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Technologies), respectively. DNA extracts were built into ge-
nomic libraries by Novogene (Singapore) using a NEBNext 
Ultra II DNA library prep kit and sequenced on an Illumina 
NovaSeq 6000 S2 platform (150 bp PE).

Bioinformatics of the genomic datasets
All bioinformatics and relevant analysis were undertaken 
using Flinders University�s server Deepthought (Flinders 
University 2021). Reads were trimmed with AdapterRemoval2 
v2.3.2 (Schubert et al. 2016) to remove adapter sequences 
and low-quality reads (Q < 30). Filtered reads >30 bp were 
then mapped using BWA-MEM v2.2.1 (Li 2013) to two 
high-quality, chromosomal reference assemblies requiring a 
mapping quality score >30. The two reference genomes were 
from genetically diverged populations (Foote et al. 2019): 
the �rst was from a Norwegian killer whale (mOrcOrc1.1; 
accession: GCA_937001465.1; Foote et al. 2022) the second 
from a North Paci�c �Biggs� or �transient� (mammal-eating 
ecotype) killer whale (CNA0050865; CNGBdb accession: 
CNP0002439; Kardos et al. 2023). This was to under-
stand the impact of reference bias on downstream popu-
lation assignment analyses (see Günther and Nettelblad 
2019). Clonal reads were collapsed with the markup func-
tion of the SAMtools v1.13 (Li et al. 2009). Repeat regions 
identi�ed by RepeatMasker v4.1 (Smit et al. 2004) and the 
Cetartiodactyl repeat library (Kohany et al. 2006) were 
masked using BEDtools 3v2.26 (Quinlan 2014). Separate 
�les were generated for autosomes and X-chromosomes 
using SAMtools view for all genomes. The FASTA �le for the 
mOrcOrc1.1 reference assembly was concatenated with the 
mitochondrial genome sequence, allowing Australasian killer 
whale mitogenomes to be extracted using SAMtools view as 
above. This competitive mapping strategy is also expected to 
remove nuclear mitochondrial DNA from the mitogenome 
sequences. Both museum samples were examined for pos-
sible contamination (e.g. human sequences), resulting in the 
removal of a single read from the mitogenome assembly 
of Tom, which was replaced as Ns. This sequencing read 
contained multiple mismatches to all other killer whale 
sequences, and a BLAST+ (Camacho et al. 2009) search 
identi�ed this read as likely human contamination. There 
were a further three ambiguous bases which were changed 
to �N� in the mitogenome sequence of Tom, as there was 
insuf�cient data to call the bases accurately.

Data analyses
The newly generated mitogenome sequences were aligned 
with the global mitogenome dataset from Morin et al. (2015), 
resulting in a total sample size of 490 individuals. As per pre-
vious studies (Morin et al. 2010, 2015), we conservatively 
�xed polynucleotide repeats at positions 1,130 to 1,144 to 
a set of nine Cs, and at positions 5,210 to 5,217 to a set 
of seven As to reduce the likelihood of introducing erro-
neous variation into the phylogenetic analysis. We included 
an outgroup mitogenome sequence from a long-�nned pilot 
whale (Globicephala macrorhynchus) (Accession number: 
NC_019578), to root the killer whale phylogeny in down-
stream mitogenome analyses.

We used PhyML (Guindon et al. 2010) to generate a 
maximum likelihood phylogenetic tree of the mitogenome 
sequences. The tree was generated assuming an HKY nu-
cleotide substitution model (as used in Morin et al. 2010), 

estimating branch support using an SH-like approximate 
likelihood ratio test, optimizing nucleotide equilibrium 
frequencies and the proportion of invariable sites, consid-
ering eight rate categories, using the best of NNI (Nearest 
Neighbor Interchange)� and SPR (Subtree Pruning and 
Regrafting) tree searches, with a BioNJ starting tree and 
�ve random starts. The tree was rooted with the pilot whale 
outgroup.

After establishing the genetic relationship of Tom to our 
global reference mitogenome dataset, we next compared 
Tom to the global reference dataset of nuclear genomes. 
We used a random sampling approach implemented in 
ANGSDv0.935 (Korneliussen et al. 2014) to generate 
pseudo-haploid genotypes, which reduces bias from cov-
erage differences between the museum and modern samples. 
Transitions were excluded to avoid bias due to DNA de-
amination of cytosine in the museum samples, which leads 
to the misincorporation of C�T changes at read ends 
(Lindahl 1996; Hofreiter et al. 2001). We applied the fol-
lowing �lters: minimum mapping quality of 20, minimum 
base quality of 30, minimum allele frequency that accounted 
for including only alleles found in at least two individuals, 
and probability of being a variable site of P < 0.000002. A 
minimum of 10 individuals containing a site was considered 
for a genotype to be called, however, for the Australasian 
and Tom nuclear genome analysis several variations of this 
�lter were completed to examine potential issues from ref-
erence bias. These �ltering steps resulted in pseudo-haploid 
genotype calls for each output. Pairwise distance between all 
individuals was averaged across all included sites, scoring 
1 when a different base was called, and 0 if the same base 
was called in both individuals. Covariance was estimated 
as speci�ed in Korneliussen et al. (2014). Additionally, we 
downsampled the mapped Kattegat sequence data using 
SAMtools to a comparable coverage of Tom to assess pos-
sible coverage bias affecting results.

Based on the local accounts of the killer whales in Eden, 
Tom was presumed to be male (Mackenzie 1991; Clode 
2011). This is supported by photographs of Tom which show 
sexually dimorphic characteristics, such as dorsal �n height 
and shape (Davidson 2010). The Kattegat killer whale was 
also identi�ed as a male in a necropsy (Eschricht 1866), there-
fore acting as a positive control. Killer whales have an XY 
sex-determination system. Males are the heterogametic sex, 
and therefore, are haploid for the X-chromosome, but diploid 
for autosomes, while females are diploid for X-chromosome 
and autosomes. The sex of the museum samples was con-
�rmed by comparing the read counts of the X-chromosome to 
the mean read count of autosomes (as per Kirch et al. 2021) 
among the two museum samples. The Kattegat genome was 
downsampled �ve times with different seeds, and the mean 
read count for the autosomes and X-chromosome was used 
to infer the sex of the Kattegat genome.

Results
DNA preservation
As expected, the two museum samples differed in DNA 
preservation. Tom�s skeleton has been in the Eden Killer 
Whale Museum for almost a century in southern New 
South Wales Australia, while the Kattegat sample is ap-
proximately 70 years older than Tom and has been kept 
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in the collection facility of the Natural History Museum of 
Denmark. The quality of DNA preservation between these 
museum samples differs in endogenous DNA content and 
therefore sequence coverage per sequencing effort. It is most 
likely that Australia�s hotter climate and UV exposure have 
resulted in the degradation of Tom�s DNA (e.g. Rasmussen 
et al. 2010; Morris et al. 2014), while the cooler climate 
and darkened storage facility have likely reduced the rate 
of enzymatic and UV degradation of DNA preserved in the 
Kattegat specimen.

Despite this DNA degradation, we successfully sequenced 
11,464 bp of the expected 16,386 to 16,392 bp (Morin et al. 
2010) mitochondrial genome of Tom. In addition, we generated 
37 new mitogenome sequences (with 10 distinct haplotypes) 
from contemporary Australasian killer whales (Figs. 2 and 
3). Tom�s mitogenome sequence was a novel haplotype in the 
dataset. The mitogenome sequence of the Kattegat sample 
was identical to that previously generated for this individual 
(GenBank accession: KF418373; Foote et al. 2013). The effec-
tive depth of coverage (i.e. post-�ltering and removal of du-
plicate reads) of the mitogenome assembled from Tom�s DNA 
was 1.5×, compared with 115× for the mitogenome sequence 
of the Kattegat sample. The effective coverage of the contem-
porary Australasian mitochondrial genome dataset ranged 
between 193 and 3,691× (see Supplementary Table S1). This 
resulted in a dataset comprising 166 unique haplotypes from 
490 killer whales. There are 169 variable sites, while the mean 
transition/transversion ratio of all sequence pairs was 7.13 
within this global killer whale mitogenome dataset.

We were also able to generate low-coverage nuclear ge-
nome sequences for the two museum specimens. Effective 
depth of coverage (i.e. post-�ltering) was <1× for both 
samples (see Table S1 and S2 for genome summary statistics in 
Supplementary Material). Post-�ltering, 1,351,099 reads were 
generated from Tom�s DNA mapped to the CNA0050865 as-
sembly, compared with 13,729,355 reads generated from the 
Kattegat sample. The number of mapped reads increased to 
2,062,946 (Tom) and 13,680,197 (Kattegat) when mapping 
to the mOrcOrc1.1 assembly. By incorporating USER treat-
ment to the library builds, postmodern damage was reduced 
by removing the uracil and cleaving the abasic sites. Figure 
S1 (see Supplementary Material) shows the small excess of 
C�T changes and that the treatment removed most of the 
damage pattern caused by deamination. However, we observe 
an increase of C�T changes at the CpG sites in the termini 
at the 5� end of reads, authenticating the historical origin of 
the DNA.

High-latitude killer whale populations generally form mon-
ophyletic clades and re�ect clustering by geography such as 
clade 1 (Fig. 2A, Morin et al. 2015). In contrast, haplotypes 
sampled at lower latitudes do not necessarily cluster based 
on geographic sampling locality (Fig. 2, Supplementary tree; 
Morin et al. 2015). The haplotypes sequenced for Tom and 
the Kattegat sample were both found in clade 5. This clade 
also included haplotypes sampled from killer whales in dif-
ferent ocean basins such as the Atlantic and Indo-Paci�c re-
gions (Fig. 2). The mitochondrial haplotype reconstructed 
from Tom�s DNA shares a most recent common ancestor with 
several Australian and New Zealand killer whales. However, 
the resolution of these results is reduced due to the missing 
data and quality of the mitogenome generated from Tom�s 
DNA.

Using a simple measure of genetic distance, based on 
1,093,893 transversions, we �nd relatively concordant results 
for the global nuclear genome dataset to those obtained from 
the mitochondrial genome dataset: Tom�s genome has the 
lowest genetic distance to the New Zealand genome (Fig. 
3B). However, the long branch from the shared ancestral 
node with the New Zealand genome to Tom indicates private 
genetic variation in Tom�s genome and suggests Tom is not 
from the same contemporary population as the New Zealand 
sample. Tom�s genome additionally clusters with genomes 
sampled in waters around Scotland, Gabon, Gibraltar, and 
the North Paci�c (Clipperton Island, and the resident and off-
shore ecotypes). The genetic distance from Tom to the other 
Australian genomes, sampled from southwestern Australia 
and northwestern Australia, is as great as between Tom and 
all other included killer whale genomes (except Antarctic 
types B1, B2, and C). Based on mapping to the two available 
reference assemblies and comparing their genetic distance 
estimates, we see a marginally higher af�nity to the reference 
genome�s origin in both distance estimates. Overall, the rel-
ative estimates for the genetic distance between the global 
genomes appear to be similar despite the reference bias (see 
Supplementary Fig. S3).

Genetic distance and covariance based on 1,087,094 
transversions from the Australasian nuclear dataset, 
indicates Tom�s genome has the highest genetic similarity to 
the New Zealand genomes, and a single Tasmanian genome 
(Fig. 4), while predominantly comprised of private genetic 
variation relative to the samples included in this study. This 
suggests Tom is not from the contemporary Australasian 
populations represented by these samples. Tom�s posi-
tion near the middle of the axes of the PCAs (Principal 
Component Analysis) (Fig. 4) is likely a consequence of 
the high level of missing data. Samples with high missing 
data used in a PCA can have their variance underestimated 
(Li et al. 2020) which when compared with higher-quality 
samples, results in such samples gravitating toward the 
center of the PCA. The high degree of missing data and 
the small amount of ancestry informative SNPs (Single 
Nucleotide Polymorphism)�sequenced for Tom likely reduce 
our resolution to assert the genetic relationship of Tom to 
other Australasian killer whales. The remaining Australasian 
killer whales clustered into three genetic groups, consistent 
with published analyses of a ddRADseq dataset by Reeves 
et al. (2022). Both reference assemblies yielded broadly sim-
ilar results, but reference bias is apparent when the data are 
�ltered to only include sites covered in Tom�s genome (see 
Figs. 4S and 5S in the Supplementary Material). Under this 
�ltering regime, far fewer sites are retained when the data 
was mapped to the CNA0050865 reference assembly, and 
the clustering pattern collapsed. In contrast, when the data 
were mapped to the mOrcOrc1.1 assembly, the clustering 
pattern was relatively consistent between the �ltering 
changes.

Sexing
Comparing the depth of sequencing coverage of the autosomes 
and X-chromosome can be used to sex individuals. Here, we 
use this sexing approach on our two museum specimens, both 
of which are well-documented males, to assess reference bias. 
Our genetic sexing approach con�rmed the Kattegat sample 
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Fig. 2. Killer whale (Orcinus orca) mitogenome analysis based on 490 mitogenome sequences (166 unique haplotypes). A) World Map of 490 samples 
used in the study. B) Maximum likelihood phylogenetic tree of 166 haplotypes, based on an HKY nucleotide substitution model, colored by clade. The 
two museum samples sequenced for this study are labeled with asterisks. The tip representing the mitogenome sequence of Tom is marked with a 
light asterisk; the tip representing the Kattegat sample by the dark asterisk. A tree with all tips labeled can be found in Supplementary Material (Fig. S8).
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Fig. 3. Global dataset of Killer whale (Orcinus orca) nuclear genomes based on 1,093,893 transversions, A) displays a map of the sampling localities of 
the global dataset including Tom, with B) a genetic distance matrix in which increasing genetic distance is indicated by shading from red to blue. Self-
comparisons are blacked out. The data displayed here was based on mapping to the mOrcOrc1.1 assembly. Black borders represent Tom and the New 
Zealand genome�s relationship. Ant, Antarctica; NP, North Paci�c.
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was a male, independent of the mapping reference used. Counts 
of sequence reads mapped to the X-chromosome were approx-
imately half of those mapping to each an equivalent length of 
the autosomes (see Figs. S6 and S7 in Supplementary Material). 
In contrast, the low-coverage genome of Tom was impacted by 

reference bias. Read counts mapped to the X-chromosome and 
autosome re�ected a 1:2 ratio (Figs. S6 and S7 in Supplementary 
Material) when mapped to the mOrcOrc1.1 assembly, but not 
when mapped to the CNA0050865 assembly. The mean read 
count per autosome was 64,338 for data mapped to the closely 

Fig. 4. Australasian whole genome dataset of killer whales (Orcinus orca) with A) sample localities displayed of 38 animals, including Tom. A total of 
1,087,094 transversions were used to B) assess the genetic clustering of Tom on a regional scale using a PCA based on covariance estimates, and C) 
estimate pairwise genetic distance between genomes. Increasing genetic distance is indicated by shading from red to blue, with self-comparisons 
blacked out. The data displayed here were based on mapping to the mOrcOrc1.1 assembly. In front of each sample is the locality of origin, MWA, 
midwestern Australia; NWA, northwestern Australia; NZ, New Zealand; QLD, Queensland; SWA, southwestern Australia; TAS, Tasmania.
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