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E V O L U T I O N A R Y  B I O L O G Y

A nuclear genome assembly of an extinct flightless bird, 
the little bush moa
Scott V. Edwards1,2*, Alison Cloutier1, Glenn Cockburn3, Robert Driver4, Phil Grayson1,2,  
Kazutaka Katoh5, Maude W. Baldwin3, Timothy B. Sackton6, Allan J. Baker7,8†

We present a draft genome of the little bush moa (Anomalopteryx didiformis)—one of approximately nine species of 
extinct flightless birds from Aotearoa, New Zealand—using ancient DNA recovered from a fossil bone from the 
South Island. We recover a complete mitochondrial genome at 249.9× depth of coverage and almost 900 megabases 
of a male moa nuclear genome at ~4 to 5× coverage, with sequence contiguity sufficient to identify more than 85% 
of avian universal single-copy orthologs. We describe a diverse landscape of transposable elements and satellite 
repeats, estimate a long-term effective population size of ~240,000, identify a diverse suite of olfactory receptor 
genes and an opsin repertoire with sensitivity in the ultraviolet range, show that the wingless moa phenotype is 
likely not attributable to gene loss or pseudogenization, and identify potential function-altering coding sequence 
variants in moa that could be synthesized for future functional assays. This genomic resource should support further 
studies of avian evolution and morphological divergence.

INTRODUCTION
The extinct moa of New Zealand (Aves: Dinornithiformes) comprise 
nine currently recognized species (1) and belong to the Palaeognathae, 
which encompasses the flightless ratites (ostrich, emu, cassowary, kiwi, 
rheas, moa, and elephant birds) and the volant, or flying, tinamous. 
Extinction of all moa species is thought to have closely followed the 
Polynesian settlement of New Zealand in the late 13th century as the 
result of direct human exploitation compounded by anthropogenic 
land-use changes and impacts associated with introduced species (2).

In addition to a rich history of paleontological study [reviewed 
in (3)], ancient DNA (aDNA) has yielded multiple insights into moa 
biology (4, 5). Cooper et al. (6) used aDNA amplified by the poly-
merase chain reaction (PCR) to show that moa are not most closely 
related to kiwi, indicating independent arrivals of these two lineages 
to New Zealand. Instead, aDNA places moa as sister to the volant 
tinamous, consistent with multiple independent losses of flight in 
ratites (7–11). aDNA has also helped clarify moa taxonomy (1, 12) 
and was instrumental in identifying extreme reversed sexual size 
dimorphism that misled some morphological taxonomic desig-
nations (3, 13). Contributions from aDNA have “clothed” moa by 
assigning feathers to their species of origin (14), identified males as 
the likely incubating sex from eggshell aDNA (15), and investigated 
moa feeding ecology and parasites using coprolites (16, 17).

This diversity of aDNA research testifies to the wealth of relatively 
well-preserved moa remains (4). Yet, most molecular studies of moa 
have relied heavily upon mitochondrial DNA (mtDNA) since mtDNA 
occurs in high copy number per cell and is, therefore, more readily 

recovered than nuclear DNA from subfossil substrates, where aDNA 
is often highly degraded (4, 5, 18). High-throughput sequencing 
(HTS) has revolutionized the field of aDNA by allowing recovery 
of these short segments of nuclear DNA. Unlike mtDNA, which is uni-
parentally inherited and represents only a tiny fraction of the total 
genomic “blueprint” in an individual, nuclear DNA can provide much 
more detail about the evolutionary history and unique adaptations 
of extinct species (5, 18). It is therefore likely that we have only just 
begun to access the available genetic information for moa.

We isolated aDNA from the little bush moa (Anomalopteryx 
didiformis) and used HTS to characterize its genome. Little bush moa 
(Fig. 1A) were distributed in lowland forests across the North and 
South Islands of New Zealand and were among the smallest of moa 
species, reaching heights of 50 to 90 cm and body weights of around 
30 kg (1, 3). In addition to a complete mitochondrial genome, we 
report the nuclear genome of a little bush moa, assembled by mapping 
little bush moa reads to a high-quality draft genome for the emu 
(Dromaius novaehollandiae), which previously had one of the most 
completely assembled genomes of any paleognath (11), and which 
now has been augmented by extensive long-read data (19). Moa are 
estimated to have diverged from their closest living relatives, the 
tinamous, about 53 million years ago (Ma ago), and from rheas and 
ostrich about 70 Ma and 79 Ma ago, respectively (20), making compara-
tive mapping challenging. Nonetheless, we use this moa nuclear 
genome to explore diverse aspects of moa genome biology, including 
sensory biology, and to present genomic resources, including poly-
morphic microsatellites for future population-level studies and coding 
sequences for a suite of candidate genes for limb development, to 
investigate their possible association with flightlessness in moa and 
other ratites.

RESULTS
Library characterization and endogenous DNA content
Illumina sequencing yielded 143.4 Gb of raw data (SRA accession 
SRP132423; fig. S1 and table S1). Most data incorporated into the 
mitochondrial and nuclear genomes described below originated from 
TruSeq library A_didi_CTTGTA (fig. S1A) due, in part, to greater 

1Department of Organismic and Evolutionary Biology, Harvard University, 26 Oxford 
Street, Cambridge, MA 02138, USA. 2Museum of Comparative Zoology, Harvard Uni-
versity, 26 Oxford Street, Cambridge, MA 02138, USA. 3Evolution of Sensory Systems 
Research Group, Max Planck Institute for Biological Intelligence, 82319 Seewiesen, 
Germany. 4Department of Biology, East Carolina University, E 5th Street, Greenville, 
NC 27605, USA. 5Department of Genome Informatics, Research Institute for Micro-
bial Diseases, Osaka University, 3-1 Yamadaoka, Suita 565-0871, Japan. 6Informatics 
Group, Harvard University, 38 Oxford Street, Cambridge, MA 02138, USA. 7De-
partment of Ecology and Evolutionary Biology, University of Toronto, 25 Willcox 
Street, Toronto, ON M5S 3B2, Canada. 8Department of Natural History, Royal Ontario 
Museum, 100 Queen’s Park, Toronto, ON M5S 2C6, Canada.
*Corresponding author. Email: sedwards@​fas.​harvard.​edu
†Deceased.

Copyright © 2024 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 04, 2024

mailto:sedwards@​fas.​harvard.​edu
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adj6823&domain=pdf&date_stamp=2024-05-23


Edwards et al., Sci. Adv. 10, eadj6823 (2024)     23 May 2024

S c i e n c e  A d v a n c es   |  R esear     c h  A r t i c l e

2 of 15

sequencing effort for this library. TruSeq library A_didi_GCCAAT 
produced fewer reads than expected and had a high level of sequence 
duplication due to suboptimal cluster density (fig. S1 and table S1). 
Recovery of moa DNA from the three Nextera libraries was also 
limited, a result that could reflect the smaller amount of input DNA 
used in the Nextera protocol and/or a decreased amount of endog-
enous DNA in the size fractions assayed for these preparations.

Taxonomic profiling of reads, which represent a mixture of en-
dogenous moa aDNA and environmental DNA, assigned taxonomy 
to 26 to 35% of reads across libraries (fig. S1B). The TruSeq libraries 
contained much higher proportions of reads assigned to Aves (e.g., 
all birds, 13 and 10% respectively for libraries CTTGTA and GCCAAT; 
fig. S1B) than the Nextera libraries, with most of these reads further 
assigned to Palaeognathae (fig. S1C). Total mapping rates before 
duplicate removal mirror estimated amounts of endogenous DNA 
in each library (fig. S1C and table S1), suggesting that the use of a 
reference genome, emu, which was relatively divergent from moa 
for mapping, nevertheless recovered most of the recognizable moa 
DNA within library extracts. Levels of read duplication (table S1) 
further indicate that sequencing saturation was reached to recover 
the maximum possible amount of endogenous DNA.

aDNA is typically degraded to fragments smaller than 500 base 
pairs (bp) and displays characteristic postmortem modifications lead-
ing to an excess of purines immediately preceding strand breaks and 
increasing cytosine (C) to thymine (T) substitutions toward fragment 
ends (21, 22). We cannot fully assess the extent of DNA damage because 
library construction involves DNA shearing, meaning that fragment 
ends represent a mixture of naturally occurring DNA breakage as well 
as strand breaks induced during library preparation. However, mean 
lengths of mapped reads and estimated insert sizes, especially for the 
two TruSeq libraries, are consistent with well-preserved DNA (table S1). 
Consequently, although we do observe signatures of aDNA damage, 
the amount of damage appears minimal (fig. S2). These observations 
are not unprecedented for well-preserved moa specimens. Haddrath 
and Baker (23), Cooper et al. (24), and Baker et al. (12), successfully 
amplified moa PCR products 250 to 600 bp in length, and Cooper et al. 
(24) reported high endogenous DNA content and little DNA dam-
age for samples used to sequence complete mitochondrial ge-
nomes. In addition, both the mitochondrial genome described 
below and phylogenetic analysis of genome-wide datasets of nu-
clear markers for this specimen corroborate its aDNA sequence 
authenticity (7, 8, 11).

Assembly of mitochondrial and nuclear genomes
We recovered a complete 17,043-bp mitochondrial genome at 249.9× 
average depth of coverage (DoC) following duplicate removal (Gen-
Bank accession no. MK778441; Fig. 1B). mapDamage correction yielded 
an identical mtDNA genome sequence. This little bush moa assembly 
spans the entire 1478-bp control region (D loop), which was not fully 
represented in the published mtDNA genome assembled from PCR-
based sequencing of the same specimen (23). We confirm a previously 
identified (25), moa-specific mitochondrial gene order upstream of the 
control region and consisting of cytb:tRNA-thr:tRNA-pro:ND6:tRNA-
glu:ND6-pseudogene-fragment:control-region (Fig. 1B). The assembly 
is nearly identical to the existing reference, with only two single-
nucleotide polymorphisms (SNPs) across 777 bp of alignable control 
region sequence, and five SNPs and three single–base pair indels across 
15,565 bp lying outside the control region (99.9% identity), with all 
differences supported by >50× DoC in the new HTS assembly.

The mitochondrial genome allows more refined evidence of the 
provenance of the sample. Haddrath (26) noted that the sample 
used here was “uncovered from a cave site on the South Island of 
New Zealand” (p. 27) without further detail. A 30-bp hypervariable 
control region “snippet” diagnostic for moa lineages (27) confirms 
the taxonomic assignment of the sequenced specimen, and a longer 
(382 bp) segment spanning this region is identical to a haplotype 
from little bush moa sampled at multiple sites across the South 
Island of New Zealand (fig. S3) (1). We combined the full-length 
CR1 sequence from the sample with 263 additional CR1 samples 
from Bunce et al. (1) and conducted a maximum likelihood phylo-
genetic analysis using default settings of IQ-TREE (fig. S4) (28). The 
moa sample used here appeared identical to samples from Tākaka 
on the north coast of the South Island, and Punakaiki, also from 
the northern South Island. Hopefully, this more detailed deter-
mination of the locality of the sample will aid efforts to identify 
the appropriate cultural context for the assembly (Supplementa-
ry Text).

Iterative mapping to a high-quality emu reference (11) recovered 
almost 900 Mb of the little bush moa nuclear genome (GenBank 
accession no. GCA_006937325.1 for the original assembly and 
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Fig. 1. Draft nuclear and mitochondrial genome assemblies of the little bush 
moa. (A) 3D depiction of a little bush moa skeleton. (B) De novo assembled mito-
chondrial genome, with locations of annotated genes and RNAs indicated. The 
inward-facing plot shows the per-base depth of coverage (DoC). (C) Reference-based 
nuclear genome assembly (illustrated for the original moa assembly). Alternating 
gray and blue sections along the outer circle indicate individual scaffolds in order of 
decreasing size. The inward-facing plot shows DoC calculated in 10 nonoverlapping 
windows per scaffold. Image in (A) by nzfauna (https://skfb.ly/FQAU) is licensed under 
Creative Commons Attribution (http://creativecommons.org/licenses/by/4.0/).
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GCA_006938045.1 for the mapDamage corrected version; see 
also Aotearoa Genomic Data Repository project ID TAONGA- 
AGDR00049) or approximately 75% of the 1.2-Gb emu reference in 
1844 moa scaffolds (Fig. 1C and Table 1). Average DoC across called 
bases was 3.9× for the original, uncorrected assembly, with 87% of 
bases having DoC ≥2 (corresponding values for the mapDamage-
corrected assembly are 4.0× average DoC, with 87% of called bases 
having DoC ≥2; Fig. 1C). Although a large number of moa contigs 
are relatively short (maximum contig length = 12.2 kb for the original 
assembly and 12.0 kb for mapDamage-corrected; Table 1), and the 
fraction of ambiguous bases (Ns) for moa scaffolds averages ~26% 
(fig. S5), the average break between contigs is small (mean contig 
break = 218 bp for the original assembly and 226 bp for mapDamage-
corrected; Table 1). As a result, more than 85% of BUSCO single-copy 
orthologs for birds were identified in moa, with more than 72% of 
BUSCOs represented by complete coding sequence (Table 1). The 
use of the mapDamage-corrected nuclear assembly for retrieval of 
loci for phylogenetic analysis made little difference to the phylo-
genetic conclusions of paleognath species of Sackton et al. (11) 
(Supplementary Text).

Genome size and GC content
The nuclear genome size of any moa (Dinornithiformes) is currently 
unknown. By measuring osteoblast cell volume and extrapolating 
from a Bayesian phylogenetic regression of nuclear genome size on cell 
volume among extant tetrapods, Organ et al. (29) estimated ge-
nome size of an unknown species of dinornithiform at 1.7 ± 0.0024 Gb, 
which we now know is considerably larger than the genome sizes 
of other paleognaths as measured by Fuelgen densitometry, biochemi-
cal methods, or their assembly sizes (11, 30, 31). We cannot use the 
moa assembly as scaffolded on a reference emu assembly as a proxy 
for genome size, nor is the unscaffolded moa assembly useful here 
because it is incomplete and has low coverage. Even if we had high-
coverage sequence data for moa, assembly sizes are often smaller 
than genome sizes determined by other means (32). We therefore 
used a k-mer counting method tailored to low-coverage genomes, 
RESPECT, to estimate genome size (33). RESPECT conducts an 
optimization search for the repeat spectrum vector whose ele-
ments are assumed to fall within a set of constrained conditions. 

We applied RESPECT to raw moa sequencing reads after stringent 
filtering of potentially contaminating reads (34). A variety of filter-
ing methods and proportion of mapped reads yielded a range of 
estimated genome sizes of 1.07 to 1.12 Gb, suggesting that this 
moa genome may be on the small side among avian genomes 
(fig. S6). Analysis of downsampled sequence reads from five birds 
and a crocodilian suggests that RESPECT appears to estimate as-
sembly size well (slope = 1.049), although the correlation between 
RESPECT estimates of genome size and assembly size was not sig-
nificant (fig. S7). We compared these estimates of moa genome size 
to assembly sizes of 11 species of the sister group of moas, the 
tinamous (Tinamidae), as a rough proxy. We found that genome 
size in tinamous varied from 0.958 Gb in Eudromia to 1.195 in 
Crypturellus, with evidence for some effect of the sequencing 
method. Still, tinamou genomes, particularly those in Nothoprocta 
and Eudromia, seem particularly small, on par with those of hum-
mingbirds (35). Genome size in paleognaths generally seems to 
covary strongly with phylogeny, and our estimate of genome size 
in Anomalopteryx is consistent with the small genome size found 
in some tinamous.

We calculated a GC content of the total assembly of Anomalopteryx, 
corrected for ambiguous base calls, of 0.4277 (the value of 0.32 reported 
on NCBI is not corrected for Ns). This value falls broadly within the 
variation of GC content across paleognaths and is slightly higher 
than the global GC content of tinamous (0.420 to 0.422), despite some 
effect of the sequencing method on estimated GC content (fig. S8). 
As expected for Illumina data (36, 37), short scaffolds had a higher 
GC content than longer scaffolds (fig. S9). To investigate details of 
the GC landscape across long scaffolds and facilitate comparisons 
between species, we first mapped moa scaffolds to a close relative of 
the moa with a good assembly, the Chilean Tinamou (Nothoprocta 
perdicaria) (fig. S10). We then developed an algorithm within the 
suite of methods within the MAFFT alignment package (38) to align 
long (>10 Mb) scaffolds with base-pair precision (Supplementary 
Text). We found that the GC landscape of unambiguous regions of 
moa scaffolds closely mirrored that of scaffolds of the Chilean tinamou 
(fig. S11). Despite removing ambiguous bases in these comparisons, 
sliding windows of moa GC content are systematically higher than 
those of comparable regions of the N. perdicaria genome, suggesting 

Table 1. Assembly statistics for emu reference (GenBank accession no. GCA_006938045.1) and the reference-based little bush moa nuclear genomes 
(Aotearoa Genomic Data Repository, Project ID TAONGA-AGDR00049; and GenBank). 

Emu Little bush moa

Original assembly MapDamage-corrected

Number of scaffolds 2,777 1,909 1,843

Total scaffold length (bp, gapped) 1,192,237,364 1,190,759,065 1,189,933,016

Total ACGT bases (bp) 1,179,039,690 889,719,452 868,145,842

Number of contigs* 18,796 1,335,633 1,368,477

Contig N50 (bp) 187,464 1,127 1,068

Mean contig size (bp) 62,805 673 643

Average break between contigs (bp) 733 218 226

Total BUSCOs 4,797/4,915 (97.6%) 4,299/4,915 (87.5%) 4,190/4,915 (85.2%)

Complete BUSCOs 4,629/4,915 (94.2%) 3,701/4,915 (75.3%) 3,550/4,915 (72.2%)

*Contig breaks are defined by strings of ≥25 consecutive Ns.
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the possibility of differences in nucleotide substitution process 
between the two lineages, which are implicit given the strong dif-
ferences in nuclear DNA substitution rate between the two lineages 
(10, 11, 39). As expected, GC content also increased in scaffolds 
composed of a higher proportion of exons (fig. S12).

Heterozygosity and effective population size
We considered quantifying the demographic history of moa by analyz-
ing the divergence between the two moa haplotypes via the PSMC 
technique (40), but the quality of the assembly was not high enough 
to have confidence in that approach. We therefore calculated nucleo-
tide diversity (π) in 10-kb windows across moa scaffolds by mapping 
the filtered, mapDamage-corrected moa reads back to the moa as-
sembly. We found that π per window (on scaffolds at least 100 kb and 
corrected for coverage by at least 2500 bases) ranged from 0.0001 to 
0.024, with a mean of 0.00102 for autosomes. Calculating as above 
across whole scaffolds (rather than windows) yields a mean π of 
0.00097 [95% confidence interval (CI): 0.00096 to 0.00098] (fig. S13). 
Under neutrality, we expect π = 4Nem, where Ne is the long-term 
effective population size and m is the mutation/substitution rate. Con-
sistent with estimates of female Ne based on mtDNA (1, 20), we estimate 
that the moa lineage experienced a substitution rate for nuclear 
introns of 1.0245 × 10–08 (95% CI: 1.011796 × 10–08 to 1.037205 × 10–08) 
substitutions per site per year (Supplementary Text and fig.  S14). 
With a generation time of ~10 years for some moa species (2), we 
therefore estimate an effective population size of 237,555 (95% CI: 
231,897 to 243,355).

We mapped moa scaffolds to a long-read female assembly of an 
emu (table S2) (19) and identified 69 scaffolds totaling 81,993,503 bp 
(52,587,049 non-​N bases) mapping to the emu Z (82,723,677 bp). 
Median SNP density and π per site were significantly lower for the Z 
chromosome than for autosomes (fig. S15); we attribute this trend to 
the expected lower Ne for Z chromosomes than for autosomes due to 
the effects of drift (41). Overall, the mean π for the Z (0.0015) was 
slightly higher than for autosomes (0.00097; t = −2.3629, df = 43.06, 
P = 0.02272, Cohen’s d = 1.26). and we found no strong and systematic 
deficiency of SNPs on longer (>100 kb) putatively Z-linked scaffolds 
of the moa assembly compared to autosomal scaffolds (fig. S15), 
suggesting that there were no regions of the Z with very low or zero 
polymorphism and that the reads likely derived from a male bird.

We also searched for similarities between the sex-linked 
probe of Huynen et al. (42) in the moa assembly. This 676-bp 
sequence (GenBank accession no. AF308932) had three blast 
hits to three different moa scaffolds, indicating that the moa as-
sembly contained sequences similar to those of male ratites and did 
not have the diagnostic ratite deletion indicating a female bird 
(fig. S16) (42). However, the scaffolds with sequences matching this 
sequence all mapped to either chromosome 1 or 2 of the emu. We 
also found that the marker developed by Huynen et al. (42) had 
72 blast hits to different sites in the long-read emu assembly (19), 
including one site each on the Z and W chromosomes. These blast 
hits to the Z and W chromosomes covered 90 and 100% of the 
query sequence, respectively. It seems likely that the marker by 
Huynen et al. (42) is a moderately repetitive DNA that may not be 
well covered by the moa assembly but may be present in some un-
annotated repetitive sequences identified in our search for trans-
posable elements (TEs; see below). Overall, we find this analysis 
broadly consistent with the evidence from coverage of individual 
chromosomes suggesting that the sample is a male bird.

Identification of polymorphic microsatellite markers
Microsatellites offer an appealing option for aDNA studies since these 
nuclear markers are often highly polymorphic, are spread throughout 
the genome, and are sufficiently short to allow amplification in de-
graded samples (43). However, wetlab approaches for microsatellite 
isolation are not amenable to degraded aDNA samples, and cross-
species amplification of markers from extant taxa is often unsuccessful 
(43–45). HTS can circumvent these difficulties by identifying micro-
satellites directly from sequencing reads in the target species. This 
approach was used in moa where Allentoft et al. (44, 45) developed 
six polymorphic microsatellites from GS FLX 454 pyrosequencing 
reads and demonstrated their utility for studies of moa kinship (46) 
and population demography (2).

We used a complementary approach to isolating polymorphic 
microsatellites from the little bush moa nuclear assembly. We iden-
tified 27,127 dinucleotide and 25,170 trinucleotide repeats, approxi-
mately half of which met our criteria for inclusion based on flanking 
sequence contiguity (retaining 14,902 dinucleotides and 13,951 tri-
nucleotides). From these, we identified 40 microsatellites (28 di-
nucleotides and 12 trinucleotides; table S3) that are heterozygous in 
the sequenced individual and hence at least minimally polymorphic 
in the species as a whole. We offer the realigned BAM files for each 
locus and alignments to other ratites as a community resource for 
future studies (available in Dryad, an example of each data type is 
given in fig. S17).

Analysis of transposable elements
TEs and other repeated sequences form an important component of 
avian genomes, and with more sensitive methods for the detection of 
TEs, the estimated fraction of each avian genome composed of TEs 
may be increasing (47). Previous estimates of paleognath genome 
sizes and repeat content have indicated that paleognath genomes are 
larger than those of neognaths, by up to 27% in some estimates (48). 
Yet, estimates of the fraction of paleognath genomes composed of TEs 
remain unexpectedly low, usually less than 10% (30, 49, 50). To quantify 
the TE landscape of moa and relatives, we used a sensitive pipeline for 
TE quantification involving the production of an annotated clade-
specific repeat library augmented by deep learning approaches for the 
annotation of TEs (51, 52). We then used this library to estimate TE 
distribution and abundance with both reference-based and reference-
free approaches.

Using reference-based approaches such as RepeatModeler2 and 
RepeatMasker (v. 4.1.4) (52), our estimates of TE content for non-moa 
paleognaths are typically about double previous estimates from short-
read genomes and, where available, consistent with recent estimates 
from long-read genomes (table S4) (48, 53), with annotated TE frac-
tions ranging from 5.6% in the elegant crested tinamou to 7.99% in 
Okarito kiwi (table S4). For long-read genomes, we annotate 14.46% 
of the chicken genome and 8.01% for emu, as TEs. As expected with 
this pipeline, estimates of total TE abundance based on the little 
bush moa assembly (3.3%) were somewhat lower and likely biased 
downward due to the fragmented assembly. Using unassembled 
sequence read–based approaches such as dnaPipeTE (54), which is not 
sensitive to the quality of the reference genome, our estimates for 
TE fractions in paleognaths range from 7.06% in the elegant crested 
tinamou to 15.51% in emu (Fig. 2). At 5.5% for annotated repeats, read-
based estimates of TE abundances from the little bush moa genome are 
lower than those from emu and kiwi and similar to the tinamou. The 
low TE abundances in moa estimated by the read-based approach are 
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less likely to be an artifact of the DNA source and quality and instead 
may be part of a lineage-specific trend toward more simplified TE 
landscapes in the tinamou-moa clade (Fig. 3 and fig. S15). Paleog-
nath genomes appear particularly rich in DNA elements, and the 
abundance of retrotransposons with long terminal repeats (LTRs), 
such as CR1, varies considerably across the clade.

The moa assembly was distinctive among paleognath genomes in 
appearing to have a high fraction of unannotated repeats (fig. S18). 
The genomic percentage of unannotated repeats using dnaPipeTE was 
as high as 18.55%, even when using a custom annotated TE library 
made from moa and tinamou. However, such estimates can be sensi-
tive to genome-wide heterozygosity as well as uneven read depths 
across the target genome (47, 54). dnaPipeTE constructed more than 
70,000 contigs of unannotated, putatively repetitive sequence reads in 
the little bush moa genome, all but 200 of which mapped uniquely or 
nearly so to the moa genome and to other paleognath, neognath, and 
crocodilian genomes (fig. S19). We, therefore, conclude that most of 
these putative unannotated repeats represent unique sequences that 
were sequenced to high depth from the moa genome. However, we 
found five motifs common to clusters of repeated moa sequences that 
mapped to the long-read emu genome thousands of times, comprising 
up to 37.3 kb (fig. S19). These motifs—likely satellite DNAs and inter-
secting to varying degrees with annotated repeats in emu—were also 
found in large numbers in the kiwi genome but, unexpectedly, four of 
them were completely absent from the genome of the elegant crested 
tinamou, despite the sister relationship of moas and tinamous (fig. S19). 
We explored the phylogenetic diversity of additional repeats unanno-
tated in moa and found these repeats in varying abundances in other 
paleognath genomes, often in proportion to reference genome quality 
and phylogenetic proximity to moa. Examples of phylogenetically 
widespread repeats vary in abundance across paleognaths and exhibit 
diverse patterns of diversification throughout the clade (fig. S19). 
Together, these results suggest that analysis of unassembled sequence 
reads identified diverse classes of repetitive elements in the little bush 
moa genome, some of which contain previously unknown but phylo-
genetically widespread motifs.

Genes informing moa sensory biology
To better understand moa sensory biology, we investigated olfactory 
receptor (OR) genes, bitter and umami taste receptor genes, and visual 

opsins in the moa genome. On the basis of the branching pattern of 
olfactory nerves, Johnston and Mitchell (55) concluded that the upland 
moa (Megalapteryx didinus) and other moa were olfactory specialists; 
despite the small olfactory bulb that has led most authors to suggest 
poor olfactory capabilities (56), they point out that some moa have a 
large olfactory chamber, and the presence of bill pits suggest high 
sensitivity of the bill tip, potentially in combination with olfaction while 
foraging. Others, however, have asserted that the olfactory bulb is not 
small but instead has been buried in an unprecedentedly large expan-
sion of the cerebellum rostrally (3). We detected a total of 43 partial or 
complete OR genes in the moa genome. To place the moa OR genes in 
a broader phylogenetic context, we identified 1767 OR genes from the 
high-quality genomes of saltwater crocodile, emu, little spotted kiwi, 
elegant crested tinamou, and chicken (Fig. 3). To these, we also aligned 
23 “index” OR genes from Vandewege et al. (57), 13 from crocodilians, 
and 10 from chicken that helped identify the lineages of specific moa 
ORs. Together, these index OR genes encompassed 13 different OR 
lineages as defined by Vandewege et al. (57), including OR51 and OR52. 
Although the number of OR genes in moa was small and likely biased 
downward due to poor assembly quality, we were able to find OR genes 
closely related to all 13 index OR lineages, suggesting that moa have a 
complete repertoire of reptilian and avian OR genes.

Vision is one of the most important senses for birds, yet moa had 
relatively small eyes, small optic lobes in the brain, and a limited visual 
field (55). Previous morphological and anatomical analyses suggest 
that moa had a visual acuity on par with extant diurnal ratites (56). We 
found complete coverage of rhodopsin and evidence for three of the 
four major cone opsins found in extant birds, including middle-
wavelength sensitive (MWS) and short-wavelength sensitive (SWS1–
violet sensitivity and SWS2–blue sensitivity; Fig. 4, A to C, and 
fig. S21). All opsins except LWS are recovered from the moa assembly, 
with at least 50% of the sequence present relative to the orthologous 
emu sequence. A cysteine at residue 90 is sufficient to shift the tun-
ing of the SWS1 visual pigment from a violet-sensitive (VS) to an 
ultraviolet-sensitive (UVS) state in many species (58). We found 
clear evidence of cysteine in this position (Fig. 4B), consistent with 
previous work on other moa species (59).

Little is known of the sense of taste in paleognaths, including 
moa, although the presence of taste buds on the tongue has been 
confirmed in several extant ratites (60, 61). We found that the little 
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Fig. 2. Read-based quantification of the TE landscape in moa and other birds. Percentages of TEs were quantified using dnaPipeTE (54).
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bush moa possessed a member of each of the three well-supported 
avian clades of bitter taste receptors (T2Rs), suggesting a sensitivity 
of bitter taste equivalent to that of other birds (Fig. 4, D and E), 
although one T2R (part of the clade including chicken T2R40) may 
be a pseudogene. In each clade, the moa sequence was phylogeneti-
cally close to sequences from other ratites, as expected. Comparison 
with 13 additional bird T2R sequences suggests a bout of positive 
selection on the branch leading to one of the neoavian T2R clades, 
including moa, orthologous to the chicken the T2R40L gene.

The umami taste receptor consists of a heterodimer (T1R1 and 
T1R3) that has undergone marked evolution at the amino acid level 
to enable new sensitivities in nectarivorous birds, including hum-
mingbirds and oscine passerine birds (62, 63). We found evidence 
for exons 2 to 5 from T1R1, but exons 1 and 6 were missing (Fig. 4F). 
No exons from T1R3 were recovered, possibly due to assembly gaps: 
genes expected to flank T1R3, including CPTP and DVL1 were 
found in the expected position and orientation on the same scaffold, 
but large gaps were present between these two loci.

Genes of the major histocompatibility complex and 
Toll-like receptors
A recent report detected major histocompatibility complex (MHC) 
class I and II genes in the moa genome (64) but used the version of 
the genome uncorrected for base substitutions incurred in aDNA 
and did not provide a phylogenetic context for moa immunodiver-
sity. We reassessed the presence of MHC class I and II genes in the 

moa genome with a tblastn approach using chicken class I and II 
protein exons as probes. Overall, we detected fragments of two 
MHC class I genes and three MHC class II genes (Fig. 5). We found 
evidence for three copies of class I exon 3, which partially encodes 
the peptide-binding region (PBR), in moa, each on a separate scaf-
fold. We also found fragments of three copies of the conserved exon 3 
of MHC class II (BLB1 in chicken) on moa scaffold SZQD01000727.1 
(scaffold 726), located approximately 25.5 and 2.25 kb away from 
each other. One of these copies had evidence for a near full-length 
copy of class II exon 2, encoding the PBR.

Alignments of both exon 3 of moa class I and exon 2 of moa class 
II to other paleognaths showed that moa sequences had several 
unique substitutions, although it was unclear whether any of the 
retrieved sequences were functional. Analysis of adaptive evolution 
by a Bayesian method (65) revealed five (class I) and two (class II) 
codons experiencing positive selection across alignments that in-
cluded a moa sequence (fig. S22).

We searched for Toll-like receptors (TLRs) in the moa assembly 
using blast. Out of 13 TLR query exons or full-length coding regions 
comprising nine genes, we found strong evidence for all nine TLR 
genes as judged by low e values (table S5). Overall, these results sug-
gest that the moa assembly contains the majority if not all of TLRs 
thus far known in birds (66–68).

Tests of selection in candidate genes for limb development
Arguably, the most remarkable moa trait is the complete absence of 
forelimb skeletal elements comprising the wings. All ratites exhibit 
some degree of forelimb reduction; however, moa are unique in re-
taining only a fused scapulocoracoid within the pectoral girdle (3, 
69). Huynen et al. (69) recovered the moa coding sequence for the 
T-box transcription factor (TBX5), which plays a key role in forelimb 
specification and outgrowth (70–72), and demonstrated that the 
moa TBX5 sequence activates promoters of downstream genes in 
developing chicken embryos. Therefore, alterations to this coding 
region alone appear unlikely to underlie the wingless moa pheno-
type (69). We build upon this work by reporting moa sequence for a 
more comprehensive suite of candidate genes with established involve-
ment in vertebrate limb development (Table 2), as well as candidates 
with putative function-altering variants in the flightless cormorant 
(Phalacrocorax harrisi) hypothesized to accompany forelimb reduc-
tion in this flightless species (Table 2) (73).

We recovered moa sequence for all investigated genes, with an aver-
age of 88% of coding sequence per gene recovered from the original 
moa assembly (Table  2; 87% in the mapDamage-corrected version, 
table S3). We found no frameshift mutations and only a single in-frame 
stop codon in HOXD4 which, however, occurred at 1× coverage in 
both assembly versions and could represent a sequence artifact (this 
codon was intentionally masked by Ns for further tests). There was no 
evidence for lineage-specific diversifying selection in moa, with 
P > 0.05 in aBSREL tests for each gene (74). RELAX tests also found 
no significant difference in the strength of selection in moa relative to 
other ratites for candidate genes with established roles in limb develop-
ment (Table 2 and table S6). However, RELAX did identify a significant 
intensification of selection in the FAT1 gene in moa and relaxation in 
GLI2 relative to other ratites among the 11 candidates originating from 
the study of the flightless cormorant (Table 2 and table S6). Neither of 
these results remains significant under a more conservative genome-
wide correction for an estimated 16,255 genes in birds as opposed to 
correcting only for the set of 37 candidates tested here (both P > 0.05).

OR51/52
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OR8
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Index olfactory receptors

Index ORs
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Fig. 3. Evolution of moa olfactory receptor genes. Using sequence from 14 pro-
tein queries from Vandewege et al. (57), we retrieved 1833 moa OR genes, indicated 
with a red ball. The 14 OR index sequences are indicated with a black ball. Branches 
of the tree are colored by species as indicated at the bottom and along the inner 
ring. Approximate phylogenetic limits of each index OR clade are indicated in the 
outer circle in gray tones. Further details are found in Supplementary Text.
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Fig. 4. Overview of visual opsins present in the moa. (A) Cone-expressed opsins encoding four visual pigments [long-wavelength sensitive, LWS; short-wavelength 
sensitive (SWS1, SWS2); middle-wavelength sensitive (MWS), as well as the rod-expressed rhodopsin (RHO)] were examined. The percentage of coverage and iden-
tity relative to emu opsins is depicted: All opsins except LWS are recovered from the moa assembly, with at least 50% of the sequence present relative to the 
orthologous emu sequence. See fig. S21 for phylogenetic analysis and selection tests. (B). Alignment of tuning sites (gray and red shading) responsible for shifts in 
the optimal wavelength absorption of SWS1. A cysteine at residue 90, shaded red, is sufficient to shift the tuning of the SWS1 pigment from VS (violet-sensitive) to 
UVS (ultraviolet-sensitive) state in many species (58); alignment numbers correspond to positions in bovine rhodopsin; predicted or tested UVS sensitivity depicted 
(black boxes). (C) Maximum likelihood tree of bitter taste receptors (T2Rs). The little bush moa has a member of each of the three well-supported avian clades (moa, 
red; extant birds, purple; Chinese alligator, blue; anole, green, human, brown; see fig. S21). Anole and human receptors are from Dong et al. (99). (D) Patterns of 
positive selection within bird T2Rs (red, branches with P < 0.05; uncorrected P value, aBSREL branch models (74); avian clades shaded purple and moa T2Rs are 
shaded red. (E). Exons 2 to 5 from T1R1 (top) were recovered from the moa assembly (exons 1 and 6 were missing); shaded gray rectangles represent gaps in the 
assembly. No exons from T1R3 were recovered, likely due to assembly gaps; flanking loci CPTP and DVL1 (which flank T1R3 in chicken) are found on the same scaffold. 
Silhouettes in (D) are from phylopic.org.
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RELAX tests also identified seven candidates with significant selec-
tive shifts in flightless lineages relative to other birds (Table 2; 
10 candidates, including the previous 7, when the mapDamage-
corrected sequence is used, table S3). Of these, we find evidence for 
intensified selection in HOXA2, HOXA4, and HOXD4 (additionally, 
HOXA10, SHH, and WNT2B using the corrected moa sequence), and 
relaxation in four genes (GLI3, EVC, FAT1, and TALPID3; note that 
FAT1 shows not only intensified selection in moa relative to other ratites 
but also relaxed selection in flightless birds generally). However, only 
the intensification for HOXA2 remains significant under the more 
stringent genome-wide false discovery rate correction (P = 0.021 for 
both datasets).

PROVEAN analysis (75) identified 24 moa sequence variants of 
possible functional relevance compared to the emu reference (table S7). 
Identified sites were identical for both moa assemblies, except DVL1 
where only the alternate moa allele with codon AAC was recovered 
after base quality recalibration. However, half of these variants (12 of 
24) are either shared with other species or are polymorphic in moa, 
with the emu residue present as an alternative moa allele, indicating 
that this subset of sites is unlikely to underlie the wingless moa pheno-
type. In addition, 16 of the 24 sites display alternative residues in other 
birds that are often accompanied by PROVEAN scores comparable 
to moa (table S7). Comparison to an inferred reconstruction of the 
common ancestor of moa and tinamous yielded broadly similar re-
sults, with 17 of 19 potentially functionally relevant moa variants 
identical to those identified from comparison to the emu reference 
(table S8).

Putative function-altering variants in the flightless cormorant are 
not shared with other flightless lineages, indicating that any common-
ality in the genetic basis for independent losses of flight involving 

these genes is likely not attributable to convergent or parallel amino 
acid changes (table S9). Burga et al. (73) also identified a deletion in 
CUX1 of the flightless cormorant, with experimental assays indicating 
this gene acts as a transcriptional activator of targets FAT1 and OFD1. 
As with the other reported flightless cormorant variants, the CUX1 
deletion is not shared by moa or other ratites (identical sequence 
occurs in both moa assemblies; fig. S23). Together, we conclude that 
the loss of wings in moa is not attributable to gene loss or pseudoge-
nization within this candidate gene set, although the functional rele-
vance of variants unique to moa requires further experimental work.

DISCUSSION
Here, we have described an assembly of a nuclear genome from an 
extinct species of moa, the little bush moa (Anomalopteryx didiformes). 
This genomic resource has already proven useful for assembling 
genome-wide datasets of nuclear markers for phylogenetic inference 
(7, 8) and for analyses of mitogenomes (25) and specific nuclear genes. 
Here, we have used a variety of additional ratite genomes, including a 
long-read genome of an emu (19), to elucidate diverse aspects of moa 
biology. Some of our conclusions and ability to detect specific genes 
are likely contingent on the quality of the short-read reference 
genome to which we mapped the moa reads for this particular as-
sembly; mapping moa reads to long-read paleognath genomes (19) 
could reveal additional genes and assembly contiguity. Nonethe-
less, the current mapDamage-corrected moa assembly contains an 
unexpectedly high proportion of genes and other markers for 
analysis. We further provide estimates of the nuclear genome size 
and sex of the sample and explore moa sensory biology through 
its genome.

KiwiCassowaryCrocodile EmuMoa Rheas Ostrich Tinamous

A  MHC class I, exon 3 B  MHC class II, exon 3

Fig. 5. Evolution of major histocompatibility complex (MHC) class I and class II genes of the little bush moa. Trees of (A) exon 3 of class I peptide-binding region 
(PBR) and (B) exon 2 of class II PBR were made using maximum likelihood and optimal nucleotide substitution models as described in Supplementary Text.
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Table 2. Tests of selection for candidate limb development genes using moa sequence from the original genome assembly. K, relaxation 
parameter (values <1 indicate relaxed selection on foreground branches, and values >1 denote intensified selection); Padj, adjusted P value (Q 
value) controlling for the false discovery rate at a significance level of 0.05 based on N = 37 genes tested. CDS, coding sequence. AA, amino acid.

Gene Descrip-
tion

CDS length  
(AA, % of total)

RELAX tests

Moa All flightless

Chicken Emu Moa K Padj K Padj

Candidate limb development genes

FGF8 Fibroblast 
growth 
factor 8

214 214 189 (88%) 3.912 0.991 49.994 0.081

FGF10 Fibroblast 
growth 

factor 10

212 212 204 (96%) 0.494 0.419 1.052 0.542

GLI3 GLI family 
zinc finger 

3

1576 1575 1570 (99%) 1.491 0.389 0.359 0.006

HOXA1 Homeo-
box A1

320 319 308 (96%) 0.999 0.991 0.931 0.459

HOXA2 Homeo-
box A2

375 374 357 (95%) 0.178 0.074 3.424 < 0.001

HOXA3 Homeo-
box A3

413 413 414 (100%) 1.491 0.389 1.033 0.525

HOXA4 Homeo-
box A4

309 145* 155 (50%) 0.365 0.389 2.564 0.006

HOXA5 Homeo-
box A5

270 270 251 (93%) 29.348 0.289 0.633 0.215

HOXA6 Homeo-
box A6

231 231 231 (100%) 0.828 0.808 0.272 0.365

HOXA7 Homeo-
box A7

219 219 219 (100%) 28.556 0.389 1.156 0.425

HOXA9 Homeo-
box A9

260 261 249 (95%) 1.985 0.389 2.040 0.084

HOXA10 Homeo-
box A10

364 317* 289 (79%) 1.239 0.934 2.914 0.062

HOXA11 Homeo-
box A11

297 297 255 (86%) 0.303 0.389 1.453 0.110

HOXA13 Homeo-
box A13

290 290 269 (93%) 1.179 0.934 0.858 0.459

HOXD3 Homeo-
box D3

413 248* 247 (60%) 1.211 0.808 1.326 0.425

HOXD4 Homeo-
box D4

237 237 202 (85%) 1.125 0.966 9.667 0.006

HOXD8 Homeo-
box D8

268 147* 146 (54%) 0.607 0.497 < 0.001 0.379

HOXD9 Homeo-
box D9

302 299 283 (94%) 0.295 0.339 0.816 0.217

HOXD10 Homeo-
box D10

339 339 339 (100%) 0.923 0.991 49.998 0.152

HOXD11 Homeo-
box D11

280 282 272 (96%) 0.967 0.976 0.642 0.081

HOXD12 Homeo-
box D12

266 266 266 (100%) 1.452 0.397 1.006 0.569

HOXD13 Homeo-
box D13

301 82* 74 (25%) 0.926 0.991 0.939 0.525

SALL4 Spalt-like 
transcrip-
tion factor 

4

1108 1111 1023 (92%) 0.793 0.389 0.860 0.146

(Continued)
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We found approximately equal levels of diversity on the Z 
chromosome and autosomes. Our estimates of π for the auto-
somes and Z chromosome suggest a ratio of nearly one for medi-
an π (πZ/πA = 0.00097/0.00095 = 0.979) and mean π is slightly 
higher for the Z than for the autosomes (πZ/πA  =  0.00150/
0.00098 = 1.53). The slightly higher mean π on the Z is consis-
tent with the effects of reverse sexual dimorphism, but a broader 
sampling of autosomes and sex chromosomes is necessary for fur-
ther insight. Given that female-driven sexual selection can drive Z 
chromosome diversity down (76–78), it is tempting to speculate 

that the reverse sexual dimorphism found in some moa species 
(79, 80) may not drive diversity on the Z chromosome down. 
However, demographic effects can also alter the ratio of diversity 
on sex chromosomes and autosomes; in particular, population 
expansions can result in transiently higher diversity on the X 
(=Z) chromosome relative to autosomes (81). In general, a vari-
ety of selective and demographic effects can shift the expected 
ratio of Z/autosome diversity from the expected ¾ that strictly 
reflects differences in population size when the sex ratio is 1:1 
(76, 77).

 (Continued)

Gene Descrip-
tion

CDS length  
(AA, % of total)

RELAX tests

Moa All flightless

Chicken Emu Moa K Padj K Padj

SHH Sonic 
hedgehog

425 422 398 (94%) 1.979 0.389 0.974 0.542

TBX5 T-box 5 521 538 426 (79%) 0.240 0.389 1.021 0.545

WNT2B Wnt family 
member 2B

385 330* 260 (68%) 0.636 0.339 1.703 0.081

Candidate genes from the flightless cormorant

DCHS1 Dachsous 
cadherin-
related 1

3266 3267 3086 (94%) 1.094 0.389 1.006 0.554

DVL1 Disheveled 
segment 
polarity 

protein 1

712 655* 633 (89%) 1.326 0.397 0.814 0.127

DYNC2H1 Dynein 
cytoplas-

mic 2 heavy 
chain 1

4301 4295 3991 (93%) 1.152 0.389 0.763 0.089

EVC EvC ciliary 
complex 
subunit 1

984 927* 871 (89%) 0.169 0.389 0.654 0.023

FAT1 FAT atypical 
cadherin 1

4645 4644 4489 (97%) 1.493 0.013 0.880 0.024

GLI2 GLI family 
zinc finger 

2

1528 1528 1528 (100%) 0.408 0.013 0.927 0.262

IFT122 Intrafla-
gellar trans-

port 122

1245 1239 1202 (97%) 0.035 0.808 1.311 0.146

KIF7 Kinesin 
family 

member 7

1412 1279* 1226 (87%) 0.683 0.389 1.204 0.146

OFD1 OFD1, cen-
triole, and 
centriolar 
satellite 
protein

1012 1014 1002 (99%) 0.978 0.991 0.006 0.102

TALPID3 KIAA0586 1523 1527 1474 (97%) 0.748 0.389 0.035 0.023

WDR34 WD repeat 
domain 34

500 502 459 (91%) 18.909 0.251 0.776 0.102

*Partial CDS recovered in the emu reference sequence.
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Our estimate of moa effective population size is rough and does 
not incorporate all sources of variance, such as mutational variance, 
or accurate generation time, appropriately. With their smaller body 
size, little bush moa likely had a shorter generation time than other, 
larger-bodied moa. Our estimate of ~240,000 for A. didiformes falls in 
the middle of multiple estimates ranging from ~9200 from microsat-
ellite variation to more than 1 million with mtDNA (2, 82). Allentoft 
and Rawlence (4) discuss the challenges of estimating population 
sizes of extinct moa from ecological or genomic data and suggest that 
the highest estimates from genetic data are too high. Our estimate of 
~240,000 for this one species is also larger than estimates based on 
morphological and ecological considerations, which estimate up to 
100,000 birds total for the entire moa clade across all moa species 
(83). Our estimate of Ne for A. didiformes is uncertain due to uncer-
tainties of mutation rate and is further compromised by our not having 
forced the divergence rate of introns through the origin, which could 
lead to an upwardly biased estimate of the mutation rate. Further 
study of the substitution rate along the moa lineage, which is known 
to be lower than in the sister tinamou lineage, as well as more detailed 
demographic estimates from nuclear DNA, are warranted (10, 11, 39).

The relatively complete array of OR genes suggests that the little 
bush moa was not deficient in olfactory capabilities, lending support 
to an anatomical interpretation of the endocranium favoring a 
normal-sized olfactory bulb in moa and other giant flightless birds 
(84, 85). We also demonstrate its utility in isolating markers for 
population-level studies and in investigating sequence evolution in 
candidate protein-coding genes. The relative contributions of coding 
sequence variation and mutations in noncoding regulatory elements 
to phenotypic variation constitute an area of active research (11, 70, 
86), and we anticipate that the availability of a moa nuclear genome 
will further contribute to experimental studies of regulatory changes 
associated with flightless phenotypes. Additional nuclear genome 
assemblies from extinct moa, as well as better assemblies of tinamous 
and other paleognaths, will no doubt further enable exploration of 
the genetic basis of phenotypic traits of these extraordinary birds.

MATERIALS AND METHODS
DNA extraction and sequencing
DNA was extracted from a single toe bone of a poorly provenanced 
moa specimen held in the collections of the Royal Ontario Muse-
um (ROM; Toronto, Canada). Some of the HTS reads reported 
here were previously used for phylogenetic analysis of paleognath 
relationships using 1448 ultraconserved elements and protein-
coding loci (7), and PCR-based sequences obtained from this 
same specimen have been reported by Haddrath and Baker (9), 
Baker et al. [(12), sample A. did. OH], and Haddrath and Baker 
[(9), sample TW95].

The sample analyzed here was also presented in (87); for trans-
parency and clarification, we here present important details of ex-
traction and analysis. DNA extraction followed by Baker et al. (12). 
Briefly, the outer 1 to 2 mm was removed from the bone surface by 
microblasting with an Airbrasive System (MicroBlaster; Comco, 
Burbank CA, USA), and 0.2 g of the remaining material was ground 
into fine powder. Enzymatic digestion proceeded overnight at 56°C 
in a buffer containing final concentrations of 0.5 M EDTA, pro-
teinase K (200 μg/ml), and 0.5% N-lauroylsarcosine at pH 8.0 (88), 
and DNA was purified using commercially available silica spin 
columns (DNeasy Blood & Tissue Kit; Qiagen, Germantown, MD, 

USA). Sample preparation occurred in a dedicated aDNA work-
space in the ROM following established best practices (89, 90).

Library preparation and sequencing were performed by The Centre 
for Applied Genomics, The Hospital for Sick Children, Toronto, 
Canada. Library A_didi_CTTGTA was constructed from 200- to 
400-bp size-selected DNA sheared to 200-bp insert size followed by 
library preparation with the Illumina TruSeq DNA v3 DNA Prep 
Kit. Paired-end sequencing (2 × 101 bp) was carried out on three 
lanes of a HiSeq 2500 platform using Illumina v3 chemistry. A second 
TruSeq library (A_didi_GCCAAT) was prepared from the same in-
put DNA and sequenced on two partial lanes of a HiSeq 2500. Three 
additional libraries were constructed with the Illumina Nextera XT 
Sample Preparation Kit. The A_didi_CAGAGA and A_didi_CTCTCT 
libraries used input DNA < 500 bp with no additional shearing, 
while the A_didi_AGGCAG library used DNA 500 bp to 2 kb in 
size subsequently sheared to <700 bp. These Nextera libraries were 
pooled for sequencing on a single HiSeq 2500 lane.

Read processing and genome assembly
Trimmomatic v. 0.32 (91) was run in paired-end mode for adapter 
removal and quality trimming and reads with post-trimming length 
below 25 bp were discarded (options ILLUMINACLIP:[adapter_
file]:2:30:10:1:true SLIDINGWINDOW:10:13 MINLEN:25). A de novo 
mitochondrial genome assembly was built with MITObim v. 1.8 (92) 
using the published little bush moa mtDNA genome as a starting 
seed [GenBank accession no. NC_002779, (23)]

To obtain a nuclear sequence assembly, we first mapped reads to a 
draft genome for emu [D. novaehollandiae; (11), GenBank accession 
no. GCA_003342905.1], and then remapped reads to the initial moa 
consensus for improved recovery of short and/or variant reads. First, 
to estimate an appropriate substitution parameter between the emu 
and moa, a random subset of reads was mapped to the emu reference 
with Stampy v. 1.0.28 (93) using default settings. The full data were 
then mapped to emu with Stampy and this user-specified substitution 
parameter (estimated at 0.0839). Samtools v. 1.3.1 (94) was used to 
filter reads with mapping quality score below 30, and duplicates within 
each library were marked and removed with Picard Tools v. 2.6.0 
(https://broadinstitute.github.io/picard/) before merging mapped reads 
across libraries. Samtools ‘mpileup’ was used to output variant call 
format files with minimum mapping quality 30 and base quality 20, 
and a consensus sequence was called with BCFTools v. 1.2. Reads were 
remapped to this initial consensus with Bowtie2 v. 2.2.9 (95), with 
subsequent post-processing as above. In addition to the nuclear assembly 
detailed above (hereafter referred to as the “original assembly”), an 
error-corrected version of the genome was also generated to account 
for nucleotide misincorporations due to postmortem DNA damage 
characteristic of aDNA, described in Supplementary Text. Taxonomic 
read profiling is described in Supplementary Text.

Heterozygosity and effective population size
We mapped moa reads to the emu-scaffolded moa assembly and 
called variants using the Genome Analysis Toolkit (GATK) following 
standard practices as implemented in the snpArcher Snakemake 
pipeline (96). TEs were estimated from raw sequence reads using 
dnaPipeTE v.1.3.1 (54) as described in Supplemenatary Text.

Sensory receptor genes
Genes for ORs, opsins, and taste receptor types 1 and 2 (T1Rs and 
T2Rs) were obtained by blast (97) using diverse query sequences 
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from birds and crocodilians (see Supplementary Text for further 
details and tests for positive selection). OR genes from moa and 
other paleognaths were isolated by blast using 23 index OR se-
quences from Vandewege et al. (57). Further details are in Supple-
mentary Text.

Tests of selection for candidate limb development genes
Multiple sequence alignments were compiled for 26 candidate genes 
with established roles in vertebrate limb development [listed in Table 2, 
reviewed in (70, 71, 98)] and for 11 genes with potential function-
altering variants in the flightless cormorant (P. harrisi) hypothesized to 
accompany phenotypic modifications typical of flightless birds [listed in 
Table 2, reviewed in (73)]. Gene models were manually curated for 
10 new draft genome assemblies for paleognaths (11). The moa coding 
sequence was obtained from pairwise whole-scaffold alignments of moa 
to emu using reference emu coordinates (alignments and an accessory 
Perl script are available in Dryad). Sequences from draft paleognath 
genomes were combined with available avian sequences from GenBank 
and flightless cormorant sequences from Burga et al. (73). Amino acid 
translations were aligned with MAFFT v. 7.245 (38). Partial (<70% of 
total alignment length) and poorly aligning (<60% mean pairwise 
amino acid identity) sequences were removed, and the resulting align-
ment was used to guide gap insertion in the corresponding nucleotide 
sequences. GenBank source information, curated gene models, and 
sequence alignments are available in Dryad. Tests of selection and func-
tional effects of moa sequence variants in candidate limb development 
genes are described in Supplementary Text. Identification of polymorphic 
microsatellite repeats are described in Supplementary Text.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S23
Tables S1 to S9
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