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Supplementary methods
Nuclear genome assembly
The following pipeline is organized by the order the steps were completed. The pipeline is not
entirely linear but still follows a progression that can be summarized in five stages. A more
accurate representation of the pipeline can be found in supplemental figure S2. Each stage was
followed by an assessment of contiguity and completeness described in the main text and figure
2.

Stage 1: Short-read (Illumina) assembly
Illumina data preprocessing
All Illumina reads (shotgun and mate-pairs) were trimmed and filtered using the trimming.sh
script from libngs (https://github.com/sylvainforet/libngs). This script prepares the reads
specifically for de novo assembly. The script removes adapter sequences from the standard
paired-end libraries and uses nextclip (Leggett et al. 2014) to trim the mate-pair libraries. After
trimming the Illumina reads proceeded directly to the de novo assembly as well as PacBio error
correction.

De novo assembly and scaffolding
The Illumina shotgun and mate-pair libraries were assembled and scaffolded using ALLPATHSLG (release 52488) to produce the first assembly stage (Butler et al. 2008). The default settings
were used as recommended by the software's developers. Estimates of the insert sizes were
provided for the ALLPATHS input. For the shotgun sequencing, the insert sizes were estimated
to be 250bp and 500bp with a standard deviation of 100bp. The mate-pair (or "jumping" per
ALLPATHS nomenclature) libraries were estimated to be 3500bp, 5500bp and 7500 bp insert
size with a standard error of 500bp estimated from the gel excision during library preparation.
This stage yielded both a scaffolded and contig assembly.

Stage 2: Long-read (PacBio) gap-filling
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Long-read error correction
Prior to gap filling the PacBio reads needed to be corrected due to its high error rate. Since the
coverage of this sequencing is relatively moderate and not high enough to do a self-correction,
we used the Illumina reads for correction. We used LoRDEC v.0.5 (Salmela and Rivals 2014) to
correct the PacBio RSII subreads. This step corrected about half of the reads while the other
half remained uncorrected. Both corrected and uncorrected reads were carried through to the
gap-filling stage.
lordec-correct \
–i Malurus_PacBio.fq.gz \
-2 Illumina_reads_1.fastq.gz Illumina_reads_2.fastq.gz … \
-o Malurus_PacBio_corrected.fastq \
–k 21 \
–s 3

Gap filling
The ALLPATHS-LG output included scaffolds with large gaps estimated from the mate-pair
libraries. These gaps were filled and some scaffolds were joined using the error-corrected
PacBio reads using PBJelly (English et al. 2012). Corrected PacBio reads were input as fasta
files and the PacBio reads that were not corrected by LoRDEC were input as fastq files with the
corresponding quality scores. The PBJelly protocol file contained the following blasr
specification.
-minMatch 8 –minPctIdentity 70 –bestn 1 –nCandidates 20 –maxScore -500 –nproc 16 –
noSplitSubreads

For the corrected PacBio reads there were no available quality scores. We generated fake
quality scores were created using the fakeQuals.py script provided in the PBJelly package for
those fasta files. The standard PBJelly pipeline was ran with the following modules: setup,
mapping, support, extraction, and assembly.

Stage 3: Chromosome assembly
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Putative chromosome assignment
Each scaffold was associated to putative chromosomes based on synteny with the zebra finch
genome (v.3.2.4). This step is only used to inform the linkage mapping step when deciding
conservative thresholds in LOD scores which determine linkage groups. While other studies use
a standard LOD threshold of 3 (i.e. 1000 to 1 chance that linkage observed does not occur by
chance), this threshold is quite varied between studies potentially due to variation in
recombination or size of the mapping population. The smaller the mapping population, the less
power we have to accurately infer linkage. The chromosome assignments are later adjusted
using the inferred genetic linkage map and misassembly checks. We used LASTZ for the initial
chromosome assignment using the following specifications (Harris 2007).

lastz ref_chromosome.fa[multiple] Malurus_draft.fa \
--masking=254 \
--hspthresh=4500 \
--gappedthresh=300 \
--ydrop=15000 \
--gapped \
--chain \
--seed=12of19 \
--notransition \
--matchcount=5000 \
--format=general:name1,start1,end1,length1,name2,start2,end2,strand2 \
--ambiguous=n \
--ambiguous=iupac \
--output=output_name.txt

Linkage mapping - “Framework map”
The linkage map was generated using a DaRTseq dataseq from a pedigree of superb fairywrens (Ren et al. 2015). We followed the LepMap3 pipeline for the linkage mapping (Rastas
2017). Each module is explained below. This mapping pipeline was carried out specifically so
that we can assemble the chromosomes.
Raw read processing. Each DaRTseq raw read library was trimmed to remove Illumina
adapter and barcode sequences. We used Trimmomatic (v0.35) with the following specifications
with only varying trimming lengths depending on the size of the barcode (Bolger, Lohse, and
Usadel 2014).
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java –jar trimmomatic-0.35.jar SE \
–phred 33 input.fastq.gz output.fastq.gz \
-ILLUMINACLIP:TruSeq3-SE:2:30:10 \
LEADING:3 TRAILING:3 \
SLIDINGWINDOW:4:15 MINLEN:36

Read alignment. The trimmed reads were mapped onto the PacBio gap-filled scaffolds
(assembly stage 2) using the default BWA specifications (H. Li and Durbin 2009).
bwa index Malurus_gapfilled_assembly.fa
bwa mem –t 8 Malurus_gapfilled_assembly.fa trimmed_reads.fq > bwa_align.sam
samtools view –bS bwa_align.sam –o bwa_align.bam
samtools sort bwa_align.bam bwa_align.sorted
samtools index bwa_align.sorted.bam

Preparing LM3 input. Since LM3 uses information from genotype likelihoods, we used
samtools mpileup and scripts provided by LM3 to prepare the input: pileupParser2.awk &
pileup2posterior.awk (Heng Li et al. 2009).
samtools mpileup -q 10 -Q 10 -s $(cat sorted_bams)|awk -f pileupParser2.awk|awk -f
pileup2posterior.awk|gzip > post.gz

The pedigree was split into 37 full-sibling families with a total of 273 individuals. The posterior
file was adjusted into these full-sibling families and the grandparents were included wherever
possible. The post.gz file and pedigree information were parsed using a python script to
produce the LM_input.post for the ParentCall2 step.
ParentCall2. This LM3 module adjusts the parent genotype calls using the offspring,
grandparents, and half-siblings. This resulted in a total of 35,330 informative markers.
java –cp LM3/bin ParentCall2 data=LM3_input.post removeNonInformative=1 halfSibs=1 >
LM3_ParentCall.output

Filtering2. The filtering module was run to filter the markers based on high segregation
distortion.
java –cp LM/bin Filtering2 data=LM3_ParentCall.output dataTolerance=0.01 >
LM3_Filtering.output

SeparateChromosomes2. This module separates the markers into linkage groups that should
correspond to chromosomes. Multiple iterations of SeparateChromosomes2 was run with
changing the LOD score threshold and theta values before the final parameters were run. A
LOD score limit of 13 provided the most conservative linkage grouping, where not too many
markers from many different putative chromosomes were grouped together in the same linkage
group (Figure S3). The LOD score threshold differs considerably from other projects and this
may be due to the smaller pedigree sampling.
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java –cp LM/bin SeparateChromosomes2 data=LM3_Filtering.output \
lodLimit=13 \
theta=0.02 \
numThreads=6 \
sizeLimit=5 > LM3_SeparateChroms.lod13.theta0.02.size5.output

JoinSingles2All. This module adds the unassigned markers into the existing linkage groups
using a lower LOD threshold. Trials of LOD thresholds at 3, 4, 5, 7 and 10 were ran to
determine a threshold without spurious linkage group assignment. As previously, this is defined
by having loci mapped onto scaffolds assigned to many different zebra finch chromosomes
grouping in the same linkage group. The higher LOD threshold of 10 was chosen which
recovered a total of 11414 loci. These loci were carried through to ordering.

java –cp LM/bin JoinSingles2All \
map=LM3_SeparateChroms.lod13.theta0.02.size5.output \
data= LM3_Filtering.output \
lodLimit=10 \
iterate=1 > LM3_JoinSingles.lod10.output

OrderingMarkers2. This module orders markers within each linkage group to reflect the linkage
map. This module required multiple iterations and some manual curation as it would determine
the ordering and orientation of each contig within a chromosome. The ordering was run
separately for each putative chromosome. This initial command was run 10 separate times with
java –cp LM/bin OrderMarkers2 \
data=LM3_Filtering.out \
map=LM3_JoinSingles.lod10.output \
numThreads=6 \
sexAveraged=1 \
chromosome=1 \ #[whichever chromosome was being run]#
> LM3_OrderMarkers_chr1.trialX.txt

6 iterations within each run.
This process was repeated until the map did not seem to have any additional spurious markers.
This initial map yielded 26 linkage groups with 11,219 loci. We refer to this as the “framework
map” from which we will build a forced map that will be used for the scaffolding.

Chimeric scaffold detection and correction
Putatively misassembled scaffolds were identified using multiple criteria to prevent
misidentification of true chromosomal fusions or translocations.
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(1) Putative chimeric scaffolds were first identified using the linkage map. Scaffolds
where one end contained a series of consecutive SNPs that belonged to a linkage group
different to the rest of the SNPs on the scaffold were flagged as chimeric. This criteria found 6
putatively chimeric scaffolds.
(2) All scaffolds were also queried against the zebra finch and flycatcher chromosomes.
Scaffolds that contained multiple regions larger than 15Kb that matched different chromosomes
in both assemblies were flagged as chimeric. This found 14 additional putatively chimeric
scaffolds.
The scaffolds that were identified using the linkage map were also recovered in the LASTZ
query. This initial identification allowed us to narrow down the scaffold breakpoints to ~100Kb
window. The LASTZ parameters were the as described in the 'Putative Chromosome
assignment' section.
To narrow down the breakpoint further, we mapped the three mate-pair libraries onto the
draft genome assembly using BWA-mem. We used the insert size information provided by the
ALLPATHs assembly output as the BWA-mem insert size distribution. We then extracted the
number of reads with mates mapping onto a different scaffold within 10kb non-overlapping
windows across each scaffold. Within the initial 100kb breakpoint window, we identified regions
with unusually high number of matching mate reads mapping to other scaffolds. These regions
likely contain repetitive elements which may have been responsible for the assembly of these
chimeric scaffolds in the first place. These regions were also visually inspected using IGV
viewer (Robinson, Thorvaldsdóttir, and Winckler 2011). The breakpoint was narrowed down to
10-20kb, them that region was completely removed and the chimeric scaffold was split.

bwa mem –t 4 –p reference_db_prefix \
mate_pair_library.fq.gz \
-I 2331[,494] > output.sam
## 3.5kb insert library –I 2331[,494]
## 5.5kb insert library –I 3944[,583]
## 7.7kb insert library –I 5968[,1620]

The total length of the affected sequence was ~86Mb. Eight larger scaffolds were split
into 17 smaller scaffolds to be used for the placing and orienting.
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Linkage mapping - “Forced map”
After we were fairly confident about splitting the chimeric scaffolds, we generated a forced map
which uses the information from the physical map to assign more SNPs into the map. First we
determined which scaffold was assigned to one of the 26 linkage groups, then we determined
which SNPs were mapped onto those scaffolds but not included in the framework map. We
forced all of the SNPs within a scaffold into the linkage group which the scaffold belonged to in
the framework map. This resulted in a large 32,708 SNPs (out of the 35,276 SNPs) to be
assigned in one of the 26 linkage groups.
JoinSingles2All. To maximize the numbers of scaffolds assigned to linkage groups, we used
this large forced map and attempted to join any of the remaining unmapped SNPs into one of
the existing groups. We ran the JoinSingles2All module with a LOD score cut off 7. This step
resulted in 33,098 SNPs assigned to the 26 linkage groups.
SeparateChromosomes2. Considering that this forced map might have SNPs which are not
informative or have unusual heritability, we filtered the SNPs within each linkage group using
the SeparateChromosomes2 module. For each linkage group, we made it such that the pool of
SNPs are only those that mapped to associated scaffolds. We then ran the
SeparateChromosomes2 with a LODlimit=3 within each linkage group and recovered the largest
linkage group. This results in a forced map where all SNPs within a linkage group should be
associated with at least a LOD score of 3. This results in 26,157 SNPs in the 26 linkage groups
OrderingMarkers2. Finally, we did a last iterative round of OrderingMarkers2 to get the order
within a linkage group. We ran this as extensively as described for the framework map and also
carried out manual curation. This manual curation refers to removal of SNPs that seem to have
been placed incorrectly as indicated by high genetic distances and constantly being placed at
the end of the marker order. This stage also dropped one of the linkage groups as it was only
associated to one scaffold which is large but not large enough to constitute a chromosome. The
final map which we used to build the chromosome scale assembly contained 25,078 SNPs in 25
linkage groups.
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Anchoring and orienting scaffolds into chromosome superscaffolds
After the putative chimeric scaffolds were split, the final linkage map was used to place
and orient the scaffolds into chromosome-scale super scaffolds. ALLMAPs was used to build 25
superscaffolds (Tang et al. 2015). For all of the chromosomes, both the male and female
linkage maps were merged into a single bed file. For the Z chromosome, only the male linkage
map was used.
python –m jcvi.assembly.allmaps merge malurus_male.csv malurus_female.csv –o
malurus_merged.bed
python –m jcvi.assembly.allmaps path malurus_merged.bed Malurus_draft.fa

ALLMAPs places a standard 100bp interscaffold gap size following the Genbank
convention. This scaffolded draft was then subjected to another round of PacBio gap filling.

Stage 4: Chromosome gap-filling
Gap filling
The parameters used for this second round of gap filling were identical to the parameters used
for the initial round of gap filling described above. The rationale for running a second round of
gap filling is that approximately 5Mb of new gaps were introduced during the upgrade from
scaffolds to superscaffolds. Additionally, the new placement of scaffolds may provide the
necessary backbone for new mapping locations for the PacBio reads.
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Stage 5: Genome polishing
Pilon polishing
The final stage is the assembly polishing. We used Pilon (v.1.22) to correct the incorrect bases,
small indels, small gaps, and local misassemblies in the final gap-filled superscaffolds (Walker
et al. 2014). First, we mapped all the cleaned Illumina reads using identical parameters used in
the chimeric scaffold correction step. Each of the libraries with different insert sizes was mapped
separately. Second, we ran Pilon on small chunks of the genome to accommodate the large
memory requirements. The polishing was done in chunks ranging from 2.5Mb - 10Mb.

java -Xmx400G -jar $PILON_HOME/pilon.jar \
--genome ${genome_path}/${genome} \
--frags ${align_path}/Malurus_cyaneus_250bp_paired.sorted.bam \
--frags ${align_path}/Malurus_cyaneus_500bp_paired.sorted.bam \
--jumps ${align_path}/Malurus_cyaneus_2kb_matepair.sorted.bam \
--jumps ${align_path}/Malurus_cyaneus_4kb_matepair.sorted.bam \
--jumps ${align_path}/Malurus_cyaneus_6kb_matepair.sorted.bam \
--unpaired ${align_path}/Malurus_cyaneus_250bp_single.sorted.bam \
--unpaired ${align_path}/Malurus_cyaneus_500bp_single.sorted.bam \
--threads 16 \
--diploid \
--changes \
--vcf \
--targets chunk_N \
--output chunk_N_out \
--outdir outdirectory

Final chromosome assignment
The assembled chromosomes were assigned their associated number when the scaffolds were
queried against the zebra finch genome assembly prior to the genetic linkage mapping stage
("Initial assignment" section). Chromosomes that fused were assigned the number of the larger
chromosome. This resulted in a total of 25 chromosome assemblies.
The remaining scaffolds were queried against the chromosome-scale assemblies of the
Ficedula albicollis (v1.5), Taeniopygia guttata (v.3.2.4), Passer domesticus (v1), and Parus
major (v1) using the same LASTZ specifications previously. If a scaffold is found to be
associated with the same chromosome of at least two of the four genomes, it was assigned to
that chromosome but written out to the "unplaced scaffolds" files. Chromosomes for which we
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did not have an associated linkage group (likely due to the low number of loci or individuals) but
had recovered large scaffolds were retained. The largest scaffold was used to represent those
chromosomes (Chromoso...).
Lastly, a few scaffolds were assigned to the W chromosome though unplaced. Since the
sequenced individual was female, some of the scaffolds are likely from chromosome W but has
consistently been proven difficult to assemble. We assigned scaffolds to the W chromosome
using the genotype information from the pedigree mapping population. If SNPs were
consistently only genotyped in females and were only homozygous, these were good
candidates for W-linked SNPs.

Assembly quality assessment
The quality of the assemblies was assessed after each major stage. Other chromosome-scale
genomes were also assessed in the same manner so that we have a comparison point.
Standard genome assembly metrics regarding sizes of scaffolds, contigs, and gaps were
calculated using a perl script in the Assemblathon 2 analysis (https://github.com/ucdavisbioinformatics/assemblathon2-analysis). This assessment is to observe how each step
improves the contiguity of the assembly as well as how many gaps were filled during the
process.
The other method to assess genome quality is through the standard BUSCO search (v3;
(Simão et al. 2015)). This method assesses completeness by searching the assembly for
universal single-copy orthologs. We used the Aves (odb9) database that contains 4915 BUSCO
genes. Recovery of intact single-copy orthologous genes is a proxy for the completeness of the
genome assembly. Improvements in the number of BUSCO genes recovered also tends to
reflect the improvement in assembly quality in each stage.

Mitochondrial genome assembly
Since the mitochondrial genome as not recovered when the ALLPATHS assembly was queried
using BLAST, we assembled the mitochondrial genome separately using MITObim (Hahn,
Bachmann, and Chevreux 2013). A complete mitochondrial genome assembly of the congeneric
red-backed fairy-wren (Malurus melanocephalus) from GenBank (NC_024873) was used for the
initial seeding and recovery of mitochondrial reads. Multiple trials were run using different
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MITObim configurations and using either the 150bp PE HiSeq2500 reads or the 300bp PE
MiSeq reads. The 300bp PE MiSeq reads consistently yielded assemblies that were significantly
longer than expected likely due to assembling through NUMTs in the nuclear genome. After the
trials, the MITObim assembly using the 150bp PE with the 'mapping' mode yielded the best
genome after 5 iterations.

After the MITObim assembly, we assessed the quality of the genome by mapping the 150bp PE
perl MITObim.pl \
-end 10 \
-sample malurus_cyaneus \
-ref malurus_melanocephalus \
-readpool malurus_cyaneus_150bp_PE.fastq.gz \
--quick malurus_melanocephalus_ref.fa \
--pair \
--mira_path /path/to/mira/executables

reads onto the assembly using BWA-mem. We then checked for approximately even coverage

samtools mpileup –Ou –f mitobim_genome.fa bwa_alignment.sorted.bam | bcftools call –mv –Oz –
o malurus_mitogenome.vcf.gz
tabix malurus_mitogenome.vcf.gz
cat mitobim_genome.fa | bcftools consensus malurus_mitogenome.vcf.gz >
malurus_mitogenome.consensus.fa

using the IGV Genome Browser. Any large spikes in coverage may indicate NUMTs being
misassembled. No large spikes in coverage was recovered in the final alignment. The BWA
alignment was also using to correct any erroneous bases from the MITObim assembly by taking
the most common base of the mapped reads. We used samtools (1.3.1), bcftools (1.2), and
tabix (1.2.1) (Heng Li et al. 2009; Heng Li 2011).

The mitochondrial genome underwent an initial annotation using the MITOS Webserver to
identify the location the genes and tRNAs (Bernt et al. 2013).

Linkage and recombination maps
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Genetic linkage map
We ran the LM3 pipeline again to generate the final linkage and recombination maps. The
DArTseq reads were remapped to the whole chromosomes in the final genome assembly as the
additional gap filling and polishing could have fixed sites so that more SNPs could be used for
the map. We did not include the SNPs in the unplaced or unknown scaffolds. This resulted in
35,349 SNPs mapping onto whole chromosomes.
We ran most of the pipeline as we did previously but followed the steps in the
SeparateChromosomes2 subsection in the forced map so that within each chromosome, we
only estimated the linkage between SNPs that are associated with a LOD score of 3. Prior to
estimating the map distances, we ordered the SNPs based on the physical order along the
chromosome. Any mismatches in the genetic order and physical order would result in unusual
jumps in the linkage and was filtered out. The mismatches can be due to error from a small
mapping population, differences between subspecies from which the genetic map and physical
map are sequenced, or polymorphic structural variation within the mapping population.
We estimated the sex-specific and sex-averaged maps for all 24 autosomes and
estimated the male-specific map from the Z chromosome.

Recombination map
Estimating the recombination map involves translating the centimorgan measure in the genetic
map into centimorgans per Megabase for local, sliding-window recombination rates. We did this
by using the Marey map configuration of the genetic map where the Y-axis is the genetic map
and the X-axis is the physical map (Chakravarti 1991). We then did a Loess (locally weighted
scatterplot) smoothing so that we have a smoothed curve determined by sliding windows of
fixed numbers of SNPs. This ensures there is no inherent bias in regions where we have high
SNP density. We used the loess function in R with a span of 0.2 to fit a curve along the Marey
map for each chromosome. To then estimate the recombination rate (cM/Mb) in any arbitrary
sized sliding window, we used the genetic distance as predicted by this curve within the window
(cM) and divided it by size of the window in units of centimorgans.
The resulting recombination maps can be found in figure S8. We also correlated the
sliding window recombination rates (200kb, nonoverlapping windows) with various genomic
features to test correlations within the genome. This is discussed in detail in the main text and
the correlation figure 5.
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Repeat annotation
We ran a simple repeat annotation to roughly assess the repeat content of the genome. We ran
RepeatModeler (v.1.0.8) for de novo repeat identification in the Malurus genome assembly
(Smit et al. 2013-2015). We then used the resulting de novo identified repeats from
RepeatModeler and repeat libraries from other bird species to find and mask the repeats in the
final assembly. RepeatMasker were run (Smit et al. 2008-2015). We used the database
containing libraries from the zebra finch to train the model to find more repeats in the fairy-wren
genome. First, we ran RepeatModeler on the polished genome assembly with the following
standard specifications:
BuildDatabase –name Malurus_db Malurus_polished_genome.fasta
RepeatModeler –pa 4 –database Malurus_db

14

Supplementary figures
476419−_NB

476420−BRY

476408−MMN

476412−BGR

543809−ORB

574800−GRY

574502−GBN

X3

574750−BYN

X2

596713−YgwB

X4

626734−YYN

626657−OOW

626950−WNW

776287−arWG

696620−gwNY

776472−OMO

574729−YMO

725579−YGG

776287−arWG

804146−RbyO

725472−BnaR

776318−byNW

X6

776387−GWB

476408−MMN

574744−BNM

543776−MOG

574751−NON

543760−BMY1

596897−WBW

626900−NRW

596899−RBW

583809−mGMW

626851−MynM

696508−NAR

433383−YMR

596662−GYN

626724−NRB

476408−MMN

626849−WYB

725176−OBR

626840−WWP

725028−rwWR

596754−NRY

696468−brWG

696588−bwGO

626845−YobY

626883−BboG

574741−BRN

776294−rnMB

832448−ogMY

681425−gwRY

776386−NMA

725571−GNN

725801−MGY

725026−rwGM

776472−OMO

804076−YbrY

832433−gyBM

833109−BgnB

832158−AboW

898345−RGN

899472−AybO

833168−YbgN

982189−RNR

982622−BYR

832545−RYA

804047−BwrB

832547−OYB

776700−raYO

832595−WYA

832016−GwnM

832017−WwnB

832262−wnAA

832263−wnBM

832264−wnNW

832721−obYM

832930−gnAO

832932−gnGM

833109−BgnB

832097−OrwN

833169−BbgY

832095−ArwA

832096−MrwB2

832722−obWA

832723−obGG

832931−gnYW

833146−RbwR1

833147−NbwO

804289−BrwA

832131−GrbG

832647−wmWM

833084−RbgB

833085−GbgR

833086−BbgN

833657−NonO2

833719−NgoM

833720−OgoG

833745−noMM

899181−BgoY

899822−AOR

899947−rnAW

981834−ANW

899948−rnYY

982309−NawO

982310−WawR

982510−NarB

982610−MarA2

982611−OarG

982727−nyWO

982807−gnOR

982808−gnMM

832712−gnGB

832860−mnMO

833228−GgnB

833276−YwmB

898090−noYN

898091−noBA

898092−noMR

899446−BOG

898093−noRG

899453−MybA

898228−noMA

833134−WbgN

833671−YWM

833668−AonA

898049−noMO

776784−MWW

898725−GGA

899371−BybY

899788−MOR

776305−arYA

833615−AngY

899935−bwBR

982546−YawA

899928−wgMO

982394−BarB

982838−TAO

982839−TBW

982128−YonM

982840−TNM

899946−rnBR

A30156−waGA

A30487−OrbO

626897−RWN

725557−WnaB

776434−WOW

596701−GNO

626627−MnyG

696566−BYG

725266−NnaB

776544−nwGN

776545−nwOR

832702−wmYA

832703−wmBM

832545−RYA

776203−yrWB

832195−YNG

832863−obWM

832448−ogMY

832555−YAA

804299−NrwB

832545−RYA

776706−fnfnfn

696507−OYW

776554−ryBR

776583−rarara

776267−OGO

725518−RnaO

832557−MBA

725519−YnaN

725545−NynY

833057−NgnW

832766−mnMR

832545−RYA

832710−gnRN

833169−BbgY

832702−wmYA

832545−RYA

832815−gnMA

832711−gnMO

833055−GgnR

833113−MnoR

833114−NnoB2

804051−RnwG

529315−OBY

725150−rbYB

626691−GBW

725171−GOW

776203−yrWB

899704−raNG

A30488−MrbW2

A30489−NrbY2

982072−GnwG

A30157−waOO

776545−nwOR

982066−YwgB

A30158−waWM

A30312−ynMA

804076−YbrY

X10

A30313−ynNB

696620−gwNY

776544−nwGN

776558−ryBO

X9

A30314−ynYN

776446−GMG

833591−OngA

833121−YogN

776227−arGO

776527−anAW

898293−noGO

A58316−ARbw

A58424−BOM

899225−MbyG

833661−BngY2

833662−NngA2

832965−NBN

899823−GGR

899918−rnMM

833664−MngN

833168−YbgN

982021−OnwN

982094−RonY

982479−MawA

833663−WngR2

982022−RnwM

833723−WgbM

899702−naOR

982023−BnwG

899830−MAG

899108−GweW

982154−OnwA

898538−weYR

982108−OwgA

982361−RnoG

A30461−ArwM

833598−MnyR

833115−AnoW

898539−weRM

982611−OarG

899472−AybO

898540−weAW

982128−YonM

982765−gnMY

832226−BMG

899792−GOG

899475−RobO

833148−GbwG

899809−GYG

899476−AobN2

898330−NNN

898559−weWY

899477−NobG

832833−goON

776544−nwGN

982094−RonY

833054−YgnO

982189−RNR

833056−WgnB

982622−BYR

982189−RNR

833760−rbBB

982595−OWR

832973−YWR

898343−MRN

898591−weAR

804370−WboR

832563−OAB

982508−GarO2

899708−ogRR

981875−AGO

899720−raOB

899972−rnWR

982484−BryG

832676−wmWB

832965−NBN

982867−boGN

A30014−YNA

898331−OMA

833699−RgbM

899720−raOB

898617−rwAR

982094−RonY

899926−bwNR

982637−YMW

982835−TNG

982583−GryM

A30416−ArbN

A30237−grMG

982440−BawG

X11

833761−rbMG

982622−BYR

832745−gnYY

982358−MryA

832765−mnAO

833109−BgnB

833718−BgoW

899704−raNG

832555−YAA

982509−AarY

832545−RYA

833041−RnoN

833762−rbON

898059−gbON

899705−raYB2

982511−OarW

832558−BRM

899706−raOM

A30207−waAA

898060−gbYM

899992−arBR

A30208−waWN

X7

898061−gbGB

899993−arON

A30209−waGB

981953−AwgA

982069−AnwB

A30474−BTR

833590−OnyA

899702−naOR

981991−YraB

981812−bwRO

981943−MnwO2

982109−NwgO

982110−MwgY

982223−MngM2

A30475−ATM

833544−MnrO

981955−NwgB2

982312−BngO2

982224−RngN

A58078−BgrY2

982314−NngY

982351−YnoR

A58079−GgrN

898683−bgRR

899792−GOG

899551−raBM

A30039−NYB

982444−MawR

982445−OawA

A30153−ynON

982352−MnoN

982788−nyAG

899176−AgoB

982281−AryM

982789−nyMW

982700−boMA

982790−nyRY

981834−ANW

A30154−ynAR

982308−MawB

A30196−grMB

982612−RarO

A30197−grNW2

832593−gnWN

898232−wrYB

899024−NwrG

A30155−ynMM

A58040−GynB

653422−gNAM

899984−bwBG

982342−RarW

A30187−ynWG

899187−AgoY

982146−AonY

A30188−ynAY

A58042−RynY

898759−ArnM

982701−boNN

982816−gnAN

A30186−ynRO

898760−OnrB

899212−OGA

899551−raBM

982094−RonY

A30152−ynYW

A30269−ynRA2

A30127−ngOW

A30438−NgrB

899077−BbyN

833168−YbgN

899203−GbyG

X1

A30270−ynGO2

776361−rnMW

833584−NgbW

899204−ObyB

X8

899471−YON

899472−AybO

899946−rnBR

832398−mwON

898592−weNG

899205−RbyM

982072−GnwG

832974−MAB

832184−YGM

898673−weBN

X5

833121−YogN

833580−GmwM

725545−NynY

832003−BybM

833581−BmwB

898325−rbAO

803965−YbrG

832545−RYA

898326−rbBR

899453−MybA

898685−brBA

899025−MwrM

899026−YwrY

899346−RgyR

899347−BgyB

899348−NgyN

899797−naMW

725582−GAG

899798−naRG

982337−BawY

982804−awRM

A58375−GNrb

Figure S1. Pedigree of the wild population used for the linkage map. Individuals in black represent those unsampled for sequencing.
Lines stretching across the pedigree link the presence of the individual in multiple locations emphasizing the high extra-pair mating.
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Figure S2. Summary of the nuclear genome assembly pipeline.
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Figure S3. Summary of the linkage mapping pipeline through the LepMap3 mapping software.
The framework map was generated conservatively to serve as the backbone for the forced map.
The final forced map was used to anchor and orient scaffolds into chromosomes.
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Figure S4. Trials of different LOD score cutoffs to determine the most conservative threshold.
The scaffolds were first mapped to the zebrafinch genome assembly (v.3.2.4) to have a roughly
informed cut off. A threshold below LOD=11 tend to group most loci in a single linkage group.
The threshold at LOD=13 is the lowest where the loci tend to be placed in a linkage group that
corresponds to homologous zebrafinch chromosomes.
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Figure S7. Sex-specific Marey maps of the superb fairy-wren autosomes.
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Figure S8. Recombination rate landscapes across the chromosomes.
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Supplementary tables
Table S1. Summary table of sequencing strategy and resulting raw data.
Lib. Type
shotgun
mate-pair
mate-pair
mate-pair
shotgun
long-read

Seq. Platform
Illumina HiSeq2500
Illumina HiSeq2500
Illumina HiSeq2500
Illumina HiSeq2500
Illumina MiSeq
PacBio RSII

Read lengths
100bp PE
100bp PE
100bp PE
100bp PE
300bp PE
See Fig. S1

Insert size
200-400bp
2-3kbp
4-5kbp
7-8kbp
450-550bp
See Fig. S1

Seq. effort
½ lane
⅙ lane
⅙ lane
⅙ lane
1 lane
27 CELLs

Number of reads
91 417 772 pairs
12 287 646 pairs
15 656 984 pairs
9 326 889 pairs
6 303 745 pairs
2 676 850 subreads

Coverage
18.93x
1.46x
1.86x
1.11x
4.81x
23x

Table S2. RepeatMasker summary table. Of the total genome length of 1.07Gb, 85.21Mb
(7.90%) was masked. The database used contained repeats derived from Taeniopygia guttata,
Ficedula albicollis, Corvus cornix, and de novo Malurus cyaneus.
Number of
Elements
SINEs:
ALUs
MIRs

7080
0
2131

LINE1
LINE2
L3/CR1

Length
Occupied

Percentage
of Sequence

1143019
0
226185

bp
bp
bp

0.11%
0.00%
0.02%

123748
26
0
123645

35048152
2796
0
35030170

bp
bp
bp
bp

3.25%
0.00%
0.00%
3.25%

LTR elements:
ERVL
ERVL-MaLRs
ERV_classI
ERV_classII

46441
29895
0
9811
2259

24305581
16034660
0
5088530
1613144

bp
bp
bp
bp
bp

2.25%
1.49%
0.00%
0.47%
0.15%

DNA elements:
hAT-Charlie
TcMar-Tigger

5505
149
173

828729
52630
29583

bp
bp
bp

0.08%
0.00%
0.00%

Unclassified

21827

70310963

bp

0.65%

68354544

bp

6.34%

526507

bp

0.05%

398457
13132276
3233359

bp
bp
bp

0.04%
1.22%
0.30%

LINEs:

Total interspersed repeats:
Small RNA:

1684

Satellites:
Simple repeats:
Low complexity:

1508
252826
51834
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