope with future pressures such as 
environmental change caused by climate change (de Villemereuil, 
Rutschmann, Lee, et al., 2019; Supple & Shapiro, 2018).

Further, in managed populations with no pedigree information, 
genomic analysis can infer relatedness and inform breeding pro-
grams that seek to maximize genetic diversity and maintain adaptive 
potential (Galla et al., 2020). Genomic data can also be used to iden-
tify genomic regions under selection that might confer local adap-
tations, which may need to be maintained to ensure the fitness of a 
population in a particular habitat (Allendorf et al., 2010). It can also 
be used to track changes associated with conservation interven-
tions (e.g. effects of captive breeding or genetic rescue attempts on 
long-term genetic health) in order to improve management interven-
tions (Wright et al., 2021). Comparing genomic data of individuals 
can help define species boundaries and identify conservation units 
that are important when implementing policies and allocating re-
sources for species conservation (Fuentes-Pardo & Ruzzante, 2017; 

Supple & Shapiro, 2018), or identify hybridisation between closely 
related species, which may negatively impact their fitness (Forsdick 
et al., 2021; Supple & Shapiro, 2018). Finally, a reference genome can 
give insight into the demographic history of a threatened species to 
infer previous population sizes compared to present-day populations 
(Bursell et al., 2022; Dussex et al., 2019; von Seth et al., 2021; Yan 
et al., 2023) and can also allow a comparison of genetic diversity over 
more recent timescales or across populations (Dussex et al., 2021; 
Feng et al., 2019; Mathur & DeWood, 2021; Wright et al., 2021).

With the development of sequencing technologies, the availabil-
ity of genome assemblies for non-model species has increased due to 
the efforts of large genome sequencing consortia (Feng et al., 2020; 
Lewin et al., 2018; Rhie et al., 2020) as well as the contribution of 
many individual lab groups (e.g. Peñalba et al., 2020; Peona, Blom, 
et al.,  2021; Prost et al.,  2019; Robledo-Ruiz et al.,  2022; Stuart 
et al., 2022). The optimal assembly approach is constantly updated 
as new sequencing technologies emerge with improved capabili-
ties (Giani et al.,  2020). Long-read sequencing technologies have 
transformed genome assembly as they can achieve high contiguity 
by spanning repetitive regions (Peona, Blom, et al., 2021; Whibley 
et al., 2021). Chromosome-level assemblies are increasingly achiev-
able by exploiting scaffolding techniques such as chromatin con-
formation capture, linked reads, optical mapping or a linkage map 
to orient contigs and scaffolds in relation to each other (Whibley 
et al., 2021). A high-quality assembly then enables information about 
the structure and function of the DNA sequence to be added via 
gene annotation, including information for genes that are likely im-
portant for fitness, such as Toll-like receptor genes that have a role 
in immunity (Grueber et al., 2015).

For species with chromosomal sex determination (i.e. XX female 
vs. XY male or ZZ male vs. ZW female), an individual from the ho-
mogametic sex has commonly been chosen for genome sequencing 
because read coverage is equal across all regions of the genome, in 
contrast to the heterogametic sex where each sex chromosome is 
only present in one copy (Tomaszkiewicz et al., 2017; Xu et al., 2019). 
Further, while sex chromosomes often share a pseudoautosomal re-
gion, where chromosomes pair and recombine during meiosis (Zhou 
et al.,  2014), the chromosome unique to the heterogametic sex is 
commonly degraded, meaning that it is highly repetitive, has reduced 
in size and has experienced gene loss relative to the homogametic 
chromosome (Bachtrog, 2013; Charlesworth & Charlesworth, 2000). 
The sex-limited chromosome is often highly condensed into heter-
ochromatin, likely in order to repress the transposable element con-
tent (Peona, Palacios-Gimenez, et al., 2021). Assemblies of W and Y 
chromosomes are therefore underrepresented as it is difficult to as-
semble them, given that regions of the genome with high repeat and 
heterochromatin content are often under-sequenced (Peona, Blom, 
et al., 2021; Weissensteiner & Suh, 2019). Further, it has been as-
sumed that the sex-limited chromosome contains mostly unimport-
ant repetitive sequences (Peona, Palacios-Gimenez, et al.,  2021), 
meaning that little emphasis has been placed on targeting W or Y 
chromosome sequencing assembly or attempting to identify W 
or Y chromosome content from unannotated regions of a genome 
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    |  3BAILEY et al.

assembly. However, given the role of the sex-limited chromosome in 
reproductive isolation, fertility, disease and ageing (Peona, Palacios-
Gimenez, et al.,  2021), assembly and characterization of both sex 
chromosomes is likely to aid conservation genomics programmes 
aiming to conserve genome-wide diversity, identify the genetic basis 
of fitness traits, and understand differences in selection between 
the sexes.

In birds, the size reduction of the W chromosome is particularly 
dramatic in passerines, with the non-recombining portion of the W 
chromosome ranging from 1.33 to 7.24 Mb, corresponding to only 
1.9%–8.5% of the Z chromosome length (Xu et al., 2019). Despite 
a rapidly increasing number of genome assemblies for birds (673 as 
of 22nd November 2022, https://www.ncbi.nlm.nih.gov/genome 
[Search details: “Aves”[Organism]]), only around 8.5% (57 out of 
673) of assemblies include W chromosome assemblies (Table  S1). 
However, this estimate fails to account for female assemblies where 
W-linked contigs have been identified (Xu et al., 2019) or there is a 
W-linked scaffold (Peona, Blom, et al., 2021).

Older techniques for sequencing the sex-limited chromosomes 
typically involved targeted sequencing, for example via chromosome 
microdissection, chromosome flow-sorting or targeted capture 
(Tomaszkiewicz et al.,  2017). More current approaches for identi-
fying sex-linked contigs use bioinformatics workflows which can be 
applied post de novo assembly (Palmer et al., 2019; Tomaszkiewicz 
et al.,  2017). Long-read sequencing technologies have been piv-
otal in overcoming the challenging properties of W chromosomes, 
including the ability to sequence across large repeat regions. Still, 
twice the sequencing coverage of W chromosomes is needed to 
achieve equivalent coverage compared to autosomes. Following de 
novo assembly, sex-linked contigs can be identified via alignments 
to a high-quality reference genome of a closely related species, and/
or comparisons of the male and female genomic depth of coverage, 
and/or comparisons between the genome content of a male and fe-
male genome assembly. In the case of utilizing the reference genome 
of a close relative, homology is used as evidence for determining the 
sex-linked contigs in the focal species, and this approach can be used 
to identify both Z and W contig (Xu et al., 2019; Zhou et al., 2014). 
The genomic depth of coverage approach is based on each sex chro-
mosome being present at one copy in females and not in homolo-
gous ZZ pairs as they are in males; therefore, in females, sex-linked 
contigs should be present at half coverage compared to autosomes, 
Z-linked contigs will have twice the genomic depth of coverage in 
males compared to females and W-linked contigs should be mapped 
by very few male reads (Gan et al.,  2019; Smeds et al.,  2015; Xu 
et al.,  2019; Zhou et al.,  2014). Finally, mapping male and female 
genome assemblies against each other can reveal contigs that are 
unique to females and hence identify potential W-linked contigs. 
Each approach can be used on its own but combining multiple ap-
proaches, so that independent signals from each approach can be 
integrated, increases the success of identifying sex-linked contigs 
(Palmer et al., 2019).

In contrast to the wide availability of avian genomes (Bravo 
et al.,  2021), studies of methylation and other epigenetic marks 

are rare, possibly due to the technical challenges that arise with 
sampling and measuring epigenetic marks (Lindner, Verhagen, 
et al., 2021; Yong et al., 2016). Methylation has been more exten-
sively studied in humans and other mammals than in birds, but it is 
believed to serve the same function in both systems and is depen-
dent on the sequence context it occurs in. Promoter methylation has 
been shown to downregulate gene expression (Laine et al.,  2016), 
change chromatin structure and prevent transcription activation 
(Yong et al., 2016). Methylation of gene bodies downregulates gene 
expression (Laine et al.,  2016) and has a role in gene splicing and 
the downregulation of repetitive elements within a gene body (Yong 
et al.,  2016). The chicken (Gallus gallus) W chromosome has been 
observed to be highly methylated compared to Z and autosomes 
(Zhang et al.,  2017), likely due to its repetitive content. In birds, 
DNA methylation, and the likely changes to gene expression as a 
result, has been associated with many processes including breeding 
(Lindner, Verhagen, et al., 2021), migration (Saino et al., 2017), and 
ageing (Sun et al., 2021). Despite methylation studies in a number 
of wild bird populations (e.g. Saino et al., 2017; Schrey et al., 2012), 
there is little work to-date linking methylation to phenotype in wild 
threatened species.

Methylation is most accurately assayed using bisulfite sequencing 
(Frommer et al., 1992). However, some third-generation sequencing 
technologies can distinguish between methylated and unmethyl-
ated bases (Yong et al., 2016). For Oxford Nanopore Technologies 
sequencing, modified bases can be detected due to a characteristic 
change in the electrical charge as a modified base passes through the 
pore (Rand et al., 2017). Extended basecalling can be used to specif-
ically detect these modified bases, and has been shown to correlate 
well with bisulfite sequencing results (Liu et al., 2021). These recent 
findings offer promise that epigenetic modifications can be reliably 
detected from Nanopore data without the need for more expensive 
and laborious processes such as sodium bisulfite sequencing.

Hihi is a small, threatened passerine bird, endemic to the North 
Island of Aotearoa, New Zealand. Hihi is a forest dwelling species 
and sexually dimorphic, with males larger and more colourful than 
females (Ewen et al.,  2006; Figure  1). Hihi were lost rapidly from 
the mainland of Aotearoa during European settlement, as this led to 
large-scale removal of native forests to turn to pasture and further 
mammalian predator introductions. One hihi population remained 
on an offshore island, Te Hauturu-o-Toi (36°12′ S, 175°05′ E) (Toy 
et al.,  2018), until the 1980s when a reintroduction program was 
established (Brekke et al., 2011). Hihi have been successfully estab-
lished in a further six predator-free sites across the North Island, 
that require active management. As part of ongoing management, 
two of these reintroduced populations, on the island of Tiritiri 
Matangi (36°36′ S, 174°53′ E) and Zealandia Sanctuary (41°17′ S, 
174°45′ E), have been intensely monitored (Rutschmann et al., 2020; 
Thorogood et al.,  2013). Individual-based longitudinal datasets 
containing morphological and life-history information as well as a 
large blood/tissue repository has enabled the development of ge-
netically resolved pedigrees (Brekke et al.,  2015; de Villemereuil, 
Rutschmann, Ewen, et al., 2019; de Villemereuil, Rutschmann, Lee, 
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et al., 2019; Rutschmann et al., 2020) and other molecular resources 
(see below). Hihi reintroductions have reduced its extinction risk 
by increasing the number of individuals and populations, with ap-
proximately 2500 hihi across all sites (www.hihic​onser​vation.com). 
However, the genetic bottlenecks associated with the establishment 
of new populations, as well as small population sizes, due to limited 
suitable habitat, have led to genetic erosion (Brekke et al., 2011; de 
Villemereuil, Rutschmann, Lee, et al., 2019), loss of adaptive poten-
tial (de Villemereuil, Rutschmann, Ewen, et al., 2019; de Villemereuil, 
Rutschmann, Lee, et al.,  2019; Duntsch et al.,  2020; Rutschmann 
et al., 2022), the accumulation of inbreeding and sex-biased inbreed-
ing depression (Brekke et al., 2010, 2012; Duntsch et al., 2023) which 
risk the genetic health and long-term viability of these populations.

The blood/tissue repository for hihi has led to the development 
of several molecular resources. Twenty polymorphic microsatellite 
markers were characterized in hihi (Brekke et al., 2009), and used 
for assessing genetic structure and to genetically resolve the Tiritiri 
Matangi pedigree (Brekke et al.,  2011, 2015). Two additional sex-
linked microsatellite markers are used for assigning sex to embryos, 
nestlings and juveniles when sexual size and plumage dimorphism is 
not evident (Brekke et al., 2010; Dawson et al., 2015). Genetic diver-
sity has been measured at a selection of toll-like receptor (TLR) loci 
(Grueber et al.,  2015). Several whole-genome datasets have been 
generated to analyse genetic diversity and inbreeding. Low coverage 
whole genome sequencing (lcWGS) data was generated for 10 indi-
viduals using Illumina sequencing (de Villemereuil, Rutschmann, Lee, 
et al., 2019; Lee et al., 2021) and Restriction-site Associated DNA 
sequencing (RAD-seq) markers were also generated for 26 individu-
als (de Villemereuil, Rutschmann, Lee, et al., 2019; Lee et al., 2021), 
with identified polymorphism used to design a SNP array for hihi 
(Hihi 50K AXIOM 384HT array; Lee et al., 2021). The hihi SNP array 
data informed an autosomal linkage map with chromosomes named 
and identified using homology to the zebra finch (Taeniopygia gut-
tata) reference genome (Scherer, 2017). The mitochondrial genome 
from a hihi from Tiritiri Matangi has been sequenced with Sanger 

sequencing and assembled to construct passerine phylogenies and 
improve timing estimates of the worldwide radiation of passerine 
birds (Gibb et al., 2015). Before commencing this project, draft ver-
sions of both the male and female assembly had been generated. The 
initial male assembly was used to compare RAD-seq, SNP array and 
lcWGS data to evaluate inbreeding measures (Duntsch et al., 2021) 
while the earlier female assembly was used to assess inbreeding de-
pression (Duntsch et al., 2023).

A genome assembly is available of a hihi individual of unknown sex 
from the Bird 10,000 Genomes (B10K) consortia (Feng et al., 2020). 
However, this assembly is highly fragmented, limiting inferences 
about genetic diversity and inbreeding, which are important for 
conservation management of hihi (Rhie et al., 2020). A high-quality 
assembly will aid hihi conservation as a resource for assessing ge-
netic variation in hihi and monitoring populations. Further, the B10K 
assembly was generated from an unknown individual that was not 
provided by a New Zealand institution and may not have had appro-
priate iwi (extended kinship group of Māori, the Indigenous People of 
Aotearoa) consultation for its use to generate genomic data.

Here, we present highly contiguous genome assemblies of a fe-
male (ZW) and male (ZZ) hihi to serve as a foundational resource 
for inferring the impacts of low genetic diversity and inbreeding on 
this threatened species. By identifying both W and Z chromosome 
sequences, we also enable future exploration of sex-linked gene ex-
pression and genomic architectures, and comparative analysis of this 
distinct evolutionary lineage.

2  |  MATERIAL S AND METHODS

2.1  |  Biological samples

The two reference genome individuals are an adult male sampled 
in 2017 and a juvenile female sampled in 2018 from the remnant 
hihi population on Te Hauturu-o-Toi. Both individuals were caught 

F I G U R E  1  Hihi (Notiomystis cincta) and 
their distribution. Right-hand side: A map 
showing the locations of all seven extant 
hihi populations across the North Island 
of Aotearoa New Zealand, including the 
only remnant population on Te Hauturu-
o-Toi (in red). Top-left corner: picture of 
a male hihi. Bottom-left corner: picture 
of a female hihi. Both photographs taken 
by Charlotte Johnson and included with 
permission.
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in mist nets and then blood sampled via venipuncture. Blood was 
preserved in 95% ethanol and stored at 4°C for the duration of field 
work before being stored long term at −30°C.

2.2  |  Genomic sequencing

Genomic DNA was extracted using the Monarch® Genomic DNA 
Purification Kit or the Monarch® HMW DNA Extraction Kit (New 
England BioLabs) following the manufacturer's instructions. Some 
extracts were run through size selection prior to library preparation 
using the Blue Pippin High Pass Plus™ gel cassette (Sage Science) 
and targeting reads greater than 15 kb. Typically, 1.5 μg gDNA was 
used as input to the Oxford Nanopore Technologies (ONT) ligation 
sequencing protocol (LSK-109 or LSK-110) and following the manu-
facturer's protocol (including use of the Long Fragment Buffer in the 
final wash steps). Libraries were sequenced on a MinION device with 
R9.4.1 flow cells, with a target loading of 50–100 fmol. Multiple li-
brary loads were required for each flow cell, with intervening nucle-
ase flushes (EXP-WSH004) to restore pore capacity and maximize 
sequence yield.

Illumina whole genome sequence libraries for the two genome 
individuals were prepared by AgResearch, Invermay, New Zealand 
using the Illumina DNA Prep library kit and sequenced on a NovaSeq 
6000 in 150PE mode.

2.3  |  Genome assembly

Oxford Nanopore Technologies read basecalling was performed 
using the super accurate model in guppy v5.0.7 with the min-qscore 
flag set to 7. Guppy is a production basecalling tool developed and 
released by Oxford Nanopore Technologies and can be obtained 
by download from www.nanop​orete​ch.com after registration. 
After basecalling, porechop v0.2.4 was used to detect and remove 
residual sequencing adaptors (Wick et al., 2017) and the sequenc-
ing control strand was removed using nanolyse v1.2.0 (De Coster 
et al., 2018). Filtering thresholds and assembler performance and 
parameter optimisation were explored during initial phases of the 
project. The assemblies reported here imposed a minimum qual-
ity score of 10 and a minimum read length of 5 kb. Read filtering 
and summary statistics were performed using the nanopack suite 
of tools (De Coster et al., 2018). The properties of the read data-
sets are shown in Table S2. The primary assemblies were generated 
using flye v2.8.1 (Kolmogorov et al., 2019) in nano raw mode with 
the –keep_haplotypes flag enabled and an estimated genome size 
of 1.0 Gb.

Long read polishing was performed using two iterations of racon 
v1.4.21 (Vaser et al.,  2017). minimap2 v2.20 (Li,  2018) was used to 
align all reads with a quality score greater than or equal to 10 back 
to the genome assembly before racon polishing with the following 
settings: -m 8 -x -6 -g -8 -w 500, as recommended by medaka (Oxford 
Nanopore Technologies, 2018) developers. medaka v1.4.3 polishing 

was then conducted using default parameters and the r941_min_
sup_g507 model.

Illumina short-read data from the two genome individuals was 
filtered using the trimgalore wrapper to cutadapt (Martin, 2011) with 
default parameters plus the “–2-colour” flag enabled. The filtered 
Illumina reads were used for a final round of polishing with nextpolish 
v1.4.1 (Hu et al., 2020), as well as to obtain estimates of genome pa-
rameters using genomescope (Vurture et al., 2017). For polishing, we 
performed two iterations of read-mapping to the draft assemblies 
using BWA mem (Li & Durbin, 2009), processing using samtools (Li 
et al., 2009) to remove duplicates and running the nextpolish script 
with default parameters. The Illumina dataset was available late in 
the project cycle and so initial manual curation and transposable el-
ement library curation was performed prior to this final polishing; 
with repeat and TE detection performed on the final polished ge-
nomes. The genome assembly strategy is illustrated in Figure S1.

2.4  |  Assembly evaluation

Summary statistics for the assemblies were generated using quast 
v5.2.0 (Gurevich et al., 2013), and busco v5.3.2 with MetaEuk was 
used to assess assembly completeness with the ODB10_aves data-
set (Manni et al.,  2021). The contigs containing the mitochondrial 
genome were identified by blastn (Altschul et al.,  1997) screen-
ing the assembly using the Sanger-sequenced GenBank acces-
sion KC545400.1 as the query. K-mer-based (k = 31) assessments 
of assembly completeness and accuracy were made using merqury 
v1.3 (Rhie et al.,  2020). Contamination in the assemblies was as-
sessed using blastn searches to the BLAST nr nucleotide database 
(NCBI Resource Coordinators, 2014) and diamond blastx (Buchfink 
et al.,  2014) searches to the Uniprot reference proteome (The 
UniProt Consortium, 2021). The collated hits from these searches 
were used to form a blobtools database (blobDB) and visualized with 
a blobplot (Laetsch et al., 2017).

2.5  |  Autosome scaffolding

Scaffolding using a genetic linkage map was performed with 
chromonomer v1.14 (Catchen et al.,  2020). The linkage map de-
scribes the relative ordering and location of markers across each 
linkage group in the genome, and by mapping the physical positions 
of these markers to the draft assembly, the contigs can be ordered 
and oriented into their linkage group positions. An autosomal link-
age map had previously been constructed for hihi (Scherer, 2017) 
based on genotypes from our 50 K SNP array (Lee et al., 2021). In 
brief, following quality control, markers were first grouped into 
linkage groups based on homology of the SNP and its flanking se-
quence with the zebra finch genome. Those that aligned to the Z 
or W chromosomes were excluded. Within each of the autosomal 
linkage groups, marker order and positions were inferred using 
information from 436 individuals from the Tiritiri Matangi Island 
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6  |    BAILEY et al.

population with confirmed family relationships. Markers were 
added only when their placement in the map was 1000 times more 
likely than any other position within the existing map, and local 
rearrangements of up to seven markers were assessed to select 
the order with the highest likelihood. Linkage map construction 
was performed with cri-map v2.4 (Green et al., 1990), modified by 
Xuelu Liu (Monsanto), and cri-map v2.507 (Evans & Maddox, 2015) 
to accommodate large numbers of markers and complex pedigree 
structures in constructing the linkage map. In total, the linkage 
map positioned 1773 SNP markers within 32 framework linkage 
groups representing 31 chromosomes, with a total map size of 
2429.1 centi-Morgans (cM) (Scherer, 2017).

BWA mem was used to map the 50 K SNP markers and their 
flanking sequence to the genome assemblies and this, along with 
the assembly contigs and the genetic map positions of the markers, 
were used as input to chromonomer. In the initial round of scaffold-
ing, a small number of chimeric contigs were identified in each of 
the assemblies due to SNP markers from two or, rarely, more linkage 
groups being located on the same assembly contig. Since the long-
read contigs do not contain gaps, contig breaks were not introduced 
by chromonomer automatically, and we instead used this information 
to inform manual curation. Starting from the misjoin interval iden-
tified by chromonomer, we used depth of coverage, read-mapping 
positions and end-point information from the male and female draft 
assemblies to inform the placement of introduced contig breaks. 
The curated assembly contigs were then re-run through the chro-
monomer pipeline to generate the final organization of the autoso-
mal chromosome scaffolds, which consist of the contigs oriented 
and ordered with 100 bp “N” spacers introduced at the breakpoints. 
Scaffolded chromosomes were named based on homology with the 
zebra finch genome.

At this stage, small contigs (those under 2 kb) and contigs that 
showed weak support due to low coverage from short and/or long 
reads were also removed from the assembly. Contigs which demon-
strated elevated coverage were tagged as likely collapsed repeats 
but retained in the assembly.

2.6  |  Identification of sex-linked contigs

To identify sex-linked contigs and classify them as either W or Z 
in origin, we combined coverage-based analyses using both the 
Illumina and ONT read datasets with comparative genomics evi-
dence from other avian genomes. ONT long reads were mapped 
back to the draft assembly using minimap2 with the -x ont flag. 
Alignments were sorted with samtools and reads with a mapping 
quality of <20 were excluded. Illumina reads were mapped to the 
assembly with BWA mem and processed with the same MQ >20 
filter. We computed mean and median read coverage using mos-
depth v0.3.3 (Pedersen & Quinlan,  2018), normalized the cover-
age measures to account for the difference in sequencing effort 
between the two samples and assessed the female to male (F:M) 
coverage ratio for entire contigs and for non-overlapping 10 and 

50 kb windows. Z-linked contigs have an expected F:M ratio of 0.5 
compared to a ratio of 1 for the autosomes. Xu et al.  (2019) em-
ployed a metric based on the ratio of mappable bases in males 
versus females and we used samtools depth to recover counts and 
to calculate this, employing a coverage filter to retain reads with 
coverage <150 to exclude regions with a large contribution from 
collapsed repeats.

At the time of this study, we could identify only four published 
avian genomes with high-quality contiguous W chromosome as-
semblies (Table  S3). We used ragtag v2.1.0 (Alonge et al.,  2019) 
and an underlying assumption of chromosome synteny to link the 
hihi contigs to the Z or W of these references. We considered the 
placement of a contig >50 kb in length to the W or Z chromosome 
of one or more of these references with a confidence score of >0.95 
to support the localisation, and evaluated this alongside contig cov-
erage information. We also used this approach to cross-check the 
chromosomal assignment of the autosomal scaffolds and putatively 
assigned contigs >50 kb that were mapped to autosomal chromo-
somes with a confidence score of >0.95 as unplaced contigs of that 
chromosome. In the absence of linkage map information for the Z 
and W chromosomes, we were unable to scaffold the assigned sex-
linked contigs into pseudo-chromosomes and so these are provided 
as annotated contigs in the final assembly.

2.7  |  Genome repetitive content

Repeat libraries and landscapes for the male and female genome 
were generated with earl grey v1.2 (Baril et al., 2022). Earl grey was 
developed as a TE discovery and annotation pipeline that also con-
ducts automated curation of TE libraries, with the goal of generat-
ing improved TE consensus sequence lengths and reduced library 
redundancy compared to pipelines that omit TE curation. Although 
it has a focus on TE identification and classification, earl grey also 
identifies other repetitive sequences and summarizes these as satel-
lites or as unclassified elements. The pipeline first uses repeatmas-
ker to identify known repetitive elements, in our case sourced from 
the dfam v3.2 database (Smit et al., 2013; Storer et al., 2021). Next, 
repeatmodeler2 performs de novo TE discovery (Flynn et al., 2020). 
The pipeline-identified elements are processed to remove redun-
dancy and an automated implementation of the “BLAST, extract, 
extend” approach is used to generate an optimal set of consensus se-
quences (Camacho et al., 2009; Capella-Gutiérrez et al., 2009; Katoh 
& Standley,  2013). The genome is then revisited with repeatmasker 
using the curated library and the output is combined with ltrfinder 
results and post-processed with repeatcraft (Ou & Jiang, 2019; Wong 
& Simakov, 2018).

2.8  |  Gene annotation

The larger curated TE library from the female genome was used to 
soft-mask both genome assemblies before gene annotation using 
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    |  7BAILEY et al.

galba v1.0.0. galba uses homology evidence, taking high-quality pro-
tein predictions from a single species (here, chicken NCBI annota-
tion release 106 GCF_016699485.2-GRCg7b along with UniProt 
SwissProt Release 2022-10-12), to train augustus models to gener-
ate gene predictions in the target genome (Hoff et al., 2019; Hoff 
& Stanke, 2019; Stanke et al., 2006). funannotate v1.8.14 accessory 
scripts were used to clean and sort the assembly contigs prior to 
running the galba pipeline (Palmer & Stajich,  2020). Annotations 
were obtained by running galba in CRF-training mode (--crf) and 
with protein alignment using MiniProt (Li,  2023). The galba com-
mand also included the following flags: --softmasking --gff3 
--species = ‘Notiomystis cincta’. The female genome was annotated 
using this method, and the male genome was annotated using the 
female predictions to ensure similarity between the two annota-
tions. Annotation quality was evaluated using busco in protein mode 
with the aves ODB10 dataset. Functional annotation of the pre-
dicted proteins was performed using the eggnog-mapper v2.1.9 and 
the eggnog database v5.0.2 (Cantalapiedra et al., 2021; Huerta-Cepas 
et al.,  2019). CpG islands were predicted using the emboss v6.6.0 
function cpgplot with default parameters (Rice et al.,  2000). The 
mitochondrial contigs were annotated separately, using the mitos2 
webserver (http://mitos2.bioinf.uni-leipz​ig.de/; Donath et al., 2019). 
orthofinder v2.5.2 was used to identify orthologs between the male 
and female predicted protein datasets, and between the female 
dataset and both the chicken proteome used to support gene pre-
diction and the zebra finch GCF_003957565.2 proteome (Emms & 
Kelly, 2019).

2.9  |  Native DNA methylation analysis

The ONT raw fast5 data were revisited using a Remora-modified 
base calling model (dna_r9.4.1_450bps_modbases_5mc_cg_sup.
cfg) in guppy v6.2.1 with the polished female genome assembly sup-
plied as a reference. The model calls 5-methylcytosine (5mC) in a 
CpG context. The output bam files were processed with modbam2bed 
(https://github.com/epi2me-labs/modba​m2bed) to generate a bed 
file with the counts of modified and non-modified bases at each 
CpG site, with signals from forward and reverse reads aggregated 
for downstream analyses.

In order to identify differentially methylated regions (DMRs) be-
tween the male and female individuals we first filtered the dataset 
to retain only sites that had a coverage depth of >5 reads and which 
were recovered in both individuals. We also excluded contigs that 
had been assigned to the W chromosome. The per-site modifica-
tion data were analysed using the DMA function in nanomethphase 
v1.2, which calls the R package dss with default parameters (Akbari 
et al., 2021; Park & Wu, 2016; R Core Team, 2021). Dss clusters dif-
ferentially methylated sites into DMRs using thresholds of a mini-
mum length of 100 bp, at least 15 CpG sites within the DMR and at 
least 50% of CpG sites having a significant p-value, with adjacent 
sites closer than 100 bp being automatically merged together. meth-
ylartist v1.2.6 and igv v2.15.4 were used to generate visualizations 

of methylation signals (Cheetham et al.,  2022; Thorvaldsdóttir 
et al., 2013).

3  |  RESULTS

Independent genome assemblies for the female and male individu-
als were generated using the flye assembler from reads basecalled 
with guppy version 5 using the super accurate model. The ONT se-
quence reads were used to polish these assemblies using racon and 
then medaka before introducing a final polishing step using nextpolish 
and a dataset of Illumina reads for the two individuals. The Illumina 
dataset was also used to generate k-mer based estimates of genome 
properties and for assembly evaluation using merqury.

The assembly properties are shown in Table  1. The male total 
assembly length of 1.046 Gb corresponded well to the k-mer base 
sized estimate produced by genomescope of 1.038 Gb., The female 
assembly, which is larger than the male assembly due to the addi-
tional recovery of the W chromosome, was 1.063 Gb in length. In 
comparison, the genomescope estimate of genome size of the female 
individual is 1.003 Gb due to the haploid contribution of the sex 
chromosomes in that context (Figure S2). Estimated heterozygosity 
was 0.189% and 0.371% in the male and female genomes, respec-
tively, again with the heterogametic sex chromosomes likely inflat-
ing the estimate in the female. No contaminant non-avian sequences 
were detected in the genome assemblies as assessed by blobtools 
(Figure S3).

TA B L E  1  Global genome assembly statistics and quality 
assessment.

Female 
genome

Male 
genome

Total assembly length (Mb) 1063.4 1045.8

Number of contigs 471 497

GC content (%) 42.88 42.81

Contiguity statistics

Contig N50 (Mb) 7.00 6.87

Contig L50 47 51

Completeness statistics

Ns per 100 kb 0.19 0.00

busco complete n (%) 8077 (96.8) 8083 (96.9)

busco complete and single copy 
n (%)

8033 (96.3) 8042 (96.4)

busco complete and duplicated 
n (%)

44 (0.5) 41 (0.5)

busco fragmented n (%) 46 (0.6) 44 (0.5)

busco missing n (%) 215 (2.6) 211 (2.6)

merqury completeness 96.68 97.08

Accuracy statistics

merqury QV 44.27 44.09

merqury estimated error rate 3.74e−05 3.90e−05
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The female assembly backbone was constructed from a dataset 
of 30.5 Gb ONT sequence, with a read N50 of 29.7 kb. The ONT con-
tribution to the male assembly was 47.9 Gb sequence with a read 
N50 of 16.0 kb (Table S2). Despite the higher coverage of the male 
ONT dataset compared to the female, the assembly properties were 
broadly similar, with the genome represented by 471 contigs in the 
female and 497 contigs in the male, and N50 statistics of 7 and 
6.9 Mb respectively (Table  1). Genome completeness as measured 
by busco (gene-based) and merqury (k-mer-based) assessments were 
closely aligned and approached 97% (Table 1). Of the missing busco 
genes, over 90% (n = 196) are absent from both genomes, suggesting 
these may be either genuinely absent or difficult to recover with cur-
rent assembly approaches. Short-read polishing had minimal impact 
on structural features of the genome assembly but did improve the 
QV estimates of genome accuracy. Prior to short-read polishing the 
female and male genomes reported QV scores of 37.3 and 38.8, after 
short-read polishing these values increased to 44.3 and 44.1.

The mitochondrial genomes were recovered in a single contig for 
both the male and female assemblies (Figure S4). The two mitochon-
drial genomes recovered here are 99.98% identical to each other 
and 99.97% identical to the Sanger-sequenced accession reported in 
Gibb et al. (2015), which has been noted to contain an unusual gene 
order involving duplication of tRNA Pro-CR compared to other pas-
seriforme genomes. Collectively these three 18.65 kb mitogenome 
accessions differ at just seven single nucleotide sites.

3.1  |  Autosome scaffolding

Autosomal scaffolding of the draft assemblies was performed using 
a genetic linkage map generated from population genotyping data 
using our 50 K SNP array (Lee et al., 2021). Over 99.9% of the 50 K 
SNP array SNPs were successfully mapped back to the reference 
assemblies and 1773 map-informative markers were processed 
by chromonomer to organize and orient the contigs into pseudo-
chromosomes. These pseudo-chromosomes were then named based 
on homology with the zebra finch genome. When using the linkage 
map to scaffold the assembled contigs from the female assembly, 
1696 markers were retained in the final map and 63 inconsistent 
markers were excluded. 914 Mb of assembly sequence, compris-
ing 173 contigs and 14.2 kb of introduced gaps, was integrated into 
autosomal linkage groups. One of the contigs spanned the linkage 
groups for chromosome 1 and chromosome 1B, so the linkage map 
was updated to include this information by reassigning the 1B mark-
ers and adjusting the cM positions of the chromosome 1 markers 
to accommodate the terminal 1B marker dataset. Scaffolding was 
performed in the male genome in parallel, with 1698 markers re-
tained in the map and 62 excluded. 913 Mb of assembly sequence, 
comprising 187 contigs and 15.6 kb of scaffold join gaps, was inte-
grated into linkage groups. We did not initially recover chromosome 
16, which is reported to contain the avian Major Histocompatibility 
Complex and is often not well-resolved in avian assemblies. tBLASTn 
was used to identify a single contig in both genomes that contained 

multiple hits to the MHC class I and MHC class II antigen proteins 
characterized in zebra finch, and these contigs were manually added 
to the assembled genomes as “chromosome 16”. The highly syntenic 
arrangement of the autosomes in the female and male assembly is 
shown in Figure 2a. As expected from other avian genome analyses 
(e.g. Waters et al., 2021) and despite over 90 million years of separa-
tion, synteny between the chicken and hihi genome is broadly con-
served with no major chromosome-scale rearrangements beyond 
well-characterized chromosome fission events (Figure S5).

3.2  |  Identification of sex-linked contigs

Contigs were associated with the Z and W chromosomes using a 
combination of coverage-based assessments (using both long-read 
and short-read datasets) and homology to characterized sex chro-
mosomes in high-quality avian assemblies. In general, these two 
lines of evidence were congruent.

In the female assembly, 19 contigs >50 kb in length, totalling 
75.07 Mb, showed coverage profiles consistent with a single chro-
mosome copy in the female genome and with two copies in the male 
genome. All 19 contigs were localized to the Z chromosome in the 
zebra finch and paradise crow assemblies, with one unplaced con-
tig and 18 Z-chromosome-placed contigs in the New Caledonian 
crow assembly. In addition to the 19 contigs confidently assigned 
to the Z chromosome, a further 14 contigs (mean length 10.3 kb, 
143 kb in total) had female:male coverage ratios consistent with a 
Z-chromosome localisation. One of these contigs (Ncf_contig_638, 
44 kb) was linked to the zebra finch W chromosome by homology 
but had coverage consistent with Z-chromosome localisation in both 
long- and short- read datasets. In the female assembly, the pseudo-
autosomal region (PAR) was recovered as a single 884 kb contig 
(Ncf_contig_1251) with equivalent coverage in the male and female 
datasets. This contig was excluded from analyses of the Z/W chro-
mosome properties of the female genome.

In the male assembly, we identified 18 contigs >50 kb in length 
that showed coverage profiles consistent with Z-linkage and one fur-
ther contig corresponding to the PAR (Ncm_contig_2631, 739 kb). 
Together, these contigs comprised 75.67 Mb sequence. Again, the 
assignment to the Z was supported by homology evidence. All 18 Z 
chromosome contigs were identified as such with reference to the 
zebra finch and paradise crow assemblies, and 17 of the 18 were 
placed on the New Caledonian crow Z assembly, with one unplaced 
contig. The PAR contig was identified as W-chromosomal with refer-
ence to all three assemblies. As with the female genome, there were 
several <50 kb contigs that showed coverage profiles consistent 
with Z-linkage and together these 10 contigs contributed 172 kb of 
sequence length and with a mean contig length of 17.2 kb.

A total of 24 contigs >50 kb in length in the female assembly, 
accounting for 14.81 Mb in total, were linked to the W chromosome 
by female–male coverage ratio. Twenty-two of these were mapped 
to the zebra finch W chromosome by ragtag2, with the remaining 
two contigs not placed in the zebra finch genome. Twenty-one 
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    |  9BAILEY et al.

contigs were linked to the W chromosome in the paradise and New 
Caledonian crow assemblies. Two contigs identified as W-linked 
likely represent collapsed duplications since despite near absence in 
the male assembly they both show coverage levels indicative of two 
genomic copies. These contigs appear as outliers in Figure 2b. Again, 
there were additional small contigs that could not be confidently as-
cribed to the W chromosome but which showed coverage profiles 
consistent with W-linkage. Together, these 8 contigs contributed 
129 kb of sequence to the assembly, with a mean contig length of 
16.1 kb.

After autosomal scaffolding, 1006 Mb (94.6%) of the female as-
sembly and 989 Mb (94.6%) of the male assembly were assigned to 
chromosomes. Per-chromosome summary statistics, along with sum-
mary statistics for the sex-linked contigs, are provided in Tables S4 
and S5 for the female and male genomes respectively. At this level, 
the contiguity statistics for the scaffolded assembly are dominated 
by the properties of the chromosomes themselves. In the female 
assembly, 12 microchromosome scaffolds are composed of a single 
contig and a further four contain just two contigs. The recovered 
N50 values for the two scaffolded assemblies are 61 Mb, and 90% of 
the assembly length is represented by 31 scaffolds in the female as-
sembly and 30 scaffolds in the male assembly. We followed Waters 
et al.  (2021) in classifying chromosomes as macro-chromosomes 
(n = 9) or micro-chromosomes (n = 25), with the smallest macro-
chromosome being 38 Mb and the largest micro-chromosome 
26 Mb. As is typical for avian genomes, the macro-chromosomes 

tend to have slightly lower GC proportions and gene densities than 
the micro-chromosomes. In the female assembly, mean gene density 
on the macro-chromosomes was 16.6 genes per Mb, whereas this 
was 45.0 genes per Mb on the micro-chromosomes. GC proportion 
averaged 41% on the macro-chromosomes and 50% on the micro-
chromosomes (Tables S4 and S5).

3.3  |  Genome repetitive content

Repeat annotation with earl grey suggested that the male and female 
hihi genomes had an overall repeat density of 10.00% and 11.15%, 
respectively (Table S6). The difference between the two genomes 
was largely explained by the long terminal repeat (LTR) retroviral con-
tent, which was annotated to encompass 2.9% of the male genome 
and 3.9% of the female genome. Both genomes had similar contribu-
tions from long interspersed nuclear elements (LINEs), which were 
the major family of elements identified and made up 4.7% of the 
male genome and 4.8% of the female genome. Contributions from 
DNA transposons (0.7% in both genomes), unclassified elements 
(1.0% male, 1.0% female) and satellite DNA (0.5% in both genomes) 
were broadly very similar. The most abundant element families are 
CR1 (LINE elements) and ERVL, ERV1 and ERVK (LTR elements).

We classified the genomes into autosomal, Z chromosome and 
W chromosome subsets and assessed the repetitive content of these 
partitions (Figure 3). Equivalent partitions for the male and female 

F I G U R E  2  (a) Jupiter-type plot of the male and female autosomal hihi genomes. Chromosomes are named by homology to the zebra 
finch (Taeniopygia guttata) genome, with unlabelled chromosomes sequentially representing the microchromosomes 9–29, and including 
25A and 25B; (b) Coverage plot showing Z, W and pseudoautosomal region (PAR) scaffold classification. A single autosomal chromosome, 
chromosome 5, is plotted for comparison. ‘Male/Female mappable ratio’ represents the proportion of male to female short reads mapping 
to each contig after correcting for the higher sequencing coverage for the female, ‘Female median coverage’ represents the median depth of 
female short read coverage for each contig.
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datasets are closely aligned. The autosomal contigs numerically 
dominate the whole genome datasets and so show similar overall 
statistics (Figure 3a) and repeat landscapes (Figure 3b,c). In addition 
to reflecting the contribution of the sex chromosomes, the slightly 
lower densities of elements in the autosomes relative to the total ge-
nome also indicates that the unplaced contigs, which were excluded 
from these counts, are relatively enriched in TEs and satellites. The 
Z chromosome shows an enrichment of repetitive elements com-
pared to the autosomes (an average density of 14.1% compared to 
8.7%). In marked contrast to the properties of the other chromo-
somes, but in agreement with patterns on other avian chromosomes 
(Peona, Palacios-Gimenez, et al., 2021), the W has a high density of 
TEs (80.3%). The hihi W is dominated by LTR elements, particularly 
the ERVK and ERV families, with LTR elements accounting for 67.8% 
of the W contig sequence length (Table S6).

It is interesting to note a recent burst of transposon insertions 
in the genome, indicated by the peak of elements with a low ge-
netic distance from the consensus seen in both the female and male 
genome repeat landscapes. This burst has contributions from both 
LTR and DNA transposons, with the latter being largely limited to 
autosomes since the low genetic-distance DNA transposon peak 
is seen only in the autosomal landscape (Figure 3c, and not the Z 

or W landscapes, Figure  3d,e). The DNA transposon families that 
dominate this recent burst are Ginger-2 elements and CMC-EnSpm, 
whereas the LTR contributors are, in order of decreasing coverage, 
ERVL, ERVK and ERV1.

3.4  |  Gene annotation

Unfortunately due to collection permit restrictions it was not pos-
sible to obtain tissue RNAseq data to support gene annotation 
from available samples. Further, the blood samples utilized for our 
genomic sequencing failed to yield RNA of sufficient quality and 
quantity for us to generate a blood transcriptome. Instead, we gen-
erated a preliminary set of annotations using galba, which employs 
homology-evidence alone, opting to use the well-characterized 
chicken GRCg7b dataset as the reference proteome, as well as 
UniProt SwissProt. We recovered 22,857 protein-coding genes 
(35,264 total isoforms) in the female genome and 25,472 protein-
coding genes (37,364 total isoforms) in the male. Busco evaluations 
of the annotation completeness were encouraging, each reporting 
~97% completeness and low (<1%) duplication levels when the sin-
gle, longest isoform per protein prediction was supplied (Table S7).

F I G U R E  3  Genome repetitive content. (a) The repetitive element composition of genome partitions in the female and male assemblies. (b) 
Repeat landscape of the female genome. (c) Repeat landscape of female autosomal contigs. (d) Repeat landscape of female Z chromosome 
contigs. (e) Repeat landscape of female W chromosome contigs. The pseudoautosomal region (PAR) contig is excluded from the female Z and 
W chromosome datasets. Note the different scales on the Y-axis of panels (b–e).
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We compared the female and male annotations and assessed the 
complement of annotated genes with respect to the zebra finch and 
chicken genomes using orthofinder (with a single isoform represent-
ing each protein). When comparing orthology properties between 
the two hihi genome assemblies, over 99% of orthogroups con-
tained predicted proteins from both the female and male genome 
assemblies and a high percentage of the total genes were identified 
as orthologs between the two assemblies, with just 4.1% of female 
genes and 6.3% of male genes unassigned to orthogroups (Table S8). 
20,214 genes were identified as one-to-one orthologues and these 
were used as links in the synteny comparisons of the two scaffolded 
genomes (Figure 2a). Comparisons of the hihi annotation to the zebra 
finch and chicken genomes indicate that there is some scope for fur-
ther refinement of the hihi annotations (Table S9). Despite contain-
ing a number of predicted genes intermediate between zebra finch 
(n = 19,538) and chicken (n = 14,429), the percentage of hihi genes 
that could be assigned to orthogroups in this dataset was 74% (com-
pared to >90% in both zebra finch and chicken). There were 10,097 
one-to-one orthologs identified in the chicken-to-hihi comparison 
and 9657 in the zebra-finch-to-hihi comparison, which may reflect 
some degree of bias from the chicken dataset in gene prediction.

3.5  |  Native DNA methylation analysis

The raw signal generated during ONT sequencing using unamplified 
templates can also provide information about native DNA base mod-
ifications. To investigate this, we re-called the raw fast5 datasets 
using a pre-developed model to detect 5-methylcytosine (5mC) in 
a CpG context. Both the male and female datasets were mapped to 
the female reference assembly for this analysis. A total of 10.28 M 
CpG dinuclotides were identified in the female dataset and 10.05 M 
in the male dataset, and these show similar distributions of methyla-
tion proportion (Figure S6) with a slight excess of fully unmethylated 
sites in the female. CpG islands were also independently identified 
from the reference sequence using EMBOSS cpgplot. This approach 
identified 59,320 CpG islands in the female genome and 56,622 
CpG islands in the male genome. We partitioned the genome into 
autosomal, Z and W subsets to investigate the methylation status in 
parallel to the earlier analysis of repetitive content. Figure 4a shows 
the percent methylation of CpG sites averaged across 50 kb non-
overlapping windows for different genome partitions. At this level of 
analysis, the autosomes and Z show similar distributions of methyla-
tion whereas the W chromosome is markedly hyper-methylated by 
comparison.

Since we had ONT datasets from a male and a female individual 
we were able to explore whether there were DMRs between these 
two individuals. In general, the methylation signals are strongly 
correlated between male and female samples: Figure  4b shows a 
representative snapshot 100 kb window. DMR potentially reflect 
sex-specific differences in epigenetic status, though they may also 
reflect non-sex-specific inter-individual differences. The methyla-
tion dataset for the two individuals was combined and filtered to 

exclude sites not represented in both individuals and sites with low 
read coverage. The data from the two DNA strands was aggregated 
resulting in a single, unphased set of methylation percentages per 
CpG site. After filtering, 9,973,798 sites were retained for analysis. 
The dma module in nanomethphase was used to identify differentially 
methylated sites and cluster these sites into regions. In total, 4097 
DMR were identified with the analysis settings employed, of which 
3276 could be localized to autosomes and 297 to the Z chromosome/
PAR scaffold of the female genome. The DMRs contained between 
16–466 CpG sites per locus (mean = 47.6) and ranged from 102 to 
4.8 kb in size (mean = 552 bp). However, most of the identified DMR 
displayed quite minor differences in methylation levels (mean abso-
lute difference of 0.14). We elected to focus on the subset of DMR 
showing an absolute difference in methylation of >0.4 (Table S10). 
These 43 DMR were generally found to be hyper-methylated in the 
male relative to the female, with only six of the 43 reporting hyper-
methylation in the female individual. Eighteen of the 43 DMR were 
found to overlap a predicted gene (or genes) within the interval 1 kb 
upstream or downstream of the DMR boundaries. The 21 genes that 
are physically close to the DMRs are listed in Table S11. Not all pre-
dicted genes have functional annotations but we note the presence 
of genes implicated in transcription, post-translational modification, 
and replication, recombination and repair within this highly DMR 
subset. Of particular note is gene g22840 which is located on the 
pseudoautosomal contig and so has both a Z-linked and W-linked 
allele. This gene shows homology to the TCF4 transcription factor, a 
key transcriptional mediator of the Wnt signalling pathway (reviewed 
in Liu et al., 2022). Jiang et al.  (2021) recently reported that TCF4 
is negatively regulated by Spindlin1-Z (SPIN1Z), with the inhibition 
of TCF4 promoting male sexual differentiation. A 2.3 kb view of the 
g22840 DMR interval is shown in Figure 4c. The male is homozy-
gous for a ~ 380 bp deletion at this locus, and the female is heterozy-
gous for this deletion, consistent with a Z-chromosomal localisation 
of the deleted allele and W-chromosome for the non-deleted allele. 
Note that the deleted bases were excluded from the analyses and so 
the DMR signal comes only from sites that are present in both the 
male and female samples and are flanking the deletion. The male is 
hyper-methylated in this region.

4  |  DISCUSSION

A high-quality genome assembly for a threatened species is a valu-
able tool in the ‘conservation toolbox’, for example enabling infer-
ence of overall genetic variation and population structure that can 
be used to inform conservation management decisions. We under-
took this project to provide a high-quality female genome assembly 
for hihi, a threatened avian species native to Aotearoa New Zealand. 
The genome assembly of a female complements the male genome 
assembly that was developed in parallel, as it contains the female-
specific W chromosome. By identifying the hihi W chromosome, we 
have a more representative genome assembly for the females in the 
population, which can allow genetic diversity to be captured more 
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12  |    BAILEY et al.

accurately in females and enable better understanding of sex dif-
ferences in inbreeding and fitness. Furthermore, the two assemblies 
enable comparisons between the repeat content and methylomes 
of both sexes.

4.1  |  Sequencing and assembly

We have constructed highly contiguous and complete genome as-
semblies from ONT reads polished with Illumina short read se-
quencing. We found avian samples to perform relatively poorly on 
the ONT flow cells, with steady decline in pore availability during 
the course of the experiment and typically only 10–16 h of run time 
before nuclease flushing of the library and reloading was required. 
We first assembled the male genome and were able to capitalize on 
learnings with this sample to obtain a comparable quality assem-
bly of the female individual with lower coverage (the female read 
input to assembly was ~60% total length of the male input). The 
female reads had a larger fragment size, with a read N50 close to 
twice the length of the male dataset and this may have provided a 
degree of compensation for the lower input. In general, higher cov-
erage datasets have typically been used in the construction of other 

high-quality avian assemblies (Friis et al., 2022; Peñalba et al., 2020; 
Peona, Blom, et al., 2021; Rhie et al., 2020). For hihi, it is likely that 
the low overall genetic diversity (de Villemereuil, Rutschmann, Lee, 
et al., 2019), and hence low heterozygosity, has positively contrib-
uted to the high assembly contiguity. In support of this hypothesis, 
although analyses were attempted, neither purge haplotigs (Roach 
et al., 2018) nor purge_dups (Guan et al., 2020) were able to recover 
both a primary and alternative assembly due to the low heterozygo-
sity (data not shown).

The assembled female genome size of 1.06 Gb is typical for an 
avian genome (Zhang et al., 2014) while a contig N50 of 7.00 Mb and 
scaffolded N50 of 68.2 Mb are comparable to other long-read avian 
assemblies (Peona, Blom, et al., 2021; Rhie et al., 2020). The busco 
completeness is also very typical for an avian assembly as in general, 
avian assemblies have a busco completeness of over 95% (Peñalba 
et al., 2020). Scaffolding the assembly to a population linkage map 
with Chromonomer produced 31 autosomal scaffolds named for 
synteny with the zebra finch genome (1–15, 17–24, 26–29, 1A, 4A, 
25A, and 25B). Chromosome 16 is thought to be small but highly 
repetitive, meaning it has been challenging to assemble in other 
passerines, including zebra finch (Ekblom et al.,  2011). Although 
Chromosome 16 was missing from the linkage map, we were able to 

F I G U R E  4  (a) Violin plot showing methylation levels for autosomal, Z and W scaffolds. (b) Representative locus plot showing local 5mC 
distribution. Plot generated using methylartist showing a representative 100 kb genomic segment (Ncf_contig_1251:360,000-460,000; 
PAR). The top panel shows read mappings and modifications across the region with the male in blue and female in orange. In the lower two 
panels, the reads are translated from genomic coordinates into CpG only coordinates and the raw log-likelihood ratios (centre) and smoothed 
methylation fraction (bottom) are displayed. (c) Integrated Genome Viewer (IGV) display of base modifications at the g22840 DMR locus. 
The region shown is intronic. The black bar demarcates the DMR bounds. Individual reads are mapped, with methylated CpG sites shown in 
red and unmethylated sites shown in blue. The region plotted is Ncf_contig_1251:557,006-559,136.
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    |  13BAILEY et al.

identify part of this chromosome via homology to the major histo-
compatibility complex (MHC) genes. Passerine genomes are highly 
conserved across species, and most species have 40 chromosome 
pairs (Kretschmer et al., 2018), although the majority of these are 
microchromosomes (Waters et al., 2021). The haploid chromosome 
number is not known for hihi because no karyotyping has been per-
formed, but it is likely that we are missing chromosome models of 
several microchromosomes. These micro-chromosomes are likely 
to be present in the unplaced contigs partition, which accounts for 
57.4 Mb (less than 6%) of the final assembly and in the future it may 
be possible to link these contigs to specific micro-chromosomes.

Given the overall similarity in assembly statistics between the 
male and female genomes, including comparable levels of fragmen-
tation for the same chromosome scaffolds (Tables 4 and 5), it is likely 
that extended repetitive regions remain the major impediment to 
remaining intra-chromosomal contig joins. We anticipate that an 
ultra-long read dataset (i.e. read N50 > 100 kb) would be required to 
substantially improve the assembly contiguity. The BUSCO and k-
mer based estimates of completeness are both over 96% and, since 
functional elements (such as genes and regulatory elements) tend 
to be rare in repetitive regions, obtaining more a more contiguous 
assembly is likely to have a relatively small impact on our ability to 
draw biological conclusions from genomics datasets using these ref-
erences (Peona, Blom, et al., 2021; Weissensteiner & Suh, 2019).

Our female assembly is more contiguous and complete than the 
B10K hihi assembly (Feng et al.,  2020; ASM1339807v1; GenBank 
assembly accession: GCA_013398075.1) as reflected in a lower re-
ported scaffold N50 for the B10K assembly (154.8 kb; compared to 
our female assembly of 68.23 Mb, Table 2) and a much higher num-
ber of scaffolds (38,987, compared to 288). The B10K assembly was 
assembled from Illumina HiSeq reads which contributes to the highly 
fragmented nature of the assembly. Although adults are sexually di-
morphic, the sex of the hihi individual that was assembled by B10K 
was listed as unknown (Feng et al., 2020). Comparisons of assembly 
lengths show that the B10K assembly, at 1.025 Gb, is smaller than 

both male and female assemblies obtained here. BLASTn analysis 
with W-chromosome query sequences suggest that the B10K as-
sembly does not contain W chromosome-derived contigs, suggest-
ing that the individual was male.

4.2  |  Local sequencing

Sequencing DNA in Aotearoa New Zealand was vital for our project 
due to our responsibility of working with a native species. As tauiwi 
(non-Indigenous) researchers working in Aotearoa, we are partners 
in Te Tiriti o Waitangi, the treaty that formalized a relationship be-
tween the British Crown and Māori. We acknowledge that all genetic 
research for the purposes of conservation within Aotearoa is of value 
and interest to Māori who are kaitiaki (guardians) for those species 
(Collier-Robinson et al., 2019; Hudson & Russell, 2009). Because hihi 
are a taonga (treasured) species, the samples and the data generated 
from the hihi individual used in this study are also taonga and need 
to be treated carefully (Caron et al., 2020; Hudson et al., 2021). Ngāti 
Manuhiri, the iwi who are kaitiaki for hihi, required the sequencing 
to be done in New Zealand to ensure the appropriate handling of the 
sample and genomic data, leading to selection of Oxford Nanopore 
Technologies MinION and Illumina HiSeq sequencing. Further, the 
limited quantity and quality of blood available for both the female 
and male individual meant that scaffolding options that could have 
been completed in-country, such as Hi-C, were unfeasible. However, 
we demonstrate the value of our genetic map, generated from SNP 
array data from the long-term studied population on Tiritiri Matangi, 
to scaffold the autosomal genome.

4.3  |  Identification of sex-linked contigs

We used homology to the sex chromosomes of other passerine spe-
cies and comparison of male versus female genomic depth of cover-
age to identify 24 W-linked and 19 candidate Z-linked contigs with 
a total length of 14.8 Mb (1.4% of the genome) and 75.1 Mb (7.1%), 
respectively. The PAR, which is found on both the Z and W chromo-
somes, was recovered as a single 0.88 Mb contig and retained as a 
separate contig in analyses. The total length of the W- and Z-linked 
contigs are within the ranges we expected based on the sizes of W 
(11–26 Mb) and Z (74–86 Mb) chromosomes in other avian species 
(Xu et al., 2019). Although avian genomes generally show high levels 
of synteny, this pattern does not appear to extend to the sex chro-
mosomes (Zhou et al.,  2014). The homology information provided 
good validation of the chromosome localisation of the putatively 
sex-linked contigs, however the relative ordering and orientation of 
these contigs was highly variable between the three reference ge-
nomes that we used, hence sex-linked contigs are provided as such 
and not further scaffolded.

The W is particularly challenging to assemble due to the high 
density of repetitive elements and proportionally lower coverage of 
this chromosome in the female sample. This is reflected in the lower 

TA B L E  2  Scaffolded Genome assembly summary.

Female 
genome

Male 
genome

Total assembly length (Mb) 1063.8 1045.9

Mb linked to chromosomes 1006.3 989.4

Mb unplaced 57.4 56.5

Total number of scaffolds 329 341

Number linked to chromosomes 77 52

Number unplaced 252 289

Contiguity statistics

Scaffold N50 (Mb) 61.40 60.552

Scaffold L50 6 6

Scaffold L90 31 30

Completeness statistics

Ns per 100 kb 1.52 1.40
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contiguity of the W chromosome compared to the Z: the N50 of the 
W contigs is 1.02 Mb, whereas the N50 of the Z is 8.0 Mb and close 
to the genome-wide contig N50 of 7.0 Mb. We also note that two 
W contigs have inflated coverage consistent with collapsed duplica-
tions. Overall, the female assembly is 17.9 Mb larger than the male 
assembly and we would expect that the bulk of any difference in 
assembly size would be explained by the contribution of the W chro-
mosome to the female assembly, which potentially leaves 2.1 Mb 
unaccounted for. However, although we were quite conservative in 
assigning contigs to the W, less than 650 kb of unplaced contigs have 
a coverage ratio suggestive of W-linkage (and this using a permis-
sive threshold of a female: male coverage ratio greater than 1.2:1). 
In avian genomes, highly repetitive and heterochromatic regions are 
systematically under-represented in assemblies, so some repetitive 
W-linked sequence could also be missing from our assembly alto-
gether (Peona, Blom, et al., 2021; Weissensteiner & Suh, 2019). Both 
the male and female hihi genomes were scanned for non-avian con-
taminant sequences with blobtools (Laetsch et al.,  2017) and con-
tamination was confirmed not to be present in the assembly, so it 
is unlikely that we have falsely identified contaminants as W-linked 
sequences (Smeds et al., 2015).

4.4  |  Repeat identification

Repeat identification with earl grey, which combines and curates 
a custom library made up of de novo and previously annotated TE 
elements to identify TEs, as well as detecting satellite and unclas-
sified repeats, revealed some variation in the repeat landscapes 
between the male and female genomes. This variation is to be ex-
pected due to the repeat-rich W chromosome in the female ge-
nome. The slightly elevated density of TEs and other repeats on 
the Z chromosome relative to autosomes are typical for avian ge-
nomes, as is the extreme enrichment of LTR sequences on the W 
chromosome, which has been hypothesised to be act as a refugium 
for endogenous retrovirus and a major source of genome-wide ret-
rotransposition and genome instability (Peona, Palacios-Gimenez, 
et al., 2021). Unexpectedly, and in contrast to other avian genomes 
(Peona, Palacios-Gimenez, et al., 2021; Prost et al., 2019), there ap-
pears to have been a burst recent of DNA element transposon activ-
ity (driven largely by Ginger-2 DNA elements), along with recent LTR 
activity, which indicates recent expansions shaping the hihi genome. 
Possibly, the small effective population size of hihi means that selec-
tion cannot efficiently remove these insertions (Brekke et al., 2011). 
Taken together, this might indicate that female hihi is burdened by a 
toxic W chromosome which contains an abundance of active trans-
posable elements that can disrupt genome stability and shorten 
the lifespan of the heterogametic sex (Brown et al.,  2020; Peona, 
Palacios-Gimenez, et al., 2021). The observation data from the well-
monitored population of Tiritiri Matangi suggests that female hihi 
have a slightly shorter lifespan than their male counterparts (2.9 vs. 
3.3 years, Duntsch et al., 2023) and it would be interesting to explore 
what role that genomic factors may play in this.

4.5  |  Methylation

Given the limited quantities of DNA available and the expense of other 
methods for assessing methylation, re-running the available ONT 
data with the extended basecalling model was an exciting opportu-
nity to survey DNA methylation across the genome. There were no 
studies to our knowledge on avian species that used Nanopore data 
for studying methylation, with the majority of the studies utilizing 
bisulfite sequencing (Derks et al., 2016; Lindner, Laine, et al., 2021; 
Lindner, Verhagen, et al., 2021; Saino et al., 2017; Sun et al., 2019, 
2021; Viitaniemi et al., 2019; Zhang et al., 2017), Methylated DNA 
immunoprecipitation (MeDIP) (Höglund et al., 2020; Taff et al., 2019) 
or Methylation-sensitive AFLP (MS-AFLP) (Schrey et al.,  2012; 
Sheldon et al., 2022; Wenzel & Piertney, 2014). By using our ONT 
data, we found the overall methylome patterns consistent with re-
sults reported from studies in other avian species, with evidence for 
methylation at the vast majority of CpG sites, but limited differences 
in the mean level of methylation at these sites between the male and 
female genomes. The concordance with data from other bird spe-
cies offers promise that methylation signals can be reliably detected 
from ONT data and used as a resource to explore further features of 
hihi genome architecture and phenotypic diversity. The methylation 
landscape also offers the opportunity to further explore the role of 
methylation in incomplete dosage compensation for hihi and birds 
more generally (for example, chromatin dynamics can explain incom-
plete dosage compensation in Eurasian crow, Catalán et al., 2021).

Despite the limited differences between the male and female 
methylome, on the autosomal, PAR and candidate Z-linked contigs 
there were 4097 regions that were differentially methylated at a 
significance threshold of p < .05 (Table  S10). Of these, 43 regions 
were substantially differentially methylated between the female and 
male, showing an absolute difference in methylation proportion of 
>0.4. These DMRs most often showed hyper-methylation in the fe-
male relative to the male (37/43 DMRs). The differences between 
genomic depth of coverage for the male (45×) and female (25×) data-
sets, and between the autosomes and sex chromosomes, could be 
contributing to some of the differences seen between the male and 
female percentage of methylated sites, but guppy has been shown 
to stably predict methylation at different coverage levels (Yuen 
et al., 2021). Further, the candidate W-linked contigs had a higher 
mean level of methylation (62.8%) compared to autosomal, PAR 
and candidate Z-linked contigs (range 39.1%–44.8% across sexes) 
(Figure  4a), in agreement with previous avian studies. W chromo-
somes have a small effective population size and are often subjected 
to genetic drift causing W-linked genes to accumulate deleterious 
mutations (Sigeman et al., 2018). These mutations can disrupt the 
function of the genes and therefore methylation may be a mecha-
nism to prevent expression of these non-functional gene sequences 
in females (Sigeman et al., 2018) as well as preventing the transcrip-
tion of transposable elements (Laine et al., 2016; Yoder et al., 1997). 
In birds, only 5mC methylation has been studied but it is likely that 
other types of methylation that occur in vertebrates such as 5hmC 
also are present in the avian genome. 5hmC is not supported at this 

 17550998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.13823 by T

est, W
iley O

nline L
ibrary on [10/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  15BAILEY et al.

stage in guppy (Liu et al., 2021) but if further basecalling models were 
added, the raw data used here could be re-basecalled in the future, or 
called using alternative software (e.g. signalalign, Rand et al., 2017).

Dosage compensation via methylation-based repression, a com-
mon feature of mammalian genomes, does not occur in birds, which 
are described as having incomplete dosage compensation (Sigeman 
et al.,  2018). The detection of relatively few DMR between the 
male and female samples supports this. The 43 DMR identified in 
this study highlight some preliminary candidates for further inves-
tigation of whether they reflect stable sex differences or are de-
velopmentally or individually variable. We are especially intrigued 
by the identification of a hyper-methylated DMR in the male at the 
TCF4 transcription factor. Dosage of Doublesex and Mab-3–Related 
Transcription factor 1 (DMRT1) is widely believed to be the primary 
sex determining factor in birds and recent targeted manipulation of 
this gene in chicken supports this (Ioannidis et al., 2021). Sex deter-
mination is, however, cell-autonomous and adult sex characteristics 
are independent of gonadal sex, with many of the molecular details 
still to be resolved. Jiang et al. (2021) have proposed a key role for 
SPIN1-Z in this process as an upstream regulator of TCF4. SPIN1-Z 
is a chromatin reader that recognizes multiple histone modification 
patterns (Zhao et al., 2007). Rose and Klose (2014) highlight how his-
tone and DNA methylation can be mechanistically linked. Whether 
methylation at TCF4 represents a useful biomarker or functionally 
relevant mark for sex differences remains to be determined, but a 
key role for SPIN1-Z in sex determination might support the obser-
vation that this locus serves as a highly reliable marker for avian sex 
across a range of taxa (Dawson et al., 2016).

In summary, the annotated genome we present here provides a 
foundational resource for future work to understand the adaptive 
potential and evolutionary distinctiveness of this taonga threat-
ened species. These analyses include the analysis of gene families 
(Gemmell et al.,  2020; Prost et al.,  2019), analysis of genes under 
selection (Laine et al., 2016), a comparison of the gene content of 
chromosomes between species (Xu et al., 2019) and an analysis of 
the genetic diversity of genes that are likely important for hihi, such 
as Toll-like Receptor genes which have a role in immunity (Grueber 
et al., 2015). Moreover, being able to specify the impact of inbreed-
ing depression at the gene level will inform management decisions 
and aid with conservation efforts (Duntsch et al.,  2023; Shafer 
et al., 2015). Maintaining hihi populations contributes to allowing fu-
ture generations to experience a world rich in biodiversity, and fulfils 
our cultural responsibility as Te Tiriti o Waitangi Treaty partners for 
preserving native species that are taonga to Māori.
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