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Background: Penguins (Sphenisciformes) are a remarkable order of ightless wing-propelled diving seabirds distributed
widely across the southern hemisphere. They share a volant common ancestor with Procellariiformes close to the
Cretaceous-Paleogene boundary (66 million years ago) and subsequently lost the ability to y but enhanced their diving
capabilities. With 20 species among 6 genera, penguins range from the tropical Galapagos Islands to the oceanic
temperate forests of New Zealand, the rocky coastlines of the sub-Antarctic islands, and the sea ice around Antarctica. To
inhabit such diverse and extreme environments, penguins evolved many physiological and morphological adaptations.
However, they are also highly sensitive to climate change. Therefore, penguins provide an exciting target system for
understanding the evolutionary processes of speciation, adaptation, and demography. Genomic data are an emerging
resource for addressing questions about such processes. Results: Here we present a novel dataset of 19 high-coverage
genomes that, together with 2 previously published genomes, encompass all extant penguin species. We also present a
well-supported phylogeny to clarify the relationships among penguins. In contrast to recent studies, our results
demonstrate that the genus Aptenodytes is basal and sister to all other extant penguin genera, providing intriguing new
insights into the adaptation of penguins to Antarctica. As such, our dataset provides a novel resource for understanding the
evolutionary history of penguins as a clade, as well as the ne-scale relationships of individual penguin lineages. Against
this background, we introduce a major consortium of international scientists dedicated to studying these genomes.
Moreover, we highlight emerging issues regarding ensuring legal and respectful indigenous consultation, particularly for
genomic data originating from New Zealand Taonga species. Conclusions: We believe that our dataset and project will be
important for understanding evolution, increasing cultural heritage and guiding the conservation of this iconic southern
hemisphere species assemblage.

Keywords: genomics; Sphenisciformes; comparative evolution; phylogenetics; speciation; biogeography; demography;
climate change; Antarctica; evolution
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Penguins (Sphenisciformes) are a unique order of seabirds dis-
tributed widely across the southern hemisphere (Fig. 1). Ap-
proximately 20 extant penguin species are recognized across 6
well-de ned genera (Aptenodytes, Pygoscelis, Eudyptula, Sphenis-
cus, Eudyptes, and Megadyptes [1-3]). Debate has surrounded
species/lineage boundaries in a few key areas:

1. Divisions between New Zealand little blue (Eudyptula minor
minor), New Zealand white- ippered (Eudyptula minor albosig-
nata), and Australian fairy penguins (Eudyptula novaehollan-
diae) [4-6].

2. Divisions between northern rockhopper (Eudyptes moseleyi),
western rockhopper (Eudytes chrysocome), and eastern rock-
hopper penguins (Eudyptes lholi) [3, 7, 8].

3. Divisions between Fiordland crested (Eudyptes pachyrhynchus)
and Snares crested penguins (Eudyptes robustus) [9, 10].

4. Divisions between macaroni (Eudyptes chrysolophus chrysolo-
phus) and royal penguins (Eudyptes chrysolophus schlegeli)
[3, 8, 11].

Penguins have an extensive fossil record, with >50 extinct
species documented to date [3, 12, 13], extending back >60 mil-
lion years [12]. Extant penguins span a modest range of sizes [14,
15], with the emperor penguin (Aptenodytes forsteri) the largest
(30 kg) and Eudyptula penguins the smallest (1 kg). In contrast,
the fossil record reveals that many extinct penguin species were
giants (surpassing 100 kg in body mass [13]).

The radiation of penguins provides an excellent case study
for researching biogeographic impacts on speciation processes.
Penguins inhabit every major coastline in the southern hemi-
sphere, and almost every island archipelago in the Southern
Ocean [16]. Their range extends to unique ecological niches,
from the tropical Galapagos Islands (Galapagos penguin, Sphenis-
cus mendiculus) to the oceanic temperate forests of New Zealand
(Eudyptes pachyrhynchus), rocky coastlines of the sub-Antarctic
islands (E. lholi), and the sea ice around Antarctica (Apten-
odytes forsteri) [17]. For this reason, penguins have evolved many
unique adaptations, speci c¢ to the variety of ecological envi-
ronments. Previous studies have suggested that global climate
change during the Eocene [18, 19], substantial oceanographic
currents [7], and geological island uplift [3] were key drivers
of penguin diversi cation. Although the phylogenetic relation-
ships within penguins are relatively well understood [1, 3, 18,
20], it remains uncertain which lineage rst diverged from other
penguins. Molecular analyses have differed on whether Apten-
odytes, Pygoscelis, or both together represent the sister taxa to
all other extant penguins [3]. Both of these genera are endemic
to coastal Antarctica and Antarctic and subantarctic islands,
and thus a sequential branching pattern would suggest a po-
lar ancestral area for extant penguins. In contrast, morphologi-
cal data and the fossil record suggest that the more temperate-
adapted genus Spheniscus was the rst to diverge [3, 20]. Un-
derstanding the evolutionary diversi cation of penguins in re-
spect to geological and climatic changes remains a substantial
gap in understanding the biogeographic history of these iconic
birds.

Although penguins are tied to landmasses for breeding and
nesting [21], all species spend most of their lives at sea [22]
and are therefore important components of terrestrial, coastal,
and marine ecosystems [23]. While some taxa inhabit environ-
ments with strong winds and extreme cold temperatures, expe-

riencing seasonal uctuations in the length of daylight across
the breeding and chick-rearing seasons [24], others inhabit rela-
tively temperate or even tropical climates, with little variation in
day length. The unique morphological and physiological adap-
tations that have evolved within penguins include the complete
loss of aerial ight, where penguins instead use their ipper-like
wings in wing-propelled diving [25], densely packed waterproof
and insulating feathers [26, 27], visual sensitivity of the eye lens
for underwater predation [28-30], dense bones, stiff wing joints
and reduced distal wing musculature to overcome buoyancy in
water [31-33], enhanced thermoregulation for extreme low tem-
peratures, long-term fasting, ability to digest secreted food, de-
layed digestion [34-40], different plumage [41] and crest orna-
ments [42], and catastrophic moult [43]. As such, penguins are
an excellent system to study comparative evolution of adaptive
traits.

Penguins are also sentinels of the Southern Ocean [16], be-
ing particularly sensitive to human and environmental change
[44, 45]. Extensive demographic monitoring programs have in-
dicated that many penguin species are declining in response to
global warming [44-46], pollution, environmental degradation,
and competition with sheries, which are considered key drivers
of these population declines [47-50]. Demographic coalescent
models have demonstrated dramatic population declines dur-
ing the Pleistocene ice ages, followed by rapid population ex-
pansions in response to global warming [51-54]. Future global
warming is predicted to cause signi cant population declines
[44, 55-57]. Understanding past demographic histories and in-
ferring future demographic trajectories therefore remain impor-
tant steps for predicting ecosystem-wide changes in this rapidly
warming part of the planet.

Although penguins are a relatively well-studied group, pre-
vious evolutionary studies have been limited by the genetic
markers used, such as short mitochondrial [2, 10, 58-60] or nu-
clear sequences [1, 8, 61, 62], microsatellites [63, 64], partial
mitochondrial genomes [3, 65], or single-nucleotide polymor-
phisms [11, 53, 54, 66-68]. Several studies have hinted at as-
sociations between biological patterns and climate change [51—
54, 60, 69]. Only a few studies have explored genome-wide evo-
lutionary processes among penguins [51, 70] or between pen-
guins and other birds [71-73], and these studies have focussed
on just 2 Antarctic taxa: the Adélie penguin (Pygoscelis adeliae)
and Aptenodytes forsteri. These previous studies have created a
basic framework to understand the timing of penguin diver-
si cation, identify population uctuations during past climate
cycles, and have hinted at the molecular basis for a range of
physiological and morphological adaptations [51]. The molecu-
lar genomic basis for the unique morphological and physiologi-
cal adaptations of penguins, compared to other aquatic and ter-
restrial birds, remains largely unknown. No previous study has
attempted to explore the evolution of all penguins under a com-
parative genomic or evolutionary framework. In this Data Note,
we present 19 new high-quality genomes that, together with
the 2 previously reported genomes [51], encompass all extant
penguin species. We demonstrate the quality and application
of this new dataset by constructing a well-supported phyloge-
nomic tree of penguins. These data provide a critical resource for
understanding the drivers of penguin evolution, the molecular
basis of morphological and physiological adaptations, and de-
mographic characteristics. For species naming, we follow stan-
dard nomenclature; however, for Eudyptula we follow Grosser
et al. [5, 74] and for Eudyptes and Megadyptes we follow Cole
etal. [3].
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Figure 1: Locations of breeding colonies of penguins and sampling sites for the nal genomes, adapted from Ksepka et al. [1]. Sampling locations are shown with a
small white ellipse. Note that the sampling location of the humboldt penguin (Spheniscus humboldti) is unclear because this individual was bred in the Copenhagen zoo,
with ancestors imported from Peru and Chile in 1972. AMS: Amsterdam Island; ANT: Antipodes Islands; AUC: Auckland Islands; BOU: Bouvet; CAM: Campbell Island;
CHA: Chatham Islands; CRZ: Crozet; FAL: Falkland Islands/Malvinas; GAL: Galapagos Islands; GOU: Gough Island; HEA: Heard Island; KER: Kerguelen; MAC: Macquarie
Island; NZ: New Zealand; PEI: Prince Edward/Marion Island; SG: South Georgia; SNA: The Snares; SO: South Orkney Islands; SS: South Sandwich Islands.

Sample collection, library construction, and sequencing

While it is possible to recover genome sequences from histori-
cal museum samples [75], such genomes are often of low qual-
ity and/or fragmented [76], limiting the ability of downstream
analyses. Our project design (see below) relies on high-coverage
genomes with little missing data (see Li et al. [51]). Therefore,
we designed our sample collection to include only high-quality
blood samples. We collected 94 blood samples spanning 19 dif-
ferent penguin species (1-28 samples per species; Supplemen-
tary Table 1). Samples were derived from the wild, zoological
parks, or wildlife hospitals and were obtained according to strict
permitting procedures, animal ethics, and consultation with in-
digenous representatives (Supplementary Table 1).

DNA was extracted from each sample at 1 of 3 laboratories
as follows: we used the HiPire Blood DNA Midi Kit Il at BGI (Hong
Kong), the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valen-
cia, CA, USA) at the University of Oxford (United Kingdom), and
the KingFisher Cell and Tissue Kit in combination with the King-
Fisher Duo Prime Puri cation System at the University of Copen-
hagen (Denmark). All downstream methods were conducted at
BGI. We diluted each DNA extraction to 20 L using Tris-EDTA
buffer. The quality and quantity of each DNA extraction was as-
sessed by rst estimating the concentration of 1 L DNA extrac-
tion on a Microplate Reader, and DNA fragment size was evalu-
ated by pulse gel electrophoresis or 1% agarose gel electrophore-

sis. Following quality control, a single sample per species was
chosen for genomic library construction (Table 1).

We constructed 1 or more genomic libraries for each of the
19 penguin species depending on the DNA quality. For species
that we could obtain high molecular weight DNA with the main
band longer than 40 kb, we constructed 10X Genomics genomic
libraries to produce 100x coverage sequencing data (Table 2). To
do this, we attached a speci c unique barcode to 1 end of short
DNA fragments that are broken from 1 long DNA fragment, using
standard protocols provided by Chromium™ Genome Solution.
Because this protocol encompasses >1 million speci c barcodes
in a single solution, it decreases the chance of short DNA frag-
ments with the same barcode being derived from unrelated long
DNA fragments. For those species with shorter DNA fragments
(<40 kb), we constructed genomic libraries following Illumina
(San Diego, CA, [77]) or BGlseq 500 [78] protocols. Those protocols
resulted in several paired-end libraries with insert sizes of either
250 or 500 bp, in addition to several mate-pair libraries with in-
sert sizes ranging from 2 to 10 kb (Table 2). We further generated
100-320% coverage sequencing data for these species. Further-
more, we did not nd any signi cant difference in the assem-
bly quality between Illumina and BGlseq, while the 10x strat-
egy normally produced better assembly than the other strategy
with multiple insert-sized libraries (Table 3). Following sequenc-
ing, we generated 3.24 Tb sequencing reads encompassing all 19
penguin species, obtaining >111 Gb data per species (Table 2).
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Table 2: Details of the sequencing platform used and the data statistics for 21 penguin genomes

Species Library construction strategy
Eudyptes chrysolophus chrysolophus 10X
Megadyptes antipodes antipodes 10X
Spheniscus demersus 10X
Spheniscus mendiculus 10X
Eudyptula minor albosignata 10X
Eudyptula minor minor 10X
Eudyptula novaehollandiae 10X
Pygoscelis papua 10X
Pygoscelis antarctica 10X
Aptenodytes patagonicus 10X

Eudyptes chrysolophus schlegeli
Eudyptes pachyrhynchus
Eudyptes robustus

Eudyptes sclateri

Eudyptes Iholi

Eudyptes chrysocome

Eudyptes moseleyi

Spheniscus magellanicus
Spheniscus humboldti

250 bp, 2 kb, 5 kb, 10 kb
250 bp, 2 kb, 5 kb, 10 kb
250 bp, 2 kb
250 bp, 2 kb, 5 kb
250 bp, 2 kb, 5 kb, 10 kb
250 bp, 2 kb, 5 kb
250 bp, 2 kb, 5 kb, 10 kb
250 bp, 2 kb, 5 kb, 10 kb
250 bp, 2 kb, 5 kb, 10 kb

Sequencing platform Raw data (Gb) Clean data (Gb)
BGlseq500 145.9 126.9
BGlseq500 111.9 104.1
BGlseq500 141.1 131.3
BGlseq500 112.2 104.4
BGlseq500 1325 124.8
BGlseq500 121.4 112.7
BGlseq500 180.4 168.5
BGlseq500 134.5 124.0
BGlseq500 154.5 139.7
BGlseq500 147.6 134.0
BGlseq500 402.6 296.6

HiSeq X ten and HiSeq 4000 146.4 104.7
HiSeq X ten and HiSeq 4000 171.2 107.6
HiSeq X ten and HiSeq 4000 156.2 103.2
HiSeq X ten and HiSeq 4000 195.0 146.8
HiSeq X ten and HiSeq 4000 195.1 111.6
HiSeq X ten and HiSeq 4000 173.6 133.1
HiSeq X ten and HiSeq 4000 212.6 150.7
HiSeq X ten and HiSeq 4000 208.8 137.2

HiSeq X ten was used for sequencing small insert size libraries; HiSeq 4000 was used for sequencing mate-pair libraries.

Table 3: Assembly statistics and BUSCO results for 21 penguin genomes within a total of 4,915 conserved avian orthologs

Library

construction Contig Scaffold

strategy Species N50 (bp) N50 (bp)

10x Eudyptes chrysolophus 163,848 13,794,837
chrysolophus
Megadyptes antipodes 83,954 23,315,117
antipodes
Spheniscus demersus 101,408 15,386,364
Spheniscus mendiculus 72,552 380,950
Eudyptula minor 95,773 21,866,543
albosignata
Eudyptula minor minor 88,190 21,127,646
Eudyptula novaehollandiae 122,461 29,280,209
Pygoscelis papua 93,785 2,780,837
Pygoscelis antarctica 118,336 6,180,260
Aptenodytes patagonicus 116,769 2,903,810

Multi-libraries Eudyptes chrysolophus 24,191 1,877,548
schlegeli
Eudyptes pachyrhynchus 33,319 8,795,033
Eudyptes robustus 29,712 363,310
Eudyptes sclateri 69,562 1,921,244
Eudyptes Iholi 74,280 6,429,221
Eudyptes chrysocome 66,005 1,949,323
Eudyptes moseleyi 21,362 2,248,088
Spheniscus magellanicus 41,455 12,679,469
Spheniscus humboldti 19,849 6,229,819
Pygoscelis adeliae 22,195 5,118,896
Aptenodytes forsteri 31,730 5,071,598

Genome assembly and quality evaluation

Sequences obtained from the 250-bp insert size libraries and the
10x libraries were used to evaluate the genome size for each
penguin using a k-mer approach [79]. Reads were scanned us-
ing a 17-bp window with 1 bp sliding and the frequency of each
17 k-mer was recorded. After all the reads were scanned, the k-
mer frequency distributions were plotted and the depth with the
highest frequency (K_dep) was de ned. The genome size was es-

Genome

size (bp) Complete Duplication Fragmented Missing
1,368,663,695 85.40% 7.70% 4.40% 2.50%
1,317,732,923 91.80% 1.20% 4.20% 2.80%
1,278,371,924 91.30% 0.90% 4.70% 3.10%
1,300,348,609 88.90% 1.60% 5.70% 3.80%
1,374,338,381 85.60% 7.40% 4.20% 2.80%
1,466,686,831 84.00% 8.60% 4.60% 2.80%
1,357,427,560 89.00% 4.70% 3.80% 2.50%
1,309,329,553 90.70% 1.50% 5.00% 2.80%
1,265,661,676 91.30% 1.20% 4.60% 2.90%
1,256,739,118 91.50% 1.10% 4.20% 3.20%
1,310,605,488 93.20% 1.50% 3.30% 2.00%
1,310,923,788 80.20% 7.70% 4.30% 7.80%
1,248,618,553 87.30% 1.10% 5.10% 6.50%
1,211,737,899 93.60% 1.10% 3.20% 2.10%
1,223,976,468 93.20% 1.00% 3.60% 2.20%
1,231,067,970 93.80% 1.00% 3.00% 2.20%
1,306,699,575 93.60% 1.20% 3.00% 2.20%
1,262,636,738 93.10% 1.30% 3.50% 2.10%
1,243,403,142 93.30% 1.10% 3.50% 2.10%
1,216,600,033 92.80% 0.60% 4.00% 2.60%
1,254,347,440 93.20% 0.80% 3.60% 2.40%

timated as the read number (read length — 17 + 1)/K_dep. The

Itered reads for the 10x libraries were only used for estimat-
ing the genome size with 17 k-mer, while all reads were used for
Supernova assembly.

Sequencing errors have a major effect on subsequent
genome assembly because they both introduce mistakes in
the assembly and also decrease the assembly continuities.
Several features can be linked to sequencing noise, including
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Figure 2: Genome assembly statistics of all penguin species. A, Dot plot of the quality of each index showing contig N50 (maximum is Eudyptes chrysolophus chrysolophus
with 163,848 bp; minimum is Spheniscus humboldti with 19,849 bp) and scaffold N50 (maximum is Eudyptula novaehollandiae with 29,280,209 bp; minimum is Eudyptes
robustus with 363,310 bp). Each symbol indicates a penguin species, the x-axis indicates the scaffold N50, and the y-axis indicates the contig N50 for each species. B,
Genome size for each penguin species (maximum is Eudyptula minor with 1,466,686,831 bp; minimum is Eudyptes sclateri with 1,211,737,899 bp). C, BUSCO assessments
of all penguin genomes, showing the percentage of complete, duplicated, fragmented, or missing data. See Table 3 for more details. The symbols for each penguin

species correspond to the symbols used in Fig. 1. and Fig. 3.

low-quality bases, adaptor contamination, and duplication [80].
To remove the potential biases introduced by sequencing noise,
we Itered our raw sequencing reads prior to genome assem-
bly, following strict standards including (i) discarding paired-end
reads containing overlaps, (ii) removing reads with >20% low-
quality bases as the quality score was <10, (iii) removing reads
with >5% ambiguous N bases, (iv) removing paired-end reads
containing identical sequences likely to be PCR duplicates, and
(v) removing reads with adaptor sequences. Following Itering,
each genome contained >104 Gb data. Overall, we obtained a
total of 2.56 Tb high-quality data for all 19 penguin genomes
(Table 2).

Both SOAPdenovo v. 2-2.04 (SOAPdenovo2, RRID:SCR_014986)
[81] and Allpaths-LG (ALLPATHS-LG, RRID:SCR_010742) [82] were
used to assemble the genomic libraries from the various insert
sizes. For SOAPdenovo, paired-end reads from small insert size
libraries were used to construct de Bruijn graphs, with various
k-mer ranging from 23 to 47. Contigs were subsequently con-
structed using contig modular with the “-D 1 -g” parameter to
remove edges containing coverages no larger than 1. Following
this, “map -k 35 -g” was used to map mate-pair reads into con-
tigs, with k-mer size 35. Finally, we conducted scaffolding with
parameters “scaff -g -F” to assemble the contigs into longer link-
ages. The best version, in terms of various k-mer in the graph
construction step, was chosen as the SOAPdenovo representa-
tive for each species. In addition, we also assembled genomic
libraries from various insert sizes using Allpaths-LG following
the default parameters. By comparing the assemblies from both
SOAPdenovo and Allpaths-LG, according to both the scaffold N50
and the total length, we chose the best assembler as a represen-
tative for each of the 19 penguin species. Supernova v. 2.0 [83],
recommended for 10x genomic data [83], was used to assemble
those species with 10x genomic libraries, following the default
parameters. The optimal assembly strategy chosen for each pen-
guin species is listed in Supplementary Table 2. For each assem-

bly, we used GapCloser v. 1.12 (GapCloser, RRID:SCR_015026) [81]
to locally assemble and close gaps within each scaffold following
the default parameters.

All penguins (including those obtained in Li et al. [51]) were
estimated to have a 1.3-Gb genome (Fig. 2), containing little
variances. Most assemblies have both a longer scaffold N50 and
contig N50 than the Aptenodytes forsteri and Pygoscelis adeliae as-
semblies obtained by Li et al. [51] (Fig. 2). In total, the 21 genomes
contained a scaffold N50 >1 Mb, and of those, 13 genomes con-
tained a scaffold N50 >3 Mb. All penguin genomes contain a con-
tig N50 >19 kb and 15 of the genomes are >30 kb. The maximum
contig N50 extends to 163 kb for the macaroni penguin (Eudyptes
chrysolophus chrysolophus ) (Fig. 2). The highest-quality genome is
Eudyptula novaehollandiae , encompassing a 29.3-Mb scaffold N50.
Therefore, our results demonstrate consistency and high quality
among all 21 penguin genomes (Fig. 2).

The genome assembly completeness provides an evalua-
tion of the assembly quality. We used BUSCO v. 3.0.2 (BUSCO,
RRID:SCR.015008) [84] to evaluate our newly assembled pen-
guin genomes with the avian database aves_odb9, which encom-
passes 4,915 conserved avian orthologs (Table 3). Only 3% of
the core genes in aves_odb9 could not be annotated on the 21
penguin genomes (ranging between 2% and 7.8%). This demon-
strates that all 21 penguin genomes are near-complete, contain-
ing only a few gaps. We identi ed an average of 90% complete
core genes on each of the 21 penguin genomes, with the rich-
est being 93.8% on Eudyptes chrysocome. Furthermore, when sev-
eral genes were annotated in >1 copy, we considered them to be
duplications. Duplication rates among the 21 penguin genomes
varied only between 0.6% and 8.6%. In addition, only 4% of
the core genes were partly annotated on each of the 21 pen-
guin genomes (Fig. 2). Overall, we obtained almost-complete,
high-quality genomes. Our genomic dataset (including those ob-
tained in Li et al. [51]) encompasses all extant penguin species,
representing a comprehensive dataset.

6T0Z 1990100 €0 Uo Jasn Ausianiun usbeyuado) Arelqi [eAoy Aq TE0TZSG// TTZI6/6/8n0eNS(R-3]01R/20Usl0sehif /W09 dno oiwspede//:sdiy wolj papeojumod

































