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Abstract
Throughout the Plio-Pleistocene, climate change has impacted tropical marine ecosystems substantially, with even 
more severe impacts predicted in the Anthropocene. Although many studies have clarified demographic histories of 
seabirds in polar regions, the history of keystone seabirds of the tropics is unclear, despite the prominence of alba-
trosses (Diomedeidae, Procellariiformes) as the largest and most threatened group of oceanic seabirds. To under-
stand the impact of climate change on tropical albatrosses, we investigated the evolutionary and demographic 
histories of all four North Pacific albatrosses and their prey using whole-genome analyses. We report a striking con-
cordance in demographic histories among the four species, with a notable dip in effective population size at the be-
ginning of the Pleistocene and a population expansion in the Last Glacial Period when sea levels were low, which 
resulted in increased potential coastal breeding sites. Abundance of the black-footed albatross dropped again during 
the Last Glacial Maximum, potentially linked to climate-driven loss of breeding sites and concordant genome-derived 
decreases in its major prey. We find very low genome-wide (π < 0.001) and adaptative genetic diversities across the 
albatrosses, with genes of the major histocompatibility complex close to monomorphic. We also identify recent se-
lective sweeps at genes associated with hyperosmotic adaptation, longevity, and cognition and memory. Our study 
has shed light on the evolutionary and demographic histories of the largest tropical oceanic seabirds and provides 
evidence for their large population fluctuations and alarmingly low genetic diversities.

Key words: climate change, comparative population genomics, oceanic seabirds, conservation genomics, whole-gen-
ome sequencing, genetic diversity, selective sweep, Phoebastria, Procellariiformes, major histocompatibility complex.
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Introduction
Climate change in the past has shaped the evolution of 
species and populations on this planet (Chen et al. 
2011). Ocean climate and ecosystems are greatly influ-
enced by climate change, and oceanic species have been 
subjected to extreme climatic fluctuations (Grant et al. 
2014), which will become more extreme in the 
Anthropocene (Lewis and Maslin 2015). Global warming 
and cooling and climatic fluctuation can alter ocean 
currents and primary productivity in the Pacific 
(Hoegh-Guldberg and Bruno 2010), and can hence impact 
the distribution and survivorship of different marine spe-
cies. Pelagic seabirds represent a group that is particularly 
vulnerable to such climate-related changes. Although 

there are many studies of seabirds in the polar regions 
(e.g., Cole et al. 2019; Kersten et al. 2021), there is limited 
population genomics research of seabirds in the tropical 
Pacific region, which is also a region suffering a great im-
pact of climate change (Lam et al. 2020).

Albatrosses (Diomedeidae, Procellariiformes) are the lar-
gest among oceanic seabirds. There are only three species 
that breed in the North Pacific Ocean: the black-footed al-
batross (Phoebastria nigripes) and Laysan albatross (P. im-
mutabilis) mainly breed in the Hawaiian archipelago, and 
the short-tailed albatross (P. albatrus) breeds on islands 
south of Japan (fig. 1A). These three species, together 
with the waved albatross (P. irrorata) in the Galapagos, 
are the only albatrosses found in the North Pacific Ocean 
and, as the most tropical of all albatross species, are subject 
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to the effects of environmental change in the tropical re-
gion. Diomedeidae are among the most threatened avian 
families (Phillips et al. 2016). All albatross species, like 
many other seabirds, are of conservation concern. P. irror-
ata is critically endangered, P. albatrus is vulnerable, and 
both P. nigripes and P. immutabilis are near threatened 
(IUCN 2022). In addition to climate change (Reynolds 
et al. 2015), they face additional threats from pollution 
(Vo et al. 2011; Gray et al. 2012), bycatch (Phillips et al. 
2016), and habitat loss (Reynolds et al. 2017). Their life- 
history characteristics, such as long generation time and 
long time to reach sexual maturity (Van Ryzin and Fisher 
1976), small clutch size, and low fecundity (Jouventin and 
Dobson 2002), make them especially vulnerable to these 
rapidly increasing threats in the Anthropocene.

Genetic diversity is important for a species to adapt to a 
changing environment (Steiner et al. 2013). Both genome- 
wide diversity and diversity of particular functional genes 
can have significant effects on the survival and fitness of 
organisms. Endangered species usually have low genetic di-
versity and hence lower evolutionary potential than spe-
cies with high genetic diversity. A decrease in genetic 
diversity can be caused by population bottlenecks and 
population size fluctuations, which were strongly affected 
by climate change in the past. The study of the demo-
graphic history of a species and how it might be interre-
lated with climate change and distribution range shifts 
will help us to understand the future evolutionary trajec-
tories of threatened species in the face of the rapid human- 
driven climate change that may lead to conditions outside 
of their natural range. An earlier study shows that P. ni-
gripes may have a low genetic diversity (Dierickx et al. 
2015). To understand the risk of extinction and to develop 
proper conservation plans for the albatrosses, it is impera-
tive for us to understand both the genome-wide diversity 
and adaptive diversity of these species (Steiner et al. 2013). 
Genomic regions important for adaptation can also be 

revealed by the signature of selective sweeps in the gen-
omes (Moest et al. 2020).

In addition, there are also reports of hybridization be-
tween P. nigripes and P. immutabilis, which indicates possible 
introgression of genetic materials between the two species 
(Rohwer et al. 2014). P. nigripes and P. immutabilis have 
much in common, including high overlaps in their distribu-
tion ranges and breeding sites and timing (Fisher 1972). 
One of the major differences is the coloration, with P. nigripes 
being melanic while only the upper surfaces of wings and 
back are black in P. immutabilis (fig. 1 and supplementary 
fig. S1, Supplementary Material online). Hybrids between 
the two species have intermediate plumage color (McKee 
and Pyle 2002; Rohwer et al. 2014). Although gene flow be-
tween closely related avian species is not uncommon 
(Toews et al. 2016), given both species are facing multiple 
threats and the increasing risk of extinction due to climate 
change and water level rise (Reynolds et al. 2015), introgres-
sion of genetic materials from sister species may lead to out-
breeding depression due to the disruption of coevolved 
genes in the genome. The extent and direction of introgres-
sion between these two species are not well understood, and 
this knowledge can help us to understand if introgression 
may pose another threat to the albatrosses.

In this study, we perform whole-genome analyses to 
examine the evolutionary and demographic histories of 
all the North Pacific albatrosses, in particular the sister spe-
cies P. nigripes and P. immutabilis that share the most re-
cent common ancestor. A whole-genome approach has 
the advantage of superior resolution relative to studies 
that focus solely on candidate genes or part of the genome, 
but thus far it has only been applied to genomics studies of 
the Atlantic puffin (Kersten et al. 2021) and common 
murre (Tigano et al. 2018) among oceanic seabirds. We 
study both the genetic diversity at the genome-wide level 
and of particular functional genes of adaptive value, that is 
the major histocompatibility complex (MHC) genes 

FIG. 1. (A) Ranges of North Pacific albatrosses. Red dots indicate sampling sites (Midway Island, Tern Island, and Torishima) of Phoebastria ni-
gripes and/or P. immutabilis. (B) P. nigripes and (C ) P. immutabilis. Photos © Scott V. Edwards.
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(Steiner et al. 2013), which play a crucial role in pathogen 
resistance. The diversity of these functionally important 
genes has been demonstrated to persist despite a decline 
in genome-wide diversity in endangered species that suf-
fered population bottlenecks (Aguilar et al. 2004). We fur-
ther investigate the divergence and gene flow between P. 
nigripes and P. immutabilis. Genomic regions are examined 
for signatures of selective sweeps to determine if any genes 
and gene ontology pathways might be under selection. We 
also conduct ecological niche modeling to determine the 
change in distribution range in the past and how it might 
influence the demographic history. Demographic histories 
of major prey species of P. nigripes and P. immutabilis 
(Harrison et al. 1983; Cherel and Klages 1998) are also in-
vestigated to explore their potential associations with al-
batross population size fluctuations. The knowledge of 
the evolutionary and demographic history, gene flow, gen-
etic diversity, and breeding range change will be valuable 
for the conservation of these iconic oceanic seabirds and 
for us to understand the potential effect of climate change 
on the biodiversity of the North Pacific Ocean.

Results and Discussion
Albatross Genome Assemblies
To study the demographic histories of the albatrosses, we se-
quenced the whole genome of the four North Pacific alba-
trosses and the outgroup wandering albatross (Diomedea 
exulans) (supplementary tables S1 and S2, Supplementary 

Material online). We additionally performed low-coverage 
whole-genome resequencing of 15–16 individuals of P. nigripes 
and P. immutabilis for more detailed analyses. We assembled 
the draft genomes of five albatrosses (supplementary table 
S3, Supplementary Material online) with a genome size of ap-
proximately 1.2 Gb. The scaffold N50 ranged from ∼1.1 Mb 
(D. exulans) to ∼1.6 Mb (P. immutabilis). All genomes had 
>98.5% completeness and more than 18,000 protein-coding 
genes predicted (supplementary table S3, Supplementary 
Material online).

Revised Phylogeny of the North Pacific Albatrosses
Using whole-genome phylogenomic analyses and a mito- 
genome tree, we determined the phylogenetic relationships 
of the four North Pacific albatross species. Our revised phyl-
ogeny places the three species breeding in the North Pacific 
(fig. 2A and supplementary fig. S2, Supplementary Material
online) in a monophyletic group to the exclusion of 
P. irrorata, which differs from earlier topologies inferred using 
only cytochrome b (cytb) sequences that lacks the power to 
resolve the relationship (Nunn et al. 1996; Chambers et al. 
2009). Colonization of the North Pacific Ocean was therefore 
likely a single event by the common ancestor of P. nigripes, 
P. immutabilis, and P. albatrus.

Divergence and Gene Flow between P. nigripes and 
P. immutabilis
Although there are reports of hybridization between P. ni-
gripes and P. immutabilis (Rohwer et al. 2014), little is known 
of the extent of introgression between the two species. 

FIG. 2. Species phylogeny of North Pacific albatrosses (Phoebastria spp.). Phoebastria nigripes and P. immutabilis are sister species, which cluster 
with P. albatrus to form a monophyletic clade. P. irrorata is the outgroup to this clade. Species tree inferred using (A) SNAPP based on SNPs. 
Topology is the same as MP-EST species trees based on UCEs, exons, and introns (supplementary fig. S1, Supplementary Material online). 
Diomedea exulans is included as outgroup. Scales are shown in coalescent units. (B) Phylogeny based on whole mitochondrial genomes. 
Individual IDs are in parentheses (see supplementary table S1, Supplementary Material online for sample information). Islands of origin are 
shown at right. Black circle indicates bootstrap support >90%. Illustrations reproduced with permission of Lynx Edicions.
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The divergence between these two most closely related 
North Pacific albatrosses (mean FST = 0.63; supplementary 
fig. S3, Supplementary Material online) was relatively high 
compared with other hybridizing avian species, such as 
Vermivora warblers (mean FST = 0.0045; Toews et al. 2016), 
hummingbird species (mean FST = 0.041–0.323; Henderson 
and Brelsford 2020), and Ficedula flycatchers (mean 
FST ∼0.29; Burri et al. 2015) for hybridizing bird species. 
Consistent with the mito-genome tree, based on samples 
collected from both Hawaiian and Japanese colonies, princi-
pal component and STRUCTURE analyses of genome-wide 
single nucleotide polymorphisms (SNPs) clearly differen-
tiated these species and identified further genetic structuring 
within P. nigripes, with the Torishima population being gen-
etically distinct from the Midway and Tern island popula-
tions in the leeward Hawaiian islands (fig. 3A and B and 
supplementary figs. S4 and S5, Supplementary Material on-
line). TreeMix analyses suggested an evolutionary history 
involving very low gene flow between the albatross species 
(fig. 3C and supplementary fig. S6, Supplementary Material
online). Gene flow from P. immutabilis to P. nigripes on 

Tern Island was detected but accounted for a very small pro-
portion of Tern Island ancestry. ABBA-BABA tests detected 
substantial gene flow among P. nigripes populations, but 
not between P. nigripes and P. immutabilis (fig. 3D and 
supplementary table S4, Supplementary Material online). 
The joint demographic history of P. immutabilis and P. ni-
gripes suggests a scenario without gene flow (fig. 3E and 
supplementary fig. S7, Supplementary Material online). 
Under this scenario, the two species diverged from each 
other approximately 167k generations ago (fig. 3E), that is ap-
proximately 1.7–2.9 Ma during the beginning of the 
Pleistocene.

The divergence and maintenance of P. nigripes and P. im-
mutabilis as separate species is intriguing given their sympat-
ric distribution and highly overlapping breeding range and 
timing, as well as the observation of hybrids (Rohwer et al. 
2014). Plumage color likely contributes to maintaining a 
strong barrier of interspecific gene flow between P. nigripes 
and P. immutabilis through its probable role in species 
recognition and mate choice (Fisher 1972; Uy et al. 2009). 
Albatrosses perform complex courtship behaviors 

FIG. 3. Population structure and gene flow in tropical albatrosses. (A) Population structure of P. nigripes inferred by STRUCTURE (K = 2 and 3). 
Assignment probabilities of individuals to one or other cluster(s) are indicated on the y-axis. Individual IDs are indicated on the x-axis along with 
their population of origin. (B) PCA for P. nigripes individuals. (C ) Gene flow among albatross species detected by TreeMix. The migration weight 
represents the fraction of ancestry derived from the migration edge. Green circle on node indicates bootstrap support >90%. (D) Introgression 
inferred by ABBA-BABA tests between P. nigripes populations and P. immutabilis using three different outgroup species. The test significance is 
indicated on the x-axis following P-values as follows: ***P < 0.001, **P < 0.01, *P < 0.05, and (ns) nonsignificant. Detailed results are given in the 
supplementary table S1, Supplementary Material online. (E) Divergence of P. nigripes and P. immutabilis reconstructed by Fastsimcoal2. Numbers 
represent effective population size or generation number (not to scale). Detailed results are given in the supplementary figure S7, Supplementary 
Material online. Illustrations reproduced with permission of Lynx Edicions. s.e, standard error.
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(supplementary fig. S1C, Supplementary Material online) 
where body coloration plays a noticeable role (Fisher 
1972). Whole-body melanism, as seen in P. nigripes, is usually 
attributed to mutations in the MC1R gene, which encodes 
the melanocortin-1 receptor involved in melanin synthesis, 
and can lead to reproductive isolation in some cases 
(Mundy et al. 2004). We identified two fixed amino acid dif-
ferences in the MC1R gene between P. nigripes and P. immut-
abilis (supplementary fig. S8, Supplementary Material
online), but which only involve amino acids with similar 
properties, suggesting such differences might not be adap-
tive. There was also no signal of positive selection detected 
for MC1R. However, we cannot rule out the possibility that 
the plumage color differences are due to mutations in regu-
latory regions of MC1R or other melanogenesis genes, given 
that juvenile P. albatrus have black plumage and contour 
feathers that are slowly replaced with white to attain full 
adult plumage (Bretagnolle 1993).

Although hybrids (Fisher 1972) and forced copulations 
(Rohwer et al. 2014) are known, hybrids are rare and no re-
cord of successful breeding of hybrids exists. Consistent 
with this observation, the influence of interspecific gene 
flow at the genomic level is minimal, given the high overall 
genomic divergence between the two species. Barriers to 

gene flow, which could be both behavioral and ecological, 
appear effective in maintaining the genomic divergence 
between these two sympatric species.

Population Fluctuation and Climate Change
The demographic histories inferred by the pairwise se-
quentially Markovian coalescent (PSMC) method (fig. 
4A), which exhibits great accuracy and precision among 
demographic history inference approaches (Patton et al. 
2019), showed that the effective population size of all 
four North Pacific albatross species, plus the outgroup 
wandering albatross (D. exulans), decreased from 100– 
300k to less than 50k after entering the Pleistocene (2.6 
Ma). The population sizes of all four species remained 
low until the Last Glacial Period (LGP), then began to 
rise after the LGP, with the population sizes of all but P. ni-
gripes and P. irrorata increasing more than 10-fold. A simi-
lar demographic history was supported by the 
three-change model of ∂a∂i (supplementary table S5, 
Supplementary Material online). These increases in popu-
lation size coincided with decreases in global temperature 
and sea level (fig. 4A). Ecological niche models suggest that 
there was greater coastal area suitable as breeding sites for 

FIG. 4. Demographic history of tropical albatrosses. (A) Demographic history of five albatrosses (Phoebastria nigripes, P. immutabilis, P. albatrus, 
P. irrorata, and Diomedea exulans), Architeuthis dux, and Hirundichthys speculiger revealed by PSMC. Lines in lighter color indicate the 100 boot-
straps. Relative sea level (Grant et al. 2014) and global average surface temperature (Snyder 2016) of the corresponding periods are also shown. 
Refer to (B) for periods indicated by the gray areas. (B) Demographic history of P. nigripes and P. immutabilis inferred using Stairway plots. Solid 
lines shows median estimates of Ne, whereas thin lines indicate upper and lower bounds of 95% confidence intervals from 200 bootstrap re-
plicates. (C) Demographic history of P. nigripes and P. immutabilis reconstructed by fastsimcoal2 (see supplementary fig. S13, Supplementary 
Material online for details). Numbers inside rectangles represent effective population size. Generation number and population size are not 
to scale. Illustrations reproduced with permission of Lynx Edicions. g, generation time; μ, mutation rate.
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P. nigripes and P. immutabilis in both Hawaii and the 
Western Pacific (fig. 5A and supplementary figs. S9 and 
S10, Supplementary Material online) as well as many is-
lands south of their current distribution (supplementary 
figs. S11 and S12, Supplementary Material online) during 
the Last Glacial Maximum (LGM), when sea level reached 
a minimum (fig. 4A) and when populations of P. nigripes 
peaked. Sea levels then increased rapidly after the LGM, 
and populations of P. nigripes decreased along with suit-
able breeding sites (supplementary figs. S9–S12, 
Supplementary Material online). Sea level changes likely 
pose a more serious threat to species like P. nigripes that 
breed on sandy beaches very close to the sea (Fisher 

1972) than to other albatross species such as P. immut-
abilis that breed in island interiors, a scenario consistent 
with the population decline of P. nigripes after the LGM 
(fig. 4A). Sea levels, which are tightly associated with global 
warming and cooling (fig. 4A), therefore seem to be an im-
portant correlate of the population size of albatrosses. 
Indeed, fossil data suggest that Cenozoic changes in sea le-
vel and marine circulation systems likely extirpated alba-
tross populations in the Northern Hemisphere (Olson 
and Hearty 2003; Mayr and Goedert 2017).

Demographic histories for P. nigripes and P. immutabilis 
inferred using site frequency spectrum (SFS)–based meth-
ods also reveal large population fluctuations (fig. 4B–C), 

FIG. 5. SDMs of tropical albatrosses. (A) Reconstruction of ecological niche models for Phoebastria nigripes breeding sites in the North Pacific at 
LGM and mid-Holocene. See (B) for suitability color scale. See supplementary figures S9 and S10, Supplementary Material online for details. (B) 
Reconstruction of ecological niche models for P. nigripes and P. immutabilis in the present, mid-Holocene (approximately 8.3–4.2 Ka), and LGM 
(approximately 21 Ka) periods. Higher probability of suitable condition is indicated by warmer colors.
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with a strong bottleneck in the mid-Pleistocene. 
Population sizes for both species then increased after en-
tering the LGP and stayed relatively stable for P. immut-
abilis but declined rapidly for P. nigripes after the LGM 
(fig. 4B). Similar to the PSMC results, both SFS-based meth-
ods inferred an obvious recent decline and small effective 
population size for P. nigripes (fig. 4B–C), which was likely 
due to bigger impacts of sea level changes on P. nigripes 
breeding sites. Although both Stairway plot and fastsim-
coal2 indicated past bottlenecks, the results were incon-
sistent between the two approaches, with three 
bottlenecks inferred by Stairway plot but only two by fas-
tsimcoal2. The incongruence was probably due to the sim-
plicity of the fastsimcoal2 models (supplementary fig. S13, 
Supplementary Material online) (de Pedro et al. 2021); 
therefore, the fastsimcoal2 results should be interpreted 
with caution.

Climate change also affects the distributional ranges of 
the albatrosses. Ecological niche models show that P. ni-
gripes is predicted to have had a more southerly oceanic 
range for the breeding season during the LGM (fig. 5B), 
reaching the coast of the Philippines. This more southerly 
range could have encompassed islands lying just beyond 
the current distribution of P. nigripes due to the lower 
sea level in the LGM (supplementary figs. S11 and S12, 
Supplementary Material online), which could have in-
creased the available breeding habitat for this species 
and hence explain the larger population size during that 
period. There was a predicted loss of suitable range in 
the North Pacific during the nonbreeding season from 
the LGM to the present (fig. 5B), coinciding with a decrease 
in population size. For P. immutabilis, the suitable non-
breeding range did not show obvious changes since the 
LGM, but the breeding season range underwent a pre-
dicted expansion in the northern North Pacific (fig. 5B). 
P. immutabilis was therefore less impacted by climate 
change in terms of suitable habitat availability during 
this period than P. nigripes.

Population sizes of albatrosses could also be greatly affected 
by food availability. The major diet component of P. nigripes is 
flying fish eggs (Exocoetidae [Harrison et al. 1983; Cherel and 
Klages 1998]), whereas squid (Decapodiformes) comprise that 
of P. immutabilis (Harrison et al. 1983; Cherel and Klages 1998). 
We therefore also investigated the demographic history of two 
representative prey species: the mirrorwing flying fish 
(Hirundichthys speculiger) and an oceanic squid (Architeuthis 
dux; fig. 4A). Patterns of population fluctuation of H. speculiger 
mirror that of P. nigripes, with both the predator and prey in-
creasing in population size after entering the LGP, but later 
showing a decline. In contrast, the squid underwent a popula-
tion expansion at the beginning of the LGP that coincided 
with the increase in population size of P. immutabilis and other 
albatross species but was not followed by a decline as in H. 
speculiger. Whether the similar demographic histories of trop-
ical albatrosses and their major prey were linked indirectly by 
parallel responses to climate change or directly remains an 
open question.

Low Genome-wide Diversity and Lack of MHC 
Polymorphism
Genetic diversity can have a significant effect on the sur-
vival and fitness of organisms and is important for species 
to adapt to a changing environment (Steiner et al. 2013). 
The mean global genetic diversity (π) of the two North 
Pacific albatrosses was relatively low, ranging from 0.0008 
in P. nigripes to 0.0009 in P. immutabilis, similar to other 
threatened species (fig. 6A and supplementary fig. S3, 
Supplementary Material online) and confirming earlier re-
ports for P. nigripes based on ddRAD-seq (Dierickx et al. 
2015). Both species showed low levels of inbreeding (F <  
0.09; fig. 6B) and genetic relatedness (< 0.03; fig. 6C 
and D). The short runs of homozygosity (ROHs; mostly  
< 500 kb; fig. 6E and F) suggest only ancient inbreeding 
events. P. nigripes, which has a smaller effective and census 
population size and a more pronounced recent population 
decline, showed lower genetic diversity, higher relatedness, 
a higher inbreeding coefficient, more and longer ROHs, 
and higher levels of linkage disequilibrium (LD) than P. im-
mutabilis (fig. 6A–G), suggesting that past climate-driven 
fluctuations in effective population size (fig. 4) can impact 
current genetic diversity. In addition to a reduced genetic 
diversity, small population size and bottlenecks may also 
lead to accumulation of deleterious mutations (Grossen 
et al. 2020). P. nigripes and P. immutabilis carried a similar 
number of highly deleterious variants (0.001% of SNPs; 
supplementary table S6A and fig. S14, Supplementary 
Material online), with the majority being a stop-gain mu-
tation (supplementary table S6B, Supplementary 
Material online). However, P. nigripes had more moderate 
impact variants (0.04% vs. 0.03%; supplementary table S6A 
and fig. S14, Supplementary Material online), whereas P. 
immutabilis carried more low impact variants (0.06% vs. 
0.05%; supplementary table S6A and fig. S14, 
Supplementary Material online). Hence, P. nigripes that 
had a smaller population relative to P. immutabilis showed 
an accumulation of more moderately deleterious variants 
due to genetic drift.

MHC genes, which are important for pathogen resist-
ance and hence survival (Steiner et al. 2013), showed ex-
tremely low diversity in albatrosses, with only one to 
three alleles identified for duplicated MHC IIβ (DAB2) 
genes (supplementary table S7, Supplementary Material
online). Individuals of P. nigripes, P. immutabilis, and D. ex-
ulans only carried one to two alleles for the two loci, and 
alleles within a species differed by only one to two nucleo-
tides, whereas there was no polymorphism in the critically 
endangered P. irrorata. The diversity of MHC genes is usu-
ally maintained by balancing selection, and in some species 
is maintained at high levels despite depletion of genomic 
diversity outside of the MHC region (Aguilar et al. 2004). 
Demographic factors are not the only possible explanation 
for the low MHC diversity in albatrosses. The high similar-
ity of the two DAB2 genes and almost identical alleles sug-
gests that gene conversion could have homogenized MHC 
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gene duplicates and eliminated variation, leading to both 
intraspecific similarity and divergence between species 
(supplementary figs. S15 and S16, Supplementary 
Material online) (Nei and Rooney 2005; Sin et al. 2012). 
However, another procellariiform seabird, Oceanodroma 
leucorhoa, with a much larger census size but still low ef-
fective population size (Sin et al. 2021) exhibits consider-
able genetic diversity at its MHC IIβ loci (Dearborn et al. 
2016; Hoover et al. 2018). The low MHC diversity in 

tropical and wandering albatrosses could therefore be un-
ique to this group of seabirds. As the high diversity of the 
MHC is crucial for disease resistance, survival (Spurgin and 
Richardson 2010; Sin et al. 2014), and mate choice (Hoover 
et al. 2018) especially in a changing environment where 
new diseases may arise quickly (Weimerskirch 2004; 
Tompkins et al. 2017; Schoombie et al. 2018; Uhart et al. 
2018; Jaeger et al. 2020), the lack of MHC diversity is 
concerning.

FIG. 6. Genetic diversity (π), inbreeding coefficients, genetic relatedness, ROHs distribution, LD, and selective sweeps of Phoebastria immutabilis 
and P. nigripes. (A) Genetic diversity (π) assessed across species of different IUCN categories. Genetic diversity data are adopted from Robinson 
et al. (2016). The genetic diversities estimated for P. immutabilis and P. nigripes are highlighted by horizontal dotted lines. Both albatross species 
are currently classified as near threatened. (B) Inbreeding coefficient of P. immutabilis and P. nigripes. Genetic relatedness among pairwise in-
dividuals of (C ) P. immutabilis and (D) P. nigripes. Distribution of ROHs for (E) P. immutabilis and (F) P. nigripes based on unlinked SNPs, with 
minimum windows sizes of 50 SNPs and 1 kb, allowing for five missing sites and five heterozygous sites. (G) LD decay based on the r2 index. (H ) 
Signal of selective sweep in P. immutabilis and P. nigripes. Each genome was scanned for regions with outliers of high LD and low Tajima’s D, along 
sliding-windows of 100 kb size and 50 kb step. The LD (upper blue lines) and Tajima’s D (lower red lines) values are shown on the left and right 
y-axes, respectively. Pseudochromosomes (top panel) and scaffolds (bottom panel) are shown on the x-axis. Only pseudochromosomes 18, 20, 
22, 26, 28, and 33 are shown here. Candidate genomic windows with signature of selective sweeps are highlighted in dark gray. The largest can-
didate windows (300–450 kb), located on scaffolds 7 and 226, are shown in detail with their gene content. Positions on the scaffold are shown on 
the y-axis. DD, data deficient; LC, least concern; NT, near threatened; VU, vulnerable; EN, endangered; CR, critically endangered; EW, extinct in 
the wild.
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Candidate Genes for Adaptation
Genomic scanning for signatures of selective sweeps high-
lighted several candidate regions potentially under selection 
(fig. 6H and supplementary fig. S17, Supplementary Material
online; SEM S1, Supplementary Material online). The two lar-
gest regions showing such a pattern were located on pseudo-
chromosomes 20 and 26 (fig. 6H). Enrichment analysis of the 
candidate genes identified significant enrichment in P. immut-
abilis for “regulation of tumor necrosis factor-mediated signal-
ing pathway” function, and in P. nigripes for 11 biological 
processes and 1 stress response (SEM S1, Supplementary 
Material online). The selective sweep regions also contained 
candidate genes that may be involved in adaptation to hyper-
osmotic environments (Frings and Frings 1959) (fig. 4H and 
supplementary table S8, Supplementary Material online). 
Both MYL12B and CDC42EP3 are important genes for the 
modification of cytoskeleton and maintenance of cell struc-
ture and volume under osmotic stress (supplementary table 
S8, Supplementary Material online; Hirsch et al. 2001; Lewis 
et al. 2002; Park et al. 2011; Stewart et al. 2011; Mosaliganti 
et al. 2019). Many cytoskeleton-related genes are regulated 
when aquatic species acclimate to osmotic shock (Di 
Ciano-Oliveira et al. 2006; Whitehead et al. 2011). In birds, re-
search on tidal marsh sparrows is the only study revealing po-
tential salinity tolerance genes (Walsh et al. 2018; Walsh, 
Benham et al. 2019; Walsh, Clucas et al. 2019), including 
CDC42, which is upstream of the CDC42EP3 identified here 
and is also important for cytoskeleton organization (Lewis 
et al. 2002).

Candidate genes linked to telomere protection and neur-
onal development and plasticity were also likely under selec-
tion, with genes DCLRE1B (aka. Apollo), DLGAP4, SYT6, 
TSPAN2, CPNE1, and CARF identified in regions of selective 
sweeps (fig. 6H and supplementary table S8, Supplementary 
Material online; SEM S1, Supplementary Material online), in-
dicating possible selection for longevity (Lenain et al. 2006; 
van Overbeek and de Lange 2006; Touzot et al. 2010; Ye 
et al. 2010), cognition, memory, and behavioral plasticity 
(Tao et al. 2002; Park et al. 2012; de Monasterio-Schrader 
et al. 2013; Wong et al. 2015; Rasmussen et al. 2017) in alba-
trosses. A recent study on food-caching birds revealed genes 
associated with hippocampal development and function un-
der selection, likely for better spatial learning and memory to 
survive harsh winters (Branch et al. 2022). Spatial cognitive 
ability and memory are critical for albatrosses foraging over 
the open oceans (Bonadonna et al. 2005; Collet and 
Weimerskirch 2020). Natural selection on genes of relevance 
to cognition highlights the importance of cognition and 
memory in the life histories of albatrosses. This study provides 
a list of potential genes under selection in the albatrosses, and 
more detailed analyses of selection on the albatross genomes 
should be performed in the future to understand their adap-
tations to the pelagic lifestyle.

Conclusions
Our results provide an important contribution to understand 
factors affecting the demographic histories and conservation 
of tropical oceanic seabirds, which are top predators in 

many marine ecosystems. Albatross population fluctuations 
are associated with past climate changes that drove sea level 
fluctuations and attendant breeding site availability, a rela-
tionship reflected in the recent loss of breeding areas due to 
increasing sea levels and tsunamis (Reynolds et al. 2015, 
2017). Concordant population trends of the wandering and 
tropical albatrosses suggest widespread underlying factor(s) 
affecting albatrosses in both North Pacific and Southern 
oceans. Their low genetic diversity is also alarming, because cli-
mate in the Anthropocene may change at a rate much faster 
than the natural fluctuations species have historically experi-
enced. Given the long generation times and low reproductive 
rates of albatrosses, together with the multiple environmental 
threats they face (Vo et al. 2011; Beal et al. 2021), we advocate 
future conservation plans to take genetic diversity into ac-
count to preserve the evolutionary potential and resilience 
of these species and to inform translocation efforts, such as 
those establishing new colonies on offshore Mexican islands 
(Ortega 2021). Our study also provides evidence for the gen-
etic basis of adaptation to the marine environment in seabirds, 
laying the foundation for study of evolutionary processes of 
marine species derived from terrestrial ancestors.

Materials and Methods
Sample Collection and DNA Extraction
For de novo genome assembly, we used samples from a single 
individual of each of the four North Pacific albatross species 
(P. nigripes, P. immutabilis, P. irrorata, and P. albatrus), plus an 
outgroup species (D. exulans; supplementary table S1, 
Supplementary Material online). Blood samples were col-
lected for P. nigripes, P. immutabilis, and P. irrorata. Tissue 
samples of P. albatrus and D. exulans were provided by the 
Burke Museum. For resequencing analyses, blood samples 
were collected for 15 individuals of P. immutabilis from 
Tern Island, and 5 or 6 individuals of P. nigripes from 
each of Tern, Midway, and Torishima islands, for a total of 
16 P. nigripes individuals (supplementary table S1, 
Supplementary Material online). For MHC genotyping, blood 
samples were collected for 39, 10, and 16 individuals of P. ni-
gripes, P. immutabilis, and P. irrorata, respectively, and tissue 
samples for 7 individuals of D. exulans were provided by the 
Burke Museum (SEM S2, Supplementary Material online).

Blood samples were stored in Queen’s lysis buffer and kept 
at −20 °C until DNA extraction. Genomic DNA was ex-
tracted using DNeasy Blood & Tissue Kit (Qiagen, Hilden, 
Germany) following the manufacturer’s protocol. We con-
firmed the sex of the individual using published polymerase 
chain reaction (PCR) primers targeting CHD1 genes (2550F 
and 2718R) (Fridolfsson and Ellegren 1999) and measured 
DNA concentration with a Qubit dsDNA HS Assay Kit 
(Invitrogen, Carlsbad, CA).

DNA Library Preparation for Whole-genome 
Sequencing
For whole-genome sequencing and assembly, we followed 
the optimized protocol for avian genome sequencing and 
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assembly from Grayson et al. (2017) and Sin et al. (2020). In 
brief, we prepared a 3 kb mate-pair library and a 220 bp 
fragment library for each of the five albatross species using 
the Nextera Mate Pair Sample Preparation Kit (cat. No. 
FC-132-1001, Illumina) and the PrepX Complete ILMN 
32i DNA Library Kit (TaKaRa), respectively. The libraries 
were sequenced on Illumina HiSeq 2500 (High Output 
250 kit, PE 125 bp reads) to achieve ∼30 ×  coverage per 
library.

For whole-genome resequencing, the extracted DNA 
was sheared to targeted size using Covaris S220 and used 
to prepare 320 bp fragment libraries with the PrepX 
Complete ILMN 32i DNA Library Kit (TaKaRa). The library 
qualities were assessed using the High Sensitivity D1000 
ScreenTape for the Tapestation (Agilent). The libraries 
were quantified with quantitative PCR (qPCR; KAPA li-
brary quantification kit) and then multiplexed in equimo-
lar ratio for sequencing on Illumina HiSeq 2500 at low 
coverage (∼5×). Sequencing data quality was assessed 
using FastQC v.0.11.9  (Andrews 2010). High-throughput 
sequencing of the five albatross species yielded a total of 
771,696,538 paired-end reads and 806,760,752 mate-pair 
reads with an average coverage of 30 ×  for whole-genome 
assembly. The resequencing of 30 individuals resulted in 
799,904,028 paired-end reads with an expected 5 ×  
coverage.

Whole-genome Analyses
Genome Assembly and Annotation
Adapters of sequencing data were removed using 
Trimmomatic (Bolger et al. 2014). Genomes were then as-
sembled using AllPaths-LG v52488 (Gnerre et al. 2011), 
and the assemblies completeness was estimated using 
BUSCO v2.0 (Simão et al. 2015). Syntenic alignment of 
the scaffolds was performed against the chicken genome 
(GRCg6a assembly), with 98–99.8% of the total draft gen-
ome length that could map to the chicken reference and 
reordered to form pseudochromosomes. Some scaffolds 
exhibited 2-fold lower coverage among female individuals 
than in male individuals, supporting them as sex-linked. By 
combining Satsuma and MUMmer, a total of 346 sex- 
linked scaffolds—accounting for ∼ 6.97% of the P. nigripes 
draft genome—were identified and further excluded from 
downstream analyses.

Genome annotation was performed following Sin et al. 
(2022) using MAKER2 (Holt and Yandell 2011). A custom 
repeat library created with Repeat Modeler 1.0.10, protein 
databases from other vertebrates (n = 16), and gene pre-
dictions from the genome of chicken (G. gallus) were 
used for the annotation. The putative functions of the an-
notated genes were identified using the UniProt/SwissProt 
protein database and BLAST 2.2.31 + blastp from NCBI and 
combined with InterProScan v.5.36-75.0.

Whole-genome Resequencing Data Preprocessing
Adapters of resequencing data were removed using 
Trimmomatic (Bolger et al. 2014). Sex-linked scaffolds 

were identified by combining results from the whole- 
genome synteny aligners MUMmer 3.0 (Kurtz et al. 
2004) and Satsuma v3.1.0 (Grabherr et al. 2010) and by 
comparing read coverage ratio of the scaffolds between 
male and female samples using samtools idxstats (Li et al. 
2009) on realigned BAM files (see below). The chicken gen-
ome (GRCg6a assembly, Warren et al. 2017) was used as 
reference for MUMmer and Satsuma analyses. Scaffolds 
having the longest summed hits on a reference chromo-
some were identified to that chromosome. Scaffolds iden-
tified as sex-linked in both MUMmer and Satsuma analyses 
were excluded from downstream analyses, as well as 
scaffolds showing a male/female coverage ratio greater 
than 1.5.

Phylogenomic Analyses
The phylogenetic relationships among the five albatross 
species were assessed using their mitochondrial genomes 
and four different types of nuclear markers: 1) exons and 
introns of orthologs, 2) ultra-conserved elements (UCEs), 
and 3) single-nucleotide polymorphisms (SNPs). 
Genome-wide SNPs provide a large amount of information 
to resolve difficult and/or shallow species phylogenies 
(Leaché and Oaks 2017), whereas UCEs are useful markers 
to resolve phylogenomic relationships at multiple scales 
(McCormack et al. 2012). The use of exons and introns 
may also provide contrasting information at broad phylo-
genetic scales as they exhibit different evolutionary rates 
and may be under variable selective pressure 
(Chojnowski et al. 2008; Zhan et al. 2015). 

a) To extract exonic and intronic regions from coding 
genes, the reciprocal best hits (RBHs) method was 
used as a proxy to identify orthologous sequences 
from the translated proteins inferred by MAKER2. 
For each species pair, protein sequences were recip-
rocally blasted using BLAST 2.2.31 + blastp 
(Coulouris et al. 2008), each species serving in turn 
as a database for the other species, with an Expect 
value (E) of 10. Two protein sequences were consid-
ered as orthologous if they were reciprocally found 
as their best BLAST hits. After putative orthologous 
proteins between all albatross species were identi-
fied, we extracted their genomic sequences based 
on their respective annotation files. For each species, 
we concatenated the corresponding exonic and in-
tronic nucleotide regions separately. Concatenated 
exons were then aligned using MACSE v2.03 
(Ranwez et al. 2011), a software that aligns coding 
nucleotide sequences with regard to the reading 
frame of their amino-acid translations. Parameters 
were left as default except for -gap_op_term = 7.0 
and -gap_ext_term = 1.0. Concatenated introns 
were aligned with MAFFT v7.149b (Katoh et al. 
2002) with –auto and –adjustdirection options and 
opening gap penalty –op = 2. Local alignments 
were further trimmed at both ends and filtered for 
very gappy sites, that is sites for which most 
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individuals showed a gap, using trimAl 
(Capella-Gutiérrez et al. 2009) with -resoverlap =  
0.75 and -seqoverlap = 30, and global pairwise iden-
tity below 0.001 (i.e., nearly identical sequences) 
were removed. Finally, species phylogenies based 
on either exons (n = 12,417) or introns (n =  
11,525) were inferred using ParGenes, a tool that 
combines a suite of softwares to simultaneously de-
termine best-fit models and infer maximum- 
likelikhood (ML) phylogenies in a massively parallel 
fashion (Morel et al. 2019). ParGenes v.1.1.2 first 
used ModelTest-NG (Darriba, et al. 2020) to find 
the best nucleotide substitution model for each 
gene, which is then used by RAxML-NG v.0.9.0git 
(Kozlov et al. 2019) to infer ML gene trees. The re-
sulting gene trees were then all rooted on D. exulans 
and ultimately passed to MP-EST 2.0 (Liu, et al. 2010) 
to infer the species tree. The node supports were es-
timated from MP-EST runs based on 100 MP-EST 
bootstrapped species trees (Cloutier et al. 2019).

b) To identify the UCEs in our albatross genomes, we 
used the UCE sequences previously identified in 
the Avian Phylogenomics Project (Jarvis et al. 
2014) to blast against the albatross genomes. Here, 
we used BLAST + blastn for the RBH method, be-
tween the albatross species and four distant out-
groups among the ones investigated in the Avian 
Phylogenomics Project: Fulmarus glacialis, Eurypyga 
helias, Gavia stellata, and G. gallus. UCE markers 
were kept if the best hits identified by BLAST were 
reciprocally the same for any pairwise species com-
parison. Retained UCEs (n = 3,660) were then locally 
aligned with MAFFT as above before being trimmed 
for gaps using trimAl v1.4 with -automated1 option. 
Cleaned alignments were then similarly processed 
by ParGenes and MP-EST to infer the UCE-based 
species phylogeny.

c) To infer the SNP-based species phylogeny, we first 
merged and filtered the raw paired-end reads of 
the samples used for genome assemblies following 
the Genome Analysis Toolkit (GATK v3.8) best prac-
tices workflow (Van der Auwera et al. 2013). 
Adapters were trimmed with NGmerge v0.3 
(Gaspar 2018) and Picard Tools v2.20.6 (Toolkit 
2019) before reads were aligned onto the P. nigripes 
draft genome using BWA-MEM v.0.7.13 (Li and 
Durbin 2009), generating BAM files that were then 
merged and marked for adaptors using Picard 
Tools. The alignment rate of all species was equally 
high (supplementary table S2, Supplementary 
Material online). Reads were further realigned 
around indels using GATK IndelRealigner before 
running an initial variant calling with 
HaplotypeCaller and GenotypeGVCFs (Poplin et al. 
2018). We then applied a base quality score recali-
bration procedure on SNPs and indels, using these 
initial variant calls as true sets of variants following 
GATK best practices for nonmodel organisms. The 

recalibrated BAM files were then ready-to-analyze 
and passed to ANGSD v0.921 (Korneliussen et al. 
2014) for final SNP calling, with the following para-
meters: -remove bads 1 -trim 0 -minMapQ 20 -minQ 
20 -uniqueOnly 1 -only_proper_pairs 0 -baq 1 -C 50 
-doMaf 1 -doMajorMinor 1 -skipTriAllelic -doCounts 
1 -minMaf 0.05 -SNP_pval 1e-6 -setMinDepth 5 
-maxDepth 290 -doDepth 1 -dumpCounts 2 -doGeno 
3 -doPost 1 -GL 1. BAQ computation (-baq 1) have pro-
ven to greatly reduce false SNP calls around misaligned 
indels (Li 2011). Species phylogeny was inferred based 
on 1,010,476 genome-wide SNPs using the SNAPP 
package (Bryant et al. 2012) implemented in BEAST2 
(Bouckaert et al. 2019), for 1 million Monte Carlo 
Markov Chain (MCMC) generations after a burn-in 
of 100,000 MCMC generations and with trees sampled 
every 10,000 generations. Analysis convergence was 
checked in Tracer v1.6 (Rambaut et al. 2014) and trees 
summarized by TreeAnnotator v.2.6.0 (provided with 
BEAST2) and visualized in FigTree v1.4.3.

To compare with the species phylogeny inferred from 
nuclear markers and detect potential hybridization events, 
we assembled the mitochondrial genome of the five alba-
tross species and the 30 resequenced individuals of P. ni-
gripes (N = 15) and P. immutabilis (N = 15) using the 
whole-genome sequencing data. The assembly of the mito-
chondrial genomes was performed following the two-step 
procedure of MITObim v1.7 (Hahn et al. 2013), which con-
sists of an initial mapping assembly using MIRA 4 
(Chevreux et al. 2004) followed by a baiting and iterative 
mapping with MITObim of the raw reads onto the gener-
ated de novo assembly. The chicken mitochondrial gen-
ome (GRCg6a assembly) was used as a reference for the 
assembly. For the five individuals sequenced to high-depth, 
the mate-pair libraries were also used to improve the initial 
mapping with MIRA, with a subset of 20 M reads for both 
fragment and mate-pair libraries. After trimming reads 
from adapters, using Trimmomatic v0.38 (Bolger et al. 
2014) for high-coverage samples and NGmerge (Gaspar 
2018) for resequenced samples, reads were quality filtered 
using fastp v0.20.1 (Chen et al. 2018). Phylogenetic infer-
ences of the assembled mitochondrial genomes 
(supplementary table S2, Supplementary Material online) 
were then performed by RAxML-NG (Kozlov et al. 2019) 
with 100 bootstraps.

Demographic History Analyses
The demographic history of the five albatross species was 
inferred from the same samples used for the whole- 
genome assembly using the pairwise sequentially 
Markovian coalescent (PSMC) method (Li and Durbin 
2011), which infers past changes of the effective popula-
tion sizes (Ne) of a species/population based on the whole- 
genome sequence information of a single individual. After 
trimming adapters with Trimmomatic (Bolger et al. 2014), 
reads were mapped onto their respective species draft gen-
ome using BWA-MEM (Li and Durbin 2009). Duplicate 
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reads were removed and variants called using samtools 
mpileup with base (-q) and mapping quality (-Q) of 30, 
and minimum (-d) and maximum (-D) read depth of 20 
and 150, respectively. The PSMC analyses were conducted 
using an atomic time interval of “4 + 30×2 + 4 + 6 + 10” 
and a mutation rate (μ) of 2.89 × 10−9 per site per gener-
ation (based on the mutation rate of another procellarii-
form species, the northern fulmar F. glacialis) following 
Nadachowska-Brzyska et al. (2015), given the mutation 
rate of albatross is not known. Although in the same avian 
order, attention should be paid that the mutation rate of 
the northern fulmar might not be representative of that of 
albatrosses. However, mutation rate bias do not change 
the PSMC curve shape but only move the curve along 
the axes (Nadachowska-Brzyska et al. 2015). The gener-
ation time was estimated for each species as two times 
the age of sexual maturity (Nadachowska-Brzyska et al. 
2015). Sexual maturity information was from the Animal 
Ageing and Longevity Database (http://genomics. 
senescence.info). Bootstrapping was performed following 
github.com/lh3/psmc.

In addition to PSMC, we used complementary ap-
proaches to infer the demographic histories as each meth-
od performs best at different time scales. Although PSMC 
performs better at inferring relatively ancient demograph-
ic histories (Li and Durbin 2011; Liu and Fu 2015; Terhorst 
et al. 2017), methods dependent on the SFS perform better 
at inferring relatively recent demographic histories (Liu 
and Fu 2015; Terhorst and Song 2015; Lapierre et al. 
2017). We therefore used the Stairway plot method (Liu 
and Fu 2015; Lapierre et al. 2017), which is a model-flexible 
approach and can infer effective population size changes 
over time by maximizing the composite likelihood of the 
SFS profile. Stairway plot was reported to be more sensitive 
to recent demographic events than fastsimcoal2 (Miao 
et al. 2021). We used this method to analyze the demo-
graphic histories of P. nigripes and P. immutabilis, for which 
we calculated the unfold SFS profiles (supplementary fig. 
S18, Supplementary Material online) using the rese-
quenced samples (see Population structure and genetic di-
versity analyses). We ran the Stairway plot analyses for 
each species using the two-epoch model, with 67% sites 
sampled for training as recommended and for 200 boot-
straps, and singletons excluded. We also assessed the 
goodness-of-fit of various predefined demographic models 
to the observed unfolded SFS using and the fast sequential 
markov coalescent ( fastsimcoal2) (Excoffier et al. 2013) 
and the diffusion approximation for demographic infer-
ence (∂a∂i) (Gutenkunst et al. 2009). The same estimates 
of mutation rates and generation time as for the PSMC 
were used. Four demographic models were tested in ∂a∂i 
v2.1.0 with increasing scenario complexity: constant mod-
el, one-change model, and “two-change” and “three- 
change” models following Dierickx et al. (2020), with the 
same optimization parameters run from 10 to 50 times 
and singletons excluded. Since at least one bottleneck 
was inferred with PSMC and Stairway plot for both P. ni-
gripes and P. immutabilis, six models were run with 

fastsimcoal2 ver 2.6.0.3 : “constant population size,” “popula-
tion expansion,” “1 bottleneck event,” “1 bottleneck event 
followed by expansion,” “2 bottleneck events,” and “2 bottle-
neck events followed by expansion.” Each model was run 100 
times each with 500,000 simulations and Brent tolerance 
threshold of 0.01, and singletons excluded. The best-fit 
demographic scenario was chosen based on the lowest AIC 
calculated using the script calculateAIC.sh, and the demo-
graphic parameter values were estimated from the best 
run using the script fsc-selectbestrun.sh (both scripts from 
https://github.com/speciationgenomics/scripts). To estimate 
the confidence intervals of the inferred demographic para-
meters, nonparametric bootstrapping was done for the 
best model using 100 bootstrapped SFSs with 10 iterations 
each, and values of the best fastsimcoal2 run were used as 
starting values for parameter optimization. The 95% confi-
dence intervals were then computed for each parameter 
from the 100 best runs (one for each bootstrapped SFS) using 
the percentile method as implemented in the R package boot 
(Ripley 2021).

In addition, we used fastsimcoal2 to estimate the diver-
gence time and levels of gene flow between P. immutabilis 
and P. nigripes along with the demographic history using 
their joint SFS inferred in ANGSD. Six demographic models 
were tested: “constant model with no gene flow,” “con-
stant model with ongoing gene flow,” “ancient bottleneck 
before divergence with no gene flow,” “ancient bottleneck 
before divergence with gene flow,” “recent independent 
bottleneck in both species with no gene flow,” and “recent 
independent bottleneck in both species with gene flow.” 
The best model assessment and nonparametric bootstrap-
ping were done as described above.

Demographic histories of the main prey of P. nigripes 
and P. immutabilis—flying fish and squid—were also in-
ferred using PSMC. The draft genomes and whole-genome 
sequencing data were available for the mirrorwing flying 
fish (H. speculiger) (Xu et al. 2021), whose eggs are the ma-
jor diet of P. nigripes (Harrison et al. 1983; Cherel and 
Klages 1998). Squids (Decapodiformes) are the main prey 
of P. immutabilis, and we inferred the demographic history 
of A. dux, which is the only squid with a draft genome avail-
able (Da Fonseca et al. 2020). It is an oceanic squid that has 
a distribution range overlapped with many other Pacific 
oceanic squids, and the knowledge of its demographic his-
tory would therefore inform us the possible demographic 
histories of other Pacific oceanic squids. For H. speculiger, 
we performed PSMC with the atomic time interval of 
“4 + 10×1 + 20×2 + 4 + 6” (Li et al. 2021), mutation rate (μ) 
of 2 × 10−8 per site per generation, and generation time of 
1 year (Lewallen et al. 2016). For A. dux, we performed 
PSMC with the atomic time interval of “4 + 25×2 + 4 + 6,” 
mutation rate (μ) of 0.1 × 10−8 per site per generation, 
and generation time of 1 year (Winkelmann et al. 2013).

Population Structure and Genetic Diversity Analyses
Analyses of population structure and genetic diversity of 
P. nigripes and P. immutabilis were performed using the reca-
librated BAM files. We first assessed the existing genetic 
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clusters within and among species by calling the genotypes in 
ANGSD with the following filters: -remove_bads 1 -trim 0 
-minMapQ 20 -minQ 20 -uniqueOnly 1 -only_proper_pairs 
0 -skipTriallelic 1 -minInd 7 -setMinDepth 7 -setMaxDepth 
260 -minmaf 0.05 -SNP_pval 1e-6, and these parameters: 
-baq 1 -C 50 -doCounts 1 -doMajorMinor 1 -GL 1-doGeno 
32. The called genotypes were then used by ngsCovar, a 
tool from ngsTools package (Fumagalli et al. 2014), to gener-
ate a covariance matrix from which a principal component 
analysis (PCA) was performed in R. The population structure 
was inferred on the same called variants in STRUCTURE 
v2.3.4 (Pritchard et al. 2000), using the admixture model to 
assess the level of introgression among the genetic clusters 
(K). We tested from K = 1 to K = 10 for 10,000 MCMC gen-
erations, 1,000 burn-in, and 10 iterations. The best K was cho-
sen based on the deltaK from Evanno et al. (2005) method, 
which is based on the second order rate of change of the like-
lihood Ln P(D) between each K (called deltaK). The number 
of K for which the deltaK is maximized was considered as the 
best K. We note that the Evanno method cannot identify a 
single cluster as a superior model to multiple clusters, leaving 
open the possibility that one cluster is indeed optimal.

Several metrics were used to measure the level and dis-
tribution of genetic diversity within each species, including 
individual inbreeding, ROHs, LD, observed heterozygosity 
(Ho), genetic relatedness within populations, and SFS pro-
file. Pairwise LD was calculated using ngsLD from ngsTools 
package (Fumagalli et al. 2014), and the rate of LD decay 
was plotted over 2 Mb using the R script fit_LDdecay.R, 
which was provided with the ngsTools package. The level 
of genetic relatedness and individual inbreeding (F) were 
inferred using ngsRelate and ngsF from ngsTools package, 
respectively, based on outputs from ANGSD (see above). 
The number and distribution of ROHs among individuals 
was estimated on unlinked (i.e., LD-pruned) SNPs using 
PLINK v1.90b6.15 (Purcell et al. 2007) with the following 
parameters: –homozyg –homozyg-snp 50 –homozyg-kb 
100 –homozyg-window-het 5 –homozyg-window-missing 5. 
Genome-wide heterozygosity was measured using the 
script from Dierickx et al. (2020), with sliding-windows of 
100 kb length and steps of 50 kb. To estimate various di-
versity indices and neutrality test statistics, including the 
genetic diversity π and Tajima’s D test (Korneliussen 
et al. 2013), for both P. immutabilis and P. nigripes, we first 
generated the site allele frequencies (SAF) using ANGSD 
(with -doSaf) and the unfolded SFS (i.e., containing the in-
formation of ancestral alleles) using realSFS. The two files 
were then used by ANGSD (with the options -doSaf 1 
-doThetas 1 -pest) to generate the input file for thetaStat 
to compute the diversity indices and neutrality test statis-
tics. The draft genome of P. nigripes was used as the refer-
ence genome. The ancestral genome of P. immutabilis and 
P. nigripes was reconstructed using the software est-sfs 
v2.03 (Keightley and Jackson 2018), by setting both species 
as ingroups, whereas the three other North Pacfic alba-
trosses P. albatrus, P. irrorata, and D. exulans were used 
as outgroup species, ordered from the most to the least 
closely related based on our inferred species trees. The 

software was designed to infer the unfolded SFS, but it 
also output the allelic state probabilities of each site, which 
we further used to reconstruct the ancestral genome se-
quence. The inferred ancestral genome was then used in 
downstream genomic and demographic analyses of the re-
sequenced samples. The genomic divergence between 
P. immutabilis and P. nigripes was estimated as the global 
fixation index (FST) using realSFS fst from ANGSD, which 
uses the SAF files to compute global and sliding-windows 
FST, here within windows of 100 kb and steps of 50 kb. 
Measures of Tajima’s D and of LD were compared for 
each sliding-window to detect genomic footprints of se-
lective sweep, indicated by a low Tajima’s D (99th percent-
ile) along with a high LD (95th percentile), and outlier 
windows were identified. The genes present in the candi-
date windows were extracted and analyzed for gene ontol-
ogy enrichment in ShinyGO v0.61 (Ge et al. 2020), using 
G. gallus as background gene list. In addition, we annotated 
SNPs for putative functional effects on genes and proteins 
with SnpEff v5.0, by creating and using P. nigripes genome 
assembly and annotations as database (Cingolani et al. 
2012).

Intraspecific and Interspecific Gene Flow
To test for gene flow, we assessed the number and direction 
of past introgression events using TreeMix v1.12, which infers 
the population mixtures but also splits from genome-wide 
SNPs (Pickrell and Pritchard 2012). All five albatross species 
and resequenced P. nigripes and P. immutabilis individuals 
were included. TreeMix was set to simulate from 1 to 8 mi-
grations events (-m), on blocks of 1000 SNPs (-k 1000) to ac-
count for LD, and D. exulans was used as the outgroup 
to root the tree (-root). The analyses were first run for 100 
times for the best m to infer the best tree, which was 
then used as the starting tree to run for 100 bootstrap repli-
cates (-bootstrap). In addition to TreeMix, we performed 
ABBA-BABA tests to detect introgression between P. nigripes 
and P. immutabilis. The ABBA-BABA test, also known as 
D-statistics, uses biallelic SNPs to test for a significant differ-
ence between ABBA and BABA sites, which indicates a signal 
of gene flow (Zheng and Janke 2018). Two populations of 
P. nigripes (i.e., Tern + Midway and Torishima) and P. immut-
abilis were included as ingroups H1-H3, and either P. alba-
trus, P. irrorata, or D. exulans was used as the outgroup 
species (i.e., H4). The analyses were run with ANGSD, which 
applied error correction for low-coverage data, with all sites 
or transition sites removed. The ABBA-BABA tests were run 
using -doAbbababa 1 on genome blocks of 1 Mb size to avoid 
linked dataset, using the same parameters as applied for 
genotype calling. The jackKnife.R script in ANGSD was per-
formed to test for significance of ABBA-BABA statistics. A | 
Z| value > 3 was considered to be significant (Zheng and 
Janke 2018).

Species Distribution Modeling
To investigate the effect of past climate change on the 
demographic histories of P. immutabilis and P. nigripes, 
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species distribution models (SDMs) were built using 
Maxent v3.4.4 (Phillips et al. 2006). Occurrence data of 
P. immutabilis and P. nigripes were downloaded from 
Global Biodiversity Information Facility database 
(GBIF.org 2021a, 2021b) and VertNet (Constable et al. 
2010; VertNet 2021). Duplicated records and records lo-
cated outside of current distribution range of the two spe-
cies were removed. Records with high precision at 
approximately 1.11 km spatial resolution (i.e., coordinates 
with more than two decimal places) were retained. The fil-
tered data points were then assigned to breeding 
(November to June) and nonbreeding season records 
(August to October). A subset of breeding season occur-
rence points that located on current breeding sites were 
extracted (Awkerman et al. 2020a, 2020b). This resulted 
in a total of three occurrence datasets for each albatross 
species. To avoid spatial sampling bias, randomized spatial 
thinning was performed on all datasets using the R pack-
age spThin (Aiello-Lammens et al. 2015) with 100 itera-
tions. The thinning distances of data points in the ocean 
and data points on land were 300 and 1 km, respectively. 
To infer the past breeding sites of the two species, a set 
of SDMs based on terrestrial bioclimatic variables was con-
structed. Nineteen terrestrial bioclimatic variables at 2.5 
arc-minute spatial resolution were obtained from the 
PaleoClim database (Brown, et al. 2018). SDMs of 10 
time periods were constructed including present time 
(1979−2013), Meghalayan (4.2–0.3 Ka), Northgrippian 
(8.326–4.2 Ka), Greenlandian (11.7–8.326 Ka), Younger 
Dryas Stadial (12.9–11.7 Ka), Bølling-Allerød (14.7– 
12.9 Ka), Heinrich Stadial 1 (17.0–14.7 Ka), LGM (ca. 21 
Ka), and Last Interglacial (ca. 130 Ka). To infer the past dis-
tribution range of the two species in the Pacific Ocean, a 
set of SDMs based on oceanic bioclimatic variables was 
also constructed. Eighteen oceanic bioclimatic variables 
at 5 arc-minute spatial resolution were obtained from 
the MARSPEC database (Sbrocco and Barber 2013; 
Sbrocco 2014). SDMs were constructed for three time per-
iods: present time, Mid-Holocene (ca. 6 Ka), and LGM. All 
variables were cropped to the Pacific Ocean area. Highly 
correlated variables were removed in order to avoid multi-
collinearity, using the function vifstep in the R package 
usdm (Naimi et al. 2014) based on variance inflation factor 
(VIF). The VIF threshold was set to 3 for both terrestrial 
variables and oceanic variables. Remaining variables were 
filtered with the function VariableSelection from the R 
package MaxentVariableSelection (Jueterbock et al. 
2016) to find the best combination of variables with the 
best performance, based on the area under the curve 
(AUC) statistic for each set of SDMs. The optimal model 
settings for the final model of each dataset were identified 
using the function ENMevaluate from the R package 
ENMeval (Muscarella et al. 2014), based on the Akaike in-
formation criterion corrected (AICc) for small sample sizes. 
The model feature types evaluated were “L,” “LQ,” “LQH,” 
“H,” “LQHP,” and “LQHPT” (L = linear, Q = quadratic, H =  
hinge, P = product, and T = threshold), whereas the regu-
larization values evaluated were 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 

4. Maxent models were visualized using the R package 
ggplot2 (Wickham 2016). All the filtering steps, model 
evaluation, and model visualizations were performed in 
R v.4.0.2 (Team 2020). Each SDM was performed in 
Maxent with 50 replication and 5,000 maximum iterations. 
The SDMs of breeding sites performed well with an aver-
age mean AUC value of 0.987, whereas average mean 
AUC of SDMs of distribution range was 0.881 
(supplementary table S9, Supplementary Material online). 
Based on the model selection results, each model was con-
structed with different combination of variables and set-
tings (supplementary table S10, Supplementary Material
online).

MC1R Genotyping and Analyses
The MC1R gene from chicken (G. gallus; GenBank acces-
sion number: NP_001026633.1) was used as the query se-
quence to blast against the albatross genomes. The MC1R 
gene was extracted from the draft genomes and rese-
quenced individuals of all albatrosses (supplementary 
table S1, Supplementary Material online), including P. ni-
gripes (n = 16), P. immutabilis (n = 15), P. irrorata (n = 1), 
P. albatrus (n = 1), and D. exulans (n = 1), for alignment 
and identification of variants. To detect sites that were un-
der selection, we investigated the ratio of the rate of syn-
onymous substitutions to the rate of nonsynonymous 
substitutions (ω = dN/dS). We used the HyPhy package 
(Pond and Muse 2005) implemented in the Datamonkey 
webserver (datamonkey.org) to estimate ω. We used single- 
likelihood ancestor counting (SLAC), fixed effects likelihood 
(FEL), mixed effects model of evolution (MEME), fast uncon-
strained Bayesian AppRoximation (FUBAR), and Branch-site 
Unrestricted Statistical Test for Episodic Diversification 
methods implemented in HyPhy to infer signals of positive 
selection. All methods were used with default settings. We 
identified signals of purifying selection in codon 84, 119, 134, 
and 295, but not positive selection, in MC1R.

MHC Genotyping and Analyses
MHC Region Reconstruction
We identified scaffolds containing classical MHC class IIα 
and class IIβ genes in each of the five albatross genome as-
semblies using tblastn searches with translated nucleotide 
query sequences from chicken (G. gallus, GenBank acces-
sions AY357253 and AB268588), thin-billed prion 
(Pachyptila belcheri, GenBank accessions FJ588549 and 
KJ162518-162528), blue petrel (Halobaena caerulea, 
GenBank accessions KJ162503-162505), and Leach’s storm 
petrel (Oceanodroma leurcohoa, NCBI BioProject 
PRJNA776570). We also searched for genes commonly 
found in proximity to classical MHC class II genes 
(COL11A2, BRD2, TAP1, TAP2, DMA, DMB, and MHC class 
I genes) using translated query sequences from assembled 
MHC genomic regions for chicken (GenBank accession 
AB268588) (Shiina et al. 2007), crested ibis (Nipponia 
Nippon, GenBank accession KP182408) (Chen et al. 
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2015), and Oriental stork (Ciconia boyciana, GenBank ac-
cession LC180358) (Tsuji et al. 2017).

Misassembly across regions containing repeats, segmen-
tal duplications, or tandemly arrayed gene duplicates is 
well documented for de novo genome assembly of short 
read data, with these repetitive regions often being col-
lapsed into a single region in the final assembly (Ramdas 
et al. 2019; Peona et al. 2021; Wang et al. 2021). We there-
fore used a read mapping and depth-of-coverage (DoC) 
approach to determine whether duplicated MHC class II 
genes in albatross might have been collapsed in the final 
genome assemblies. We first mapped the 220 bp fragment 
libraries of each albatross species to scaffold_1411 from 
the waved albatross (P. irrorata), which contains a single 
MHC classIIα/β pair flanked by COL11A2 and BRD2 genes 
(see supplementary fig. S19, Supplementary Material on-
line). Reads were trimmed with Trimmomatic v. 0.32 
(Bolger et al. 2014) and mapped to their respective gen-
ome with BWA v. 0.7.12 (Li and Durbin 2009). Mapped 
reads were then postprocessed with SAMtools v. 1.5 (Li 
et al. 2009) and custom Perl scripts to remove improperly 
mapped read pairs and to filter reads with < 50% matches 
to the target region. A consensus sequence was called from 
this initial mapping in Geneious v. 10.1.2 (www.geneious. 
com), and reads for each species were then remapped to 
its consensus sequence following the same parameters as 
described above. Per-site DoC was calculated for this se-
cond round of mapping using GATK v. 3.5 (Van der 
Auwera et al. 2013) and the average DoC across each 
MHC class II gene was compared with that of the flanking 
COL11A2 and BRD2 genes.

This first mapping trial provided evidence for collapsed 
MHC class II gene copies in each albatross species (see 
supplementary fig. S20, Supplementary Material online), 
so we therefore mapped reads to a reference MHC region 
that contained a duplicated MHC class IIα/β gene pair to 
further corroborate this result. We generated this refer-
ence MHC region in silico by overlapping the 
MHC-containing scaffolds identified for P. nigripes and 
then mapped the 220 bp fragment libraries of each alba-
tross species to this reference, and then to a consensus se-
quence built from the first round of mapping as described 
above.

The MHC class II α and β genes were shown to undergo 
duplication in each albatross species (supplementary fig. 
S20, Supplementary Material online) and therefore likely 
originated from a single ancestral duplication event. The 
duplicated α and β genes are adjacent to each other, sepa-
rated by only ∼1.2 kb and flanked by the COL11A2 and 
BRD2 genes.

MHC Class II α and β Gene Duplication Confirmation
We performed two PCRs to confirm the MHC class II α and β 
gene duplication (supplementary fig. S21, Supplementary 
Material online). The first PCR used a forward primer 
(MHC-F1: 5’–ACTTTATTGTGGTGAGAAAGCAGCGGA– 
3′) that is located at the upstream region of the first 
MHCIIa gene and a reverse primer (MHC-R1: 5′– 

AGCAGCAGTAAAGGTGGTTGG–3′) that is located at the 
downstream region of the first MHCIIβ gene, to amplify a re-
gion of ∼5.95 kb containing the first pair of MHC class II α 
and β genes. The second PCR used a forward primer 
(MHC-F2: 5′– GGRACCAGAYRCTCTTGGTGGCCTG–3′) 
that is located between the first MHCIIβ gene and second 
MHCIIa gene and a reverse primer (BRD2-F2: 5′– 
CGAGTTCAGCTACGCCAAGATGC–3′) that is located at 
the BRD2 gene downstream of the second MHCIIβ gene, 
to amplify a region of ∼8.58 kb containing the second pair 
of MHC class II α and β genes. Both PCR amplifications 
were performed in a 50 μl reaction mix that contained 
0.25 μM of each primer, 0.2 μM of each dNTP, 1× 
PrimeSTAR GXL buffer (containing MgCl2, TaKaRa), 1.25 
unit of PrimeSTAR GXL DNA polymerase (TaKaRa), and 
2 μl of DNA. The PCR cycle began with six touchdown incu-
bation cycles at 98 °C for 10 s, 68 °C to 63 °C for 15 s, and 
68 °C for 6 min, followed by 30 incubation cycles at 98 °C 
for 10 s, 62 °C for 15 s, and 68 °C for 6 min. The long-range 
PCR amplifications confirmed the existence of the MHC class 
II gene duplicates (supplementary fig. S21, Supplementary 
Material online).

MHC Genotyping
The MHC genes identified in the genome assemblies showed 
low polymorphism, both among loci within the same species 
and between loci of different species. We therefore designed 
a pair of primers (albaMHC_b_ex2-10797F: 5′-CCTTGTCCT 
GTCGTCTGTCC-3′ and albaMHC_b_ex2-11783R: 5′-CTCA 
CCTTGGGCTGAACTGG-3′) that can amplify the exon 2 
of both MHC class II loci in the albatrosses. We genotyped 
the MHC IIβ genes of P. nigripes (n = 39), P. immutabilis 
(n = 10), P. irrorata (n = 16), and D. exulans (n = 7). PCR 
amplifications were performed in a 25 μl reaction mix that 
contained 0.5 μM of each primer, 0.2 μM of each dNTP, 
1× PCR buffer (Qiagen), 0.75 μM of MgCl2, 1.25 μl of 
DMSO, 1 unit of DNA polymerase (Qiagen), and 2 μl of 
DNA. The PCR cycle began with 94 °C for 5 min, then 10 
touchdown incubation cycles at 94 °C for 30 s, 68 °C to 
58 °C for 30 s, and 72 °C for 1 min, followed by 25 incubation 
cycles at 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 1 min, 
with a final extension at 72 °C for 5 min. The PCR products 
were sequenced using the same primers as above or the 
primer pair albaMHC_beta_ex2-11118F (5′-GGAGGAGAGT 
GGCGATGGG-3′) and albaMHC_beta_exon2-11668R 
(5′-CCAGAGAGGGTGCAAGGG-3′). 2, 2, 0, and 1 SNPs 
were identified for the exon 2 of MHC IIβ genes of P. nigripes, 
P. immutabilis, P. irrorata, and D. exulans, respectively. To 
identify individual alleles, phasing was performed for se-
quences showing multiple peaks using PHASE v2.1.1 
(Stephens et al. 2001). The genotype of each individual is 
given in Supporting Electronic Material S2.

MHC Diversity
Because alleles from both MHC IIβ loci were amplified 
at the same time, we used several commonly employed 
indices (Lam et al. 2023) instead of locus-based statistics 
(e.g., observed heterozygosity). We used the average 
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percentage difference (APD) to reflect the MHC diversity 
within a species. APD was calculated by averaging the per-
centage of nucleotide alleles not shared between two indi-
viduals, which does not rely on allelic frequency (Lynch 
1990, 1991; Miller et al. 2010; Gillingham et al. 2017). We 
also used mean number of sequence per individual 
(MHC/Ind) to estimate MHC heterozygosity in a species; 
theta k (θ̂k) to estimate MHC allelic richness for each spe-
cies; and theta Pi (θ̂π ; mean number of pairwise differences 
between all pairs of MHC alleles) to reflect nucleotide di-
versity of MHC in a species. Both θ̂k and θ̂π were calculated 
using Arlequin 3.1 (Excoffier and Lischer 2010).

Phylogenetic Analysis of MHC Genes
A phylogenetic tree of MHC IIβ exon 2 sequences from the 
albatrosses and other procellariiform seabirds was con-
structed using MrBayes 3.1.2 (Ronquist and Huelsenbeck 
2003) to determine if there is a signal of trans-species 
polymorphism. Model test was first performed using 
JModelTest (Posada 2008) to ascertain the best-fit model 
of nucleotide substitution, which was identified as the 
K80 model with invgamma distributed rates. A MCMC 
sampling procedure was run for 5,000,000 generations. 
The mean standard deviations of split frequencies were 
<0.01. The first 25% of the tree samples were discarded 
as burn-in. The MHC IIβ sequences of albatrosses 
form a monophyletic clade in the phylogenetic tree 
(supplementary fig. S15, Supplementary Material online), 
where the North Pacific albatrosses form a monophyletic 
clade without D. exulans. The alleles from each species 
form their own species-specific clades.

To determine the lineage of the MHC IIβ (DAB) genes 
identified in the albatrosses, DAB exon 3 sequences were 
extracted from their genome assemblies and then aligned 
with those from other procellariiform species using 
MEGA7 (Kumar et al. 2016). The 16 lineage-specific nu-
cleotides used to differentiate DAB1 and DAB2 genes 
were inferred from Goebel et al. (2017). The duplicated 
MHC IIβ genes all belong to the DAB2 lineage as described 
by Goebel et al. (2017) (supplementary fig. S22, 
Supplementary Material online). No DAB1 lineage genes 
were found in albatross, in contrast to some other procel-
lariiform seabirds (Dearborn et al. 2016).

Selection Analysis of MHC Genes
MHC IIβ exon 2 sequences from P. nigripes, P. immutabilis, 
P. irrorata, and D. exulans were analyzed for signs of selec-
tion. Recombination analysis was first performed using 
GARD (Kosakovsky Pond et al. 2006) implemented in 
HyPhy (Kosakovsky Pond et al. 2019) prior to selection 
analyses. No recombination breakpoint was detected. 
We then tested for positive and purifying selection using 
MEME (Murrell et al. 2012), FEL (Kosakovsky Pond and 
Frost 2005), FUBAR (Murrell et al. 2013), and SLAC 
(Kosakovsky Pond and Frost 2005) implemented in 
HyPhy. In addition, the rates of synonymous (dS) and 
nonsynonymous (dN) substitutions were calculated separ-
ately for peptide-binding region (PBR) and non-PBR using 

HyPhy implemented in MEGA7 (Kumar et al. 2016), ac-
cording to the method in Nei and Gojobori (Nei and 
Gojobori 1986) with Jukes and Cantor (Jukes and Cantor 
1969) correction. The prior assignment of PBR and 
non-PBR were based on human MHC class II HLA mole-
cules (Brown et al. 1993). A ratio ω (nonsynonymous 
over synonymous substitutions, dN/dS) of larger than 1 in-
dicates positive selection. A global signature of positive se-
lection (ω > 1) was identified in the PBR but not non-PBR 
(supplementary table S11, Supplementary Material on-
line), although only one PBR residue was found to be under 
positive selection using site-specific tests of selection 
(supplementary fig. S16, Supplementary Material online).

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.

Acknowledgments
This research was supported by the Croucher Start-up 
Allowance awarded to S.Y.W.S. We thank Takashi Hiraoka 
and University of Washington Burke Museum for providing 
the samples; Whitney Hansen for assistance with laboratory 
work; and Neil Gemmell, Tim Sackton, and members of the 
Sin Lab and Edwards Lab for helpful discussion. The compu-
tations were performed using research computing facilities 
offered by the Information Technology Services at the 
University of Hong Kong, and the Odyssey cluster sup-
ported by the FAS Division of Science, Research 
Computing Group at Harvard University.

Data Availability
All genome assemblies and sequencing data have been 
archived in the National Center for Biotechnology 
Information (NCBI) under the BioProject accession num-
ber PRJNA965798. All softwares are cited in the methods 
and are publicly available.

Author Contributions
Conceptualization: S.Y.W.S and S.V.E.; sample collection: 
S.V.E., K.P.H. and F.S.; methodology: S.Y.W.S. and A.C.; 
analysis: S.H., A.C., G.C., D.T.C.C., D.K.L., and S.Y.W.S.; 
writing—original draft: S.Y.W.S. and S.H.; writing—review 
and editing, all authors; supervision: S.Y.W.S. and S.V.E.

Conflict of interest statement. The authors declare no com-
peting interests.

References
Aguilar A, Roemer G, Debenham S, Binns M, Garcelon D, Wayne RK. 

2004. High MHC diversity maintained by balancing selection in 
an otherwise genetically monomorphic mammal. Proc Natal 
Acad Sci U S A. 101:3490–3494.

Huynh et al. · https://doi.org/10.1093/molbev/msad155 MBE

16

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/40/7/m
sad155/7218901 by guest on 08 N

ovem
ber 2023

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad155#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad155#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad155#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad155#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad155#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msad155#supplementary-data


Aiello-Lammens ME, Boria RA, Radosavljevic A, Vilela B, Anderson 
RP. 2015. Spthin: an R package for spatial thinning of species oc-
currence records for use in ecological niche models. Ecography 
38:541–545.

Andrews S. 2010. FastQC: a quality control tool for high 
throughput sequence data. Available online at: 
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Awkerman JA, Anderson DJ, Whittow GC. 2020a. Black-footed alba-
tross (Phoebastria nigripes), version 1.0. In: Poole AF, editor. Birds 
of the world. Ithaca, NY, USA: Cornell Lab of Ornithology. 
https://doi.org/10.2173/bow.bkfalb.01

Awkerman JA, Anderson DJ, Whittow GC. 2020b. Laysan albatross 
(Phoebastria immutabilis), version 1.0. In: Poole AF, editor. 
Birds of the world. Ithaca, NY, USA: Cornell Lab of 
Ornithology. https://doi.org/10.2173/bow.layalb.01

Beal M, Dias MP, Phillips RA, Oppel S, Hazin C, Pearmain EJ, Adams J, 
Anderson DJ, Antolos M, Arata JA, et al. 2021. Global political re-
sponsibility for the conservation of albatrosses and large petrels. 
Sci Adv. 7:eabd7225.

Bolger A, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer 
for illumina sequence data. Bioinformatics 30:2114–2120.

Bonadonna F, Bajzak C, Benhamou S, Igloi K, Jouventin P, Lipp H, 
Dell’Omo G. 2005. Orientation in the wandering albatross: inter-
fering with magnetic perception does not affect orientation per-
formance. Proc Royal Soc B Bio Sci. 272:489–495.

Bouckaert R, Vaughan TG, Barido-Sottani J, Duchêne S, Fourment M, 
Gavryushkina A, Heled J, Jones G, Kühnert D, De Maio N, et al. 
2019. BEAST 2.5: an advanced software platform for Bayesian 
evolutionary analysis. PLoS Comput Biol. 15:e1006650.

Branch CL, Semenov GA, Wagner DN, Sonnenberg BR, Pitera AM, 
Bridge ES, Taylor SA, Pravosudov VV. 2022. The genetic basis 
of spatial cognitive variation in a food-caching bird. Curr Biol. 
32:210–219. e214.

Bretagnolle V. 1993. Adaptive significance of seabird coloration: the 
case of Procellariiforms. Am Nat. 142:141–173.

Brown JL, Hill DJ, Dolan AM, Carnaval AC, Haywood AM. 2018. 
Paleoclim, high spatial resolution paleoclimate surfaces for global 
land areas. Sci Data. 5:180254.

Brown JH, Jardetzky TS, Gorga JC, Stern LJ, Urban RG, Strominger JL, 
Wiley DC. 1993. Three-dimensional structure of the human class 
II histocompatibility antigen HLA-DR1. Nature 364:33–39.

Bryant D, Bouckaert R, Felsenstein J, Rosenberg NA, RoyChoudhury 
A. 2012. Inferring species trees directly from biallelic genetic mar-
kers: bypassing gene trees in a full coalescent analysis. Mol Biol 
Evol. 29:1917–1932.

Burri R, Nater A, Kawakami T, Mugal CF, Olason PI, Smeds L, Suh A, 
Dutoit L, Bureš S, Garamszegi LZ. 2015. Linked selection and re-
combination rate variation drive the evolution of the genomic 
landscape of differentiation across the speciation continuum 
of ficedula flycatchers. Genome Res. 25:1656–1665.

Canty A, Ripley B. 2019. boot: Bootstrap R (S-Plus) functions. R pack-
age version 1.3–23. 2019.

Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T. 2009. Trimal: a 
tool for automated alignment trimming in large-scale phylogen-
etic analyses. Bioinformatics 25:1972–1973.

Chambers GK, Moeke C, Steel R, Trueman JW. 2009. Phylogenetic 
analysis of the 24 named albatross taxa based on full mitochon-
drial cytochrome b DNA sequences. Notornis 56:82–94.

Chen I-C, Hill JK, Ohlemüller R, Roy DB, Thomas CD. 2011. Rapid 
range shifts of species associated with high levels of climate 
warming. Science 333:1024–1026.

Chen L-C, Lan H, Sun L, Deng Y-L, Tang K-Y, Wan Q-H. 2015. 
Genomic organization of the crested ibis MHC provides new in-
sight into ancestral avian MHC structure. Sci Rep. 5:7963.

Chen S, Zhou Y, Chen Y, Gu J. 2018. Fastp: an ultra-fast all-in-one 
FASTQ preprocessor. Bioinformatics 34:i884–i890.

Cherel Y, Klages N. 1998. A review of the food of albatrosses. In 
Robertson G and Gales R, editors. Albatross biology and conser-
vation Chipping Norton: Surrey Beatty & Sons. p. 113–136.

Chevreux B, Pfisterer T, Drescher B, Driesel AJ, Müller WE, Wetter T, 
Suhai S. 2004. Using the miraEST assembler for reliable and auto-
mated mRNA transcript assembly and SNP detection in se-
quenced ESTs. Genome Res. 14:1147–1159.

Chojnowski JL, Kimball RT, Braun EL. 2008. Introns outperform exons 
in analyses of basal avian phylogeny using clathrin heavy chain 
genes. Gene 410:89–96.

Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, Land S, 
Lu X, Ruden DM. 2012. A program for annotating and predicting 
the effects of single nucleotide polymorphisms, SnpEff: SNPs in 
the genome of Drosophila melanogaster strain w1118; iso-2; 
iso-3. Fly (Austin). 6:80–92.

Cloutier A, Sackton TB, Grayson P, Clamp M, Baker AJ, Edwards SV. 
2019. Whole-genome analyses resolve the phylogeny of flightless 
birds (Palaeognathae) in the presence of an empirical anomaly 
zone. Syst Biol. 68:937–955.

Cole TL, Dutoit L, Dussex N, Hart T, Alexander A, Younger JL, Clucas 
GV, Frugone MJ, Cherel Y, Cuthbert R. 2019. Receding ice drove 
parallel expansions in Southern Ocean penguins. Proc Natal Acad 
Sci U S A. 116:26690–26696.

Collet J, Weimerskirch H. 2020. Albatrosses can memorize locations 
of predictable fishing boats but favour natural foraging. Proc 
Royal Soc B Sci. 287:20200958.

Constable H, Guralnick R, Wieczorek J, Spencer C, Peterson AT, 
Committee VS. 2010. Vertnet: a new model for biodiversity 
data sharing. PLoS Biol. 8:e1000309.

Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madsen T. 
2008. BLAST+: architecture and applications. BMC 
Bioinformatics. 10:421.

Da Fonseca RR, Couto A, Machado AM, Brejova B, Albertin CB, Silva 
F, Gardner P, Baril T, Hayward A, Campos A. 2020. A draft gen-
ome sequence of the elusive giant squid, architeuthis dux. 
GigaScience 9:giz152.

Darriba D, Posada D, Kozlov AM, Stamatakis A, Morel B, Flouri T. 2020. 
ModelTest-NG: a new and scalable tool for the selection of DNA 
and protein evolutionary models. Mol Biol Evol. 37:291–294.

Dearborn DC, Gager AB, McArthur AG, Gilmour ME, Mandzhukova 
E, Mauck RA. 2016. Gene duplication and divergence produce di-
vergent MHC genotypes without disassortative mating. Mol Ecol. 
25:4355–4367.

de Monasterio-Schrader P, Patzig J, Möbius W, Barrette B, Wagner TL, 
Kusch K, Edgar JM, Brophy PJ, Werner HB. 2013. Uncoupling of 
neuroinflammation from axonal degeneration in mice lacking 
the myelin protein tetraspanin-2. Glia 61:1832–1847.

de Pedro M, Riba M, González-Martínez SC, Seoane P, Bautista R, Claros 
MG, Mayol M. 2021. Demography, genetic diversity and expansion 
load in the colonizing species Leontodon longirostris (Asteraceae) 
throughout its native range. Mol Ecol. 30:1190–1205.

Di Ciano-Oliveira C, Thirone A, Szaszi K, Kapus A. 2006. Osmotic 
stress and the cytoskeleton: the R (h) ole of rho GTPases. Acta 
Physiologica. 187:257–272.

Dierickx EG, Shultz AJ, Sato F, Hiraoka T, Edwards SV. 2015. 
Morphological and genomic comparisons of Hawaiian and 
Japanese black-footed albatrosses (Phoebastria nigripes) using 
double digest RAD seq: implications for conservation. Evol 
App. 8:662–678.

Dierickx E, Sin SYW, van Veelen HP, de Brooke ML, Liu Y, Edwards SV, 
Martin SH. 2020. Genetic diversity, demographic history and 
neo-sex chromosomes in the critically endangered raso lark. 
Proc Royal Soc B Sci. 287:20192613.

Evanno G, Regnaut S, Goudet J. 2005. Detecting the number of clus-
ters of individuals using the software STRUCTURE: a simulation 
study. Mol Ecol. 14:2611–2620.

Excoffier L, Dupanloup I, Huerta-Sánchez E, Sousa V, Foll M. 2013. 
Robust demographic inference from genomic and SNP data. 
PLoS Genet. 9:e1003905.

Excoffier L, Lischer HEL. 2010. Arlequin suite ver 3.5: a new series of 
programs to perform population genetics analyses under linux 
and windows. Mol Ecol Res. 10:564–567.

Whole-genome Analyses of North Pacific Albatrosses · https://doi.org/10.1093/molbev/msad155 MBE

17

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/40/7/m
sad155/7218901 by guest on 08 N

ovem
ber 2023



Fisher HI. 1972. Sympatry of laysan and black-footed albatrosses. 
Auk. 89:381–402.

Fridolfsson AK, Ellegren H. 1999. A simple and universal method for 
molecular sexing of non-ratite birds. J Avian Biol. 30:116–121.

Frings H, Frings M. 1959. Observations on salt balance and behavior 
of laysan and black-footed albatrosses in captivity. Condor. 61: 
305–314.

Fumagalli M, Vieira FG, Linderoth T, Nielsen R. 2014. Ngstools: meth-
ods for population genetics analyses from next-generation se-
quencing data. Bioinformatics 30:1486–1487.

Gaspar JM. 2018. NGmerge: merging paired-end reads via novel 
empirically-derived models of sequencing errors. BMC 
Bioinformatics. 19:536.

GBIF.org. 2021a. GBIF Phoebastria immutabilis Occurrence (21 July 
2021). Available from: https://doi.org/https://doi.org/10.15468/ 
dl.33fst8.

GBIF.org. 2021b. GBIF Phoebastria nigripes Occurrence (21 July 
2021). Available from: https://doi.org/https://doi.org/10.15468/ 
dl.zz9z6p.

Ge SX, Jung D, Yao R. 2020. ShinyGO: a graphical gene-set enrich-
ment tool for animals and plants. Bioinformatics 36:2628–2629.

Gillingham MAF, Béchet A, Courtiol A, Rendón-Martos M, Amat JA, 
Samraoui B, Onmuş O, Sommer S, Cézilly F. 2017. Very high MHC 
class IIB diversity without spatial differentiation in the 
Mediterranean population of greater flamingos. BMC Evol Biol. 
17:56.

Gnerre S, MacCallum I, Przybylski D, Ribeiro FJ, Burton JN, Walker BJ, 
Sharpe T, Hall G, Shea T, Sykes S, et al. 2011. High-quality draft 
assemblies of mammalian genomes from massively parallel se-
quence data. Proc Natal Acad Sci U S A. 108:1513–1518.

Goebel J, Promerová M, Bonadonna F, McCoy KD, Serbielle C, 
Strandh M, Yannic G, Burri R, Fumagalli L. 2017. 100 million years 
of multigene family evolution: origin and evolution of the avian 
MHC class IIB. BMC Genomics. 18:460.

Grabherr MG, Russell P, Meyer M, Mauceli E, Alföldi J, Di Palma F, 
Lindblad-Toh K. 2010. Genome-wide synteny through highly 
sensitive sequence alignment: satsuma. Bioinformatics 26: 
1145–1151.

Grant K, Rohling E, Ramsey CB, Cheng H, Edwards R, Florindo F, 
Heslop D, Marra F, Roberts A, Tamisiea ME. 2014. Sea-level vari-
ability over five glacial cycles. Nat Commun. 5:5076.

Gray H, Lattin GL, Moore CJ. 2012. Incidence, mass and variety of 
plastics ingested by laysan (Phoebastria immutabilis) and black- 
footed albatrosses (P. nigripes) recovered as by-catch in the 
north Pacific Ocean. Marine Pollution Bull. 64:2190–2192.

Grayson P, Sin SYW, Sackton TB, Edwards SV. 2017. Comparative gen-
omics as a foundation for evo-devo studies in birds. New York 
(NY): Humana Press.

Grossen C, Guillaume F, Keller LF, Croll D. 2020. Purging of highly 
deleterious mutations through severe bottlenecks in alpine 
ibex. Nat Commun. 11:1001.

Gutenkunst RN, Hernandez RD, Williamson SH, Bustamante CD. 
2009. Inferring the joint demographic history of multiple popu-
lations from multidimensional SNP frequency data. PLoS Genet. 
5:e1000695.

Hahn C, Bachmann L, Chevreux B. 2013. Reconstructing mitochon-
drial genomes directly from genomic next-generation sequen-
cing reads—a baiting and iterative mapping approach. Nucleic 
Acids Res. 41:e129.

Harrison CS, Hida TS, Seki MP. 1983. Hawaiian seabird feeding ecol-
ogy. Wildl Monogr. 85:3–71.

Henderson EC, Brelsford A. 2020. Genomic differentiation across the 
speciation continuum in three hummingbird species pairs. BMC 
Evol Biol. 20:113.

Hirsch DS, Pirone DM, Burbelo PD. 2001. A new family of Cdc42 ef-
fector proteins, CEPs, function in fibroblast and epithelial cell 
shape changes. J Biol Chem. 276:875–883.

Hoegh-Guldberg O, Bruno JF. 2010. The impact of climate change on 
the world’s Marine ecosystems. Science 328:1523–1528.

Holt C, Yandell M. 2011. MAKER2: an annotation pipeline and 
genome-database management tool for second-generation gen-
ome projects. BMC Bioinformatics 12:491.

Hoover B, Alcaide M, Jennings S, Sin SYW, Edwards SV, Nevitt GA. 
2018. Ecology can inform genetics: disassortative mating contri-
butes to MHC polymorphism in Leach’s Storm-petrels 
(Oceanodroma leucorhoa). Mol Ecol. 27:3371–3385.

IUCN. 2022. The IUCN Red List of Threatened Species. Version 
2021-3. Available from: https://www.iucnredlist.org.

Jaeger A, Gamble A, Lagadec E, Lebarbenchon C, Bourret V, Tornos J, 
Barbraud C, Lemberger K, Delord K, Weimerskirch H, et al. 2020. 
Impact of annual bacterial epizootics on albatross population on 
a remote island. EcoHealth. 17:194–202.

Jarvis ED, Mirarab S, Aberer AJ, Li B, Houde P, Li C, Ho SYW, Faircloth 
B, Nabholz B, Howard J, et al. 2014. Whole-genome analyses re-
solve early branches in the tree of life of modern birds. Science 
346:1320–1331.

Jouventin P, Dobson FS. 2002. Why breed every other year? The case 
of albatrosses. Proc Royal Soc London. Series B Biol Sci. 269: 
1955–1961.

Jueterbock A, Smolina I, Coyer JA, Hoarau G. 2016. The fate of the 
Arctic seaweed fucus distichus under climate change: an eco-
logical niche modeling approach. Ecol Evol. 6:1712–1724.

Jukes TH, Cantor CR. 1969. CHAPTER 24 - Evolution of protein 
molecules. In: Munro HN, editors. Mammalian protein 
metabolism. New York and London: Academic Press. p. 21–132.

Katoh K, Misawa K, Ki K, Miyata T. 2002. MAFFT: a novel method for 
rapid multiple sequence alignment based on fast Fourier trans-
form. Nucleic Acids Res. 30:3059–3066.

Keightley PD, Jackson BC. 2018. Inferring the probability of the de-
rived vs. The ancestral allelic state at a polymorphic site. 
Genetics 209:897–906.

Kersten O, Star B, Leigh DM, Anker-Nilssen T, Strøm H, Danielsen J, 
Descamps S, Erikstad KE, Fitzsimmons MG, Fort J. 2021. Complex 
population structure of the Atlantic puffin revealed by whole 
genome analyses. Commun Biol 4:1–12.

Korneliussen T, Albrechtsen A, Nielsen R. 2014. ANGSD: analysis of 
next generation sequencing data. BMC Bioinformatics. 15:356.

Korneliussen TS, Moltke I, Albrechtsen A, Nielsen R. 2013. 
Calculation of Tajima’s D and other neutrality test statistics 
from low depth next-generation sequencing data. BMC 
Bioinformatics. 14:289.

Kosakovsky Pond SL, Frost SDW. 2005. Not so different after all: a 
comparison of methods for detecting amino acid sites under se-
lection. Mol Biol Evol. 22:1208–1222.

Kosakovsky Pond SL, Poon AFY, Velazquez R, Weaver S, Hepler NL, 
Murrell B, Shank SD, Magalis BR, Bouvier D, Nekrutenko A, 
et al. 2019. Hyphy 2.5—a customizable platform for evolution-
ary hypothesis testing using phylogenies. Mol Biol Evol. 37: 
295–299.

Kosakovsky Pond SL, Posada D, Gravenor MB, Woelk CH, Frost SDW. 
2006. Automated phylogenetic detection of recombination 
using a genetic algorithm. Mol Biol Evol. 23:1891–1901.

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. 2019. 
RAxML-NG: a fast, scalable and user-friendly tool for maximum 
likelihood phylogenetic inference. Bioinformatics.35:4453–4455.

Kumar S, Stecher G, Tamura K. 2016. MEGA7: molecular evolution-
ary genetics analysis version 7.0 for bigger datasets. Mol Biol Evol. 
33:1870–1874.

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu 
C, Salzberg SL. 2004. Versatile and open software for comparing 
large genomes. Genome Biol. 5:R12.

Lam VWY, Allison EH, Bell JD, Blythe J, Cheung WWL, Frölicher TL, 
Gasalla MA, Sumaila UR. 2020. Climate change, tropical fisheries 
and prospects for sustainable development. Nat Rev Earth 
Environ. 1:440–454.

Lam DK, Frantz AC, Burke T, Geffen E, Sin SYW. 2023. Both selection 
and drift drive the spatial pattern of adaptive genetic variation in 
a wild mammal. Evol. 77:221–238.

Huynh et al. · https://doi.org/10.1093/molbev/msad155 MBE

18

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/40/7/m
sad155/7218901 by guest on 08 N

ovem
ber 2023

https://doi.org/https://doi.org/10.15468/dl.33fst8
https://doi.org/https://doi.org/10.15468/dl.33fst8
https://doi.org/https://doi.org/10.15468/dl.zz9z6p
https://doi.org/https://doi.org/10.15468/dl.zz9z6p
https://www.iucnredlist.org


Lapierre M, Lambert A, Achaz G. 2017. Accuracy of demographic in-
ferences from the site frequency spectrum: the case of the 
Yoruba population. Genetics 206:439–449.

Leaché AD, Oaks JR. 2017. The utility of single nucleotide poly-
morphism (SNP) data in phylogenetics. Annu Rev Ecol Evol Syst 
48:69–84.

Lenain C, Bauwens S, Amiard S, Brunori M, Giraud-Panis M-J, Gilson 
E. 2006. The Apollo 5′ exonuclease functions together with 
TRF2 to protect telomeres from DNA repair. Curr Biol. 16: 
1303–1310.

Lewallen EA, Bohonak AJ, Bonin CA, Van Wijnen AJ, Pitman RL, 
Lovejoy NR. 2016. Population genetic structure of the tropical 
two-wing flyingfish (Exocoetus volitans). PLoS One. 11:e0163198.

Lewis A, Di Ciano C, Rotstein OD, Kapus A. 2002. Osmotic stress ac-
tivates Rac and Cdc42 in neutrophils: role in 
hypertonicity-induced actin polymerization. Am J Physiol Cell 
Physiol. 282:C271–C279.

Lewis SL, Maslin MA. 2015. Defining the anthropocene. Nature 519: 
171–180.

Li H. 2011. Improving SNP discovery by base alignment quality. 
Bioinform. 27(8):1157–1158.

Li J, Bian C, Yi Y, Yu H, You X, Shi Q. 2021. Temporal dynamics of 
teleost populations during the pleistocene: a report from public-
ly available genome data. BMC Genomics 22:490.

Li H, Durbin R. 2009. Fast and accurate short read alignment with 
burrows–wheeler transform. Bioinformatics 25:1754–1760.

Li H, Durbin R. 2011. Inference of human population history from in-
dividual whole-genome sequences. Nature 475:493–496.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, 
Abecasis G, Durbin R. 2009. The sequence alignment/map for-
mat and SAMtools. Bioinformatics 25:2078–2079.

Liu X, Fu Y. 2015. Exploring population size changes using SNP fre-
quency spectra. Nat Genet. 47:555–559.

Liu L, Yu L, Edwards SV. 2010. A maximum pseudo-likelihood ap-
proach for estimating species trees under the coalescent model. 
BMC Evol Biol. 10:302.

Lynch M. 1990. The similarity index and DNA fingerprinting. Mol Biol 
Evol. 7:478–484.

Lynch M. 1991. Analysis of population genetic structure by DNA fin-
gerprinting. In: Burke T, Dolf G, Jeffreys AJ, Wolff R, editors. DNA 
fingerprinting: approaches and applications. Basel: Birkhäuser. 
p. 113–126.

Mayr G, Goedert JL. 2017. Oligocene and Miocene albatross fossils 
from Washington State (USA) and the evolutionary history of 
north Pacific diomedeidae. Auk. 134:659–671.

McCormack JE, Faircloth BC, Crawford NG, Gowaty PA, Brumfield 
RT, Glenn TC. 2012. Ultraconserved elements are novel phyloge-
nomic markers that resolve placental mammal phylogeny 
when combined with species-tree analysis. Genome Res. 22: 
746–754.

McKee T, Pyle P. 2002. Plumage variation and hybridization in black- 
footed and Laysan albatrosses. N Am Birds. 56:131–138.

Miao J, Farhat P, Wang W, Ruhsam M, Milne R, Yang H, Tso S, Li J, Xu 
J, Opgenoorth L, et al. 2021. Evolutionary history of two rare en-
demic conifer species from the eastern Qinghai–Tibet plateau. 
Ann Bot. 128:903–918.

Miller HC, Allendorf F, Daugherty CH. 2010. Genetic diversity and 
differentiation at MHC genes in island populations of tuatara 
(Sphenodon spp). Mol Ecol. 19:3894–3908.

Moest M, Van Belleghem SM, James JE, Salazar C, Martin SH, Barker 
SL, Moreira GR, Mérot C, Joron M, Nadeau NJ. 2020. Selective 
sweeps on novel and introgressed variation shape mimicry loci 
in a butterfly adaptive radiation. PLoS Biol. 18:e3000597.

Morel B, Kozlov AM, Stamatakis A. 2019. Pargenes: a tool for mas-
sively parallel model selection and phylogenetic tree inference 
on thousands of genes. Bioinformatics 35:1771–1773.

Mosaliganti KR, Swinburne IA, Chan CU, Obholzer ND, Green AA, 
Tanksale S, Mahadevan L, Megason SG. 2019. Size control of 
the inner ear via hydraulic feedback. Elife 8:e39596.

Mundy NI, Badcock NS, Hart T, Scribner K, Janssen K, Nadeau NJ. 
2004. Conserved genetic basis of a quantitative plumage trait in-
volved in mate choice. Science 303:1870–1873.

Murrell B, Moola S, Mabona A, Weighill T, Sheward D, Kosakovsky 
Pond SL, Scheffler K. 2013. FUBAR: a fast, unconstrained 
Bayesian approximation for inferring selection. Mol Biol Evol. 
30:1196–1205.

Murrell B, Wertheim JO, Moola S, Weighill T, Scheffler K, Kosakovsky 
Pond SL. 2012. Detecting individual sites subject to episodic di-
versifying selection. PLoS Genet. 8:e1002764.

Muscarella R, Galante PJ, Soley-Guardia M, Boria RA, Kass JM, Uriarte 
M, Anderson RP. 2014. ENM Eval: an R package for conducting 
spatially independent evaluations and estimating optimal model 
complexity for maxent ecological niche models. Methods Ecol 
Evol. 5:1198–1205.

Nadachowska-Brzyska K, Li C, Smeds L, Zhang G, Ellegren H. 2015. 
Temporal dynamics of avian populations during pleistocene re-
vealed by whole-genome sequences. Curr Biol. 25:1375–1380.

Naimi B, Hamm NAS, Groen TA, Skidmore AK, Toxopeus AG. 2014. 
Where is positional uncertainty a problem for species distribu-
tion modelling? Ecography. 37:191–203.

Nei M, Gojobori T. 1986. Simple methods for estimating the num-
bers of synonymous and nonsynonymous nucleotide substitu-
tions. Mol Biol Evol. 3:418–426.

Nei M, Rooney A. 2005. Concerted and birth-and-death evolution of 
multigene families. Annu Rev Genet. 39:121–152.

Nunn GB, Cooper J, Jouventin P, Robertson CJ, Robertson GG. 1996. 
Evolutionary relationships among extant albatrosses 
(Procellariiformes: Diomedeidae) established from complete 
cytochrome-b gene sequences. Auk. 113:784–801.

Olson SL, Hearty PJ. 2003. Probable extirpation of a breeding colony 
of short-tailed albatross (Phoebastria albatrus) on Bermuda by 
Pleistocene sea-level rise. Proc Natal Acad Sci U S A. 100: 
12825–12829.

Ortega RP. 2021. Black-footed albatrosses find a new home across an 
ocean. Sci. 373:12–13.

Park I, Han C, Jin S, Lee B, Choi H, Kwon JT, Kim D, Kim J, Lifirsu E, 
Park WJ, et al. 2011. Myosin regulatory light chains are required 
to maintain the stability of myosin II and cellular integrity. 
Biochem J. 434:171–180.

Park N, Yoo JC, Ryu J, Hong S-G, Hwang EM, Park J-Y. 2012. Copine1 
enhances neuronal differentiation of the hippocampal progeni-
tor HiB5 cells. Mol Cells. 34:549–554.

Patton A, Margres M, Stahlke A, Hendricks S, Lewallen K, Hamede R, 
Ruiz-Aravena M, Ryder O, McCallum H, Jones M, et al. 2019. 
Contemporary demographic reconstruction methods are robust 
to genome assembly quality: a case study in Tasmanian devils. 
Mol Biol Evol. 36:2906–2921.

Peona V, Blom MPK, Xu L, Burri R, Sullivan S, Bunikis I, Liachko I, 
Haryoko T, Jønsson KA, Zhou Q, et al. 2021. Identifying the 
causes and consequences of assembly gaps using a multiplatform 
genome assembly of a bird-of-paradise. Mol Ecol Res. 21:263–286.

Phillips SJ, Anderson RP, Schapire RE. 2006. Maximum entropy mod-
eling of species geographic distributions. Ecol Modell. 190: 
231–259.

Phillips RA, Gales R, Baker G, Double M, Favero M, Quintana F, 
Tasker ML, Weimerskirch H, Uhart M, Wolfaardt A. 2016. The 
conservation status and priorities for albatrosses and large pet-
rels. Biol Conserv. 201:169–183.

Picard Toolkit. 2019. Broad institute, GitHub repository. (Aug 2019) 
Available from: http://broadinstitute.github.io/picard/.

Pickrell J, Pritchard J. 2012. Inference of population splits and mix-
tures from genome-wide allele frequency data. PLoS Genet. 
2012;8:e1002967.

Pond SLK, Muse SV. 2005. HyPhy: hypothesis testing using phyloge-
nies. Statistical methods in molecular evolution. Springer. 
p. 125–181.

Poplin R, Ruano-Rubio V, DePristo MA, Fennell TJ, Carneiro MO, Van 
der Auwera GA, Kling DE, Gauthier LD, Levy-Moonshine A, 

Whole-genome Analyses of North Pacific Albatrosses · https://doi.org/10.1093/molbev/msad155 MBE

19

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/40/7/m
sad155/7218901 by guest on 08 N

ovem
ber 2023

http://broadinstitute.github.io/picard/


Roazen D. 2018. Scaling accurate genetic variant discovery to 
tens of thousands of samples. BioRxiv:201178.

Posada D. 2008. Jmodeltest: phylogenetic model averaging. Mol Biol 
Evol. 25:1253–1256.

Pritchard JK, Stephens M, Donnelly P. 2000. Inference of population 
structure using multilocus genotype data. Genetics. 155:945–959.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira M, Bender D, 
Maller J, Sklar P, Bakker PD, Daly M, et al. 2007. PLINK: a tool 
set for whole-genome association and population-based linkage 
analyses. Am J Hum Genet. 81:559–575.

Rambaut A, Suchard M, Xie D, Drummond A. 2014. Tracer 
v1. 6. Available from: http://beast.bio.ed.ac.uk/Tracer.

Ramdas S, Ozel AB, Treutelaar MK, Holl K, Mandel M, Woods LCS, Li 
JZ. 2019. Extended regions of suspected mis-assembly in the rat 
reference genome. Sci Data. 6:39.

Ranwez V, Harispe S, Delsuc F, Douzery EJ. 2011. MACSE: multiple 
alignment of coding sequences accounting for frameshifts and 
stop codons. PLoS One. 6:e22594.

Rasmussen AH, Rasmussen HB, Silahtaroglu A. 2017. The DLGAP 
family: neuronal expression, function and role in brain disorders. 
Mol Brain. 10:43.

R Core Team. 2020. R: a language and environment for statistical com-
puting. (22 Jun 2020) Available from: https://www.r-project.org/.

Reynolds MH, Berkowitz P, Klavitter JL, Courtot KN. 2017. Lessons 
from the Tōhoku tsunami: a model for island avifauna conserva-
tion prioritization. Ecol Evol. 7:5873–5890.

Reynolds MH, Courtot KN, Berkowitz P, Storlazzi CD, Moore J, Flint E. 
2015. Will the effects of sea-level rise create ecological traps for 
pacific island seabirds? PLoS One. 10:e0136773.

Robinson J, Vecchyo DOD, Fan Z, Kim B, Marsden C, Lohmueller K, 
Wayne R. 2016. Genomic flatlining in the endangered island fox. 
Curr Biol. 26:1183–1189.

Rohwer S, Harris RB, Walsh HE. 2014. Rape and the prevalence of hy-
brids in broadly sympatric species: a case study using albatrosses. 
PeerJ. 2:e409.

Ronquist F, Huelsenbeck JP. 2003. Mrbayes 3: Bayesian phylogenetic 
inference under mixed models. Bioinformatics 19:1572–1574.

Sbrocco EJ. 2014. Paleo-MARSPEC: gridded ocean climate layers for 
the mid-Holocene and last glacial Maximum: ecological archives 
E095-149. Ecology 95:1710–1710.

Sbrocco EJ, Barber PH. 2013. MARSPEC: ocean climate layers for mar-
ine spatial ecology: ecological archives E094-086. Ecology 94: 
979–979.

Schoombie S, Schoombie J, Oosthuizen A, Suleman E, Jones M, 
Pretorius L, Dilley B, Ryan PG. 2018. Avian pox in seabirds on 
Marion Island, Southern Indian Ocean. Antarctic Sci. 30:3–12.

Shiina T, Briles WE, Goto RM, Hosomichi K, Yanagiya K, Shimizu S, 
Inoko H, Miller MM. 2007. Extended gene map reveals tripartite 
motif, C-type lectin, and Ig superfamily type genes within a sub-
region of the chicken MHC-B affecting infectious disease. J 
Immunol. 178:7162–7172.

Simão FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov 
EM. 2015. BUSCO: assessing genome assembly and annotation 
completeness with single-copy orthologs. Bioinformatics 31: 
3210–3212.

Sin YW, Annavi G, Dugdale HL, Newman C, Burke T, Macdonald DW. 
2014. Pathogen burden, co-infection and major histocompatibil-
ity complex variability in the European badger (Meles meles). Mol 
Ecol. 23:5072–5088.

Sin SYW, Cloutier A, Nevitt G, Edwards SV. 2022. Olfactory receptor 
subgenome and expression in a highly olfactory procellariiform 
seabird. Genetics 220:iyab210.

Sin YW, Dugdale HL, Newman C, Macdonald DW, Burke T. 2012. 
Evolution of MHC class I genes in the European badger (Meles 
meles). Ecol Evol. 3:285.

Sin SYW, Hoover B, Nevitt G, Edwards S. 2021. Demographic history, 
not mating system, explains signatures of inbreeding and in-
breeding depression in a large outbred population. Am Nat. 
197:658–676.

Sin SYW, Lu L, Edwards SV. 2020. De Novo assembly of the northern 
cardinal (Cardinalis cardinalis) genome reveals candidate regula-
tory regions for sexually dichromatic red plumage coloration. G3 
10:3541–3548.

Snyder C W. 2016. Evolution of global temperature over the past two 
million years. Nature 538:226–228.

Spurgin LG, Richardson DS. 2010. How pathogens drive genetic di-
versity: MHC, mechanisms and misunderstandings. Proc Royal 
Soc B Sci. 277:979–988.

Steiner C, Putnam A, Hoeck P, Ryder O. 2013. Conservation genomics 
of threatened animal species. Annu Rev Animal Biosci. 1:261–281.

Stephens M, Smith NJ, Donnelly P. 2001. A new statistical method for 
haplotype reconstruction from population data. Am J Hum 
Genet. 68:978–989.

Stewart MP, Helenius J, Toyoda Y, Ramanathan SP, Muller DJ, Hyman 
AA. 2011. Hydrostatic pressure and the actomyosin cortex drive 
mitotic cell rounding. Nature 469:226–230.

Tao X, West AE, Chen WG, Corfas G, Greenberg ME. 2002. A calcium- 
responsive transcription factor, CaRF, that regulates neuronal 
activity-dependent expression of BDNF. Neuron 33:383–395.

Terhorst J, Kamm JA, Song YS. 2017. Robust and scalable inference of 
population history from hundreds of unphased whole genomes. 
Nat Genet. 49:303–309.

Terhorst J, Song YS. 2015. Fundamental limits on the accuracy of 
demographic inference based on the sample frequency spec-
trum. Proc Natal Acad Sci. 112:7677–7682.

Tigano A, Reiertsen TK, Walters JR, Friesen VL. 2018. A complex copy 
number variant underlies differences in both colour plumage 
and cold adaptation in a dimorphic seabird. BioRxiv:507384.

Toews DP, Taylor SA, Vallender R, Brelsford A, Butcher BG, Messer PW, 
Lovette IJ. 2016. Plumage genes and little else distinguish the gen-
omes of hybridizing warblers. Curr Biol. 26:2313–2318.

Tompkins EM, Anderson DJ, Pabilonia KL, Huyvaert KP. 2017. Avian 
pox discovered in the critically endangered waved albatross 
(Phoebastria irrorata) from the Galápagos islands, Ecuador. J 
Wildlife Dis. 53:891–895.

Touzot F, Callebaut I, Soulier J, Gaillard L, Azerrad C, Durandy A, 
Fischer A, De Villartay J-P, Revy P. 2010. Function of Apollo 
(SNM1B) at telomere highlighted by a splice variant identified 
in a patient with Hoyeraal–Hreidarsson syndrome. Proc Natal 
Acad Sci U S A. 107:10097–10102.

Tsuji H, Taniguchi Y, Ishizuka S, Matsuda H, Yamada T, Naito K, 
Iwaisaki H. 2017. Structure and polymorphisms of the major 
histocompatibility complex in the oriental stork, ciconia boyci-
ana. Sci Rep. 7:42864.

Uhart MM, Gallo L, Quintana F. 2018. Review of diseases (pathogen 
isolation, direct recovery and antibodies) in albatrosses and large 
petrels worldwide. Bird Conserv Int. 28:169–196.

Uy JAC, Moyle RG, Filardi CE. 2009. Plumage and song differences 
mediate species recognition between incipient flycatcher species 
of the Solomon Islands. Evolution 63:153–164.

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, 
Levy-Moonshine A, Jordan T, Shakir K, Roazen D, Thibault J. 
2013. From FastQ data to high-confidence variant calls: the gen-
ome analysis toolkit best practices pipeline. Curr Protoc Bioinfo. 
43:11.10. 11–11.10. 33.

van Overbeek M, de Lange T. 2006. Apollo, an artemis-related nucle-
ase, interacts with TRF2 and protects human telomeres in S 
phase. Curr Biol. 16:1295–1302.

Van Ryzin MT, Fisher HI. 1976. The age of Laysan albatrosses, 
Diomedea immutabilis, at first breeding. Condor. 78:1–9.

VertNet. 2021. VertNet database. [retrieved July 21, 2021]. Available 
from: http://www.vertnet.org/.

Vo A-TE, Bank MS, Shine JP, Edwards SV. 2011. Temporal increase in 
organic mercury in an endangered pelagic seabird assessed by 
century-old museum specimens. Proc Natal Acad Sci U S A. 
108:7466–7471.

Walsh J, Benham PM, Deane-Coe PE, Arcese P, Butcher BG, Chan YL, 
Cheviron ZA, Elphick CS, Kovach AI, Olsen BJ, et al. 2019a. 

Huynh et al. · https://doi.org/10.1093/molbev/msad155 MBE

20

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/40/7/m
sad155/7218901 by guest on 08 N

ovem
ber 2023

http://beast.bio.ed.ac.uk/Tracer
https://www.r-project.org/
http://www.vertnet.org/


Genomics of rapid ecological divergence and parallel adaptation 
in four tidal marsh sparrows. Evol Lett. 3:324–338.

Walsh J, Clucas GV, MacManes MD, Thomas WK, Kovach AI. 2019b. 
Divergent selection and drift shape the genomes of two avian sis-
ter species spanning a saline–freshwater ecotone. Ecol Evol. 9: 
13477–13494.

Walsh J, Kovach AI, Olsen BJ, Shriver WG, Lovette IJ. 2018. 
Bidirectional adaptive introgression between two ecologically di-
vergent sparrow species. Evolution 72:2076–2089.

Wang P, Meng F, Moore BM, Shiu S-H. 2021. Impact of short-read 
sequencing on the misassembly of a plant genome. BMC 
Genomics 22:1–18.

Warren WC, Hillier LW, Tomlinson C, Minx P, Kremitzki M, Graves T, 
Markovic C, Bouk N, Pruitt KD, Thibaud-Nissen F. 2017. A new 
chicken genome assembly provides insight into avian genome 
structure. G3 7:109–117.

Weimerskirch H. 2004. Diseases threaten Southern Ocean alba-
trosses. Polar Biol. 27:374–379.

Whitehead A, Galvez F, Zhang S, Williams LM, Oleksiak MF. 2011. 
Functional genomics of physiological plasticity and local adapta-
tion in killifish. J Heredity. 102:499–511.

Wickham H. 2016. ggplot2: elegant graphics for data analysis. 
Available from: https://ggplot2.tidyverse.org.

Winkelmann I, Campos PF, Strugnell J, Cherel Y, Smith PJ, Kubodera 
T, Allcock L, Kampmann M-L, Schroeder H, Guerra A. 2013. 
Mitochondrial genome diversity and population structure of 
the giant squid architeuthis: genetics sheds new light on one 
of the most enigmatic marine species. Proc Royal Soc B Biol Sci. 
280:20130273.

Wong Y-H, Lee C-M, Xie W, Cui B, Poo MM. 2015. 
Activity-dependent BDNF release via endocytic pathways is 
regulated by synaptotagmin-6 and complexin. Proc Natal Acad 
Sci U S A. 112:E4475–E4484.

Xu P, Zhao C, You X, Yang F, Chen J, Ruan Z, Gu R, Xu J, Bian C, Shi Q. 
2021. Draft genome of the mirrorwing flyingfish (Hirundichthys 
speculiger). Front Genet. 12:695700.

Ye J, Lenain C, Bauwens S, Rizzo A, Saint-Léger A, Poulet A, Benarroch 
D, Magdinier F, Morere J, Amiard S, et al. 2010. TRF2 And apollo 
cooperate with topoisomerase 2α to protect human telomeres 
from replicative damage. Cell 142:230–242.

Zhan X, Dixon A, Batbayar N, Bragin E, Ayas Z, Deutschova L, Chavko J, 
Domashevsky S, Dorosencu A, Bagyura J. 2015. Exonic versus intron-
ic SNPs: contrasting roles in revealing the population genetic differ-
entiation of a widespread bird species. Heredity (Edinb). 114:1–9.

Zheng Y, Janke A. 2018. Gene flow analysis method, the D-statistic, is 
robust in a wide parameter space. BMC Bioinformatics 19:10.

Whole-genome Analyses of North Pacific Albatrosses · https://doi.org/10.1093/molbev/msad155 MBE

21

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/40/7/m
sad155/7218901 by guest on 08 N

ovem
ber 2023

https://ggplot2.tidyverse.org

	Whole-genome Analyses Reveal Past Population Fluctuations and Low Genetic Diversities of the North Pacific Albatrosses
	Introduction
	Results and Discussion
	Albatross Genome Assemblies
	Revised Phylogeny of the North Pacific Albatrosses
	Divergence and Gene Flow between P. nigripes and P. immutabilis
	Population Fluctuation and Climate Change
	Low Genome-wide Diversity and Lack of MHC Polymorphism
	Candidate Genes for Adaptation
	Conclusions

	Materials and Methods
	Sample Collection and DNA Extraction
	DNA Library Preparation for Whole-genome Sequencing
	Whole-genome Analyses
	Genome Assembly and Annotation
	Whole-genome Resequencing Data Preprocessing
	Phylogenomic Analyses
	Demographic History Analyses
	Population Structure and Genetic Diversity Analyses
	Intraspecific and Interspecific Gene Flow

	Species Distribution Modeling
	MC1R Genotyping and Analyses
	MHC Genotyping and Analyses
	MHC Region Reconstruction
	MHC Class II α and β Gene Duplication Confirmation
	MHC Genotyping
	MHC Diversity
	Phylogenetic Analysis of MHC Genes
	Selection Analysis of MHC Genes


	Supplementary Material
	Acknowledgments
	Data Availability
	Author Contributions
	References




