

[image: Genomic infrastructure for cetacean research and conservation: reference genomes for eight families spanning the cetacean tree of life]
Genomic infrastructure for cetacean research and conservation: reference genomes for eight families spanning the cetacean tree of life





ORIGINAL RESEARCH

published: 03 July 2025

doi: 10.3389/fmars.2025.1562045

[image: image2]


Genomic infrastructure for cetacean research and conservation: reference genomes for eight families spanning the cetacean tree of life


Phillip A. Morin 1*, Bernhard Bein 2,3, Chiara Bortoluzzi 4†, Yury V. Bukhman 5, Taylor Hains 6,7, Dorothea Heimeier 8, Marcela Uliano-Silva 4,9, Dominic E. Absolon 4, Linelle Abueg 10, Jessica Antosiewicz-Bourget 5, Jennifer R. Balacco 10, Robert K. Bonde 11, Nadolina Brajuka 10, Andrew C. Brownlow 12, Emma L. Carroll 8, Molly Carter 4, Joanna Collins 4, Nicholas J. Davison 12, Amy Denton 4, Olivier Fedrigo 10, Andrew D. Foote 13, Giulio Formenti 10, Guido R. Gallo 14, Carola Greve 2, Marlys L. Houck 15, Caroline Howard 4, Jeff K. Jacobsen 16, Nivesh Jain 10, Ksenia Krasheninnikova 4, Brigid M. Maloney 10, Bethan F. Manley 4, Thomas C. Mathers 4, Shane A. Mccarthy 4, Michael R. Mcgowen 17, Susanne Meyer 18, Jacquelyn Mountcastle 10, Benjamin A. Neely 19, Brian O’toole 10, Sarah Pelan 4, Patricia E. Rosel 20, Teri K. Rowles 21, Oliver A. Ryder 15, Tilman Schell 2, Ying Sims 4, Judy St Leger 22, Ron Stewart 5, Kerstin Ternes 23, Tatiana Tilley 10, Conor Whelan 10, Jonathan M. D. Wood 4, Michael Hiller 2,3*‡, Mark Blaxter 4*‡ and Erich D. Jarvis 10,24*‡


1Southwest Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, La Jolla, CA, United States, 2LOEWE Center for Translational Biodiversity Genomics & Senckenberg Research Institute, Frankfurt, Germany, 3Institute of Cell Biology & Neuroscience, Faculty of Biological Sciences, Goethe University, Frankfurt, Germany, 4Tree of Life, Wellcome Sanger Institute, Cambridge, United Kingdom, 5Regenerative Biology, Morgridge Institute for Research, Madison, WI, United States, 6Committee on Evolutionary Biology, The University of Chicago, Chicago, IL, United States, 7Negaunee Integrative Research Center, Field Museum of Natural History, Chicago, IL, United States, 8School of Biological Sciences, The University of Auckland–Waipapa Taumata Rau, Auckland, Aotearoa, New Zealand, 9Faculty of Life Sciences and Aquaculture, Nord University, Bodø, Norway, 10Vertebrate Genome Laboratory, The Rockefeller University, New York, NY, United States, 11Wetland and Aquatic Research Center, U.S. Geological Survey (USGS), Gainesville, FL, United States, 12School of Biodiversity, One Health and Veterinary Medicine, College of Medical, Veterinary and Life Sciences, University of Glasgow, Glasgow, United Kingdom, 13Center for Ecological and Evolutionary Synthesis, Department of Biosciences, University of Oslo, Oslo, Norway, 14Department of Biosciences, University of Milan, Milan, Italy, 15Conservation Science Wildlife Health, San Diego Zoo Wildlife Alliance, Escondido, CA, United States, 16V.E. Enterprises, Arcada, CA, United States, 17Department of Vertebrate Zoology, National Museum of Natural History, Smithsonian Institution, Washington, DC, United States, 18Neuroscience Research Institute, University of California, Santa Barbara, Santa Barbara, CA, United States, 19National Institute of Standards and Technology, Charleston, NC, United States, 20Marine Mammal and Turtle Division, Southeast Fisheries Science Center, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Lafayette, LA, United States, 21Office of Protected Resources, National Marine Fisheries Service, National Oceanic and Atmospheric Administration, Silver Spring, MD, United States, 22New York State College of Veterinary Medicine, Cornell University, Ithaca, NY, United States, 23Zoo Duisburg AG, Duisburg, Germany, 24Howard Hughes Medical Institute (HHMI), Chevy Chase, MD, United States




Edited by: 

Paula F. Campos, University of Porto, Portugal

Reviewed by: 

Mariana Freitas Nery, State University of Campinas, Brazil

Magnus Wolf, University of Münster, Germany

*Correspondence: 

Phillip A. Morin
 phillip.morin@noaa.gov 

Michael Hiller
 michael.hiller@senckenberg.de 

Mark Blaxter
 mb35@sanger.ac.uk 

Erich D. Jarvis
 ejarvis@mail.rockefeller.edu

†Present address: 

Chiara Bortoluzzi, SIB Swiss Institute of Bioinformatics, Lausanne, Switzerland

‡These authors share last authorship


Received: 16 January 2025

Accepted: 30 May 2025

Published: 03 July 2025

Citation:
Morin PA, Bein B, Bortoluzzi C, Bukhman YV, Hains T, Heimeier D, Uliano-Silva M, Absolon DE, Abueg L, Antosiewicz-Bourget J, Balacco JR, Bonde RK, Brajuka N, Brownlow AC, Carroll EL, Carter M, Collins J, Davison NJ, Denton A, Fedrigo O, Foote AD, Formenti G, Gallo GR, Greve C, Houck ML, Howard C, Jacobsen JK, Jain N, Krasheninnikova K, Maloney BM, Manley BF, Mathers TC, Mccarthy SA, Mcgowen MR, Meyer S, Mountcastle J, Neely BA, O’toole B, Pelan S, Rosel PE, Rowles TK, Ryder OA, Schell T, Sims Y, St Leger J, Stewart R, Ternes K, Tilley T, Whelan C, Wood JMD, Hiller M, Blaxter M and Jarvis ED (2025) Genomic infrastructure for cetacean research and conservation: reference genomes for eight families spanning the cetacean tree of life. Front. Mar. Sci. 12:1562045. doi: 10.3389/fmars.2025.1562045



Reference genomes from representative species across families provide the critical infrastructure for research and conservation. The Cetacean Genomes Project (CGP) began in early 2020 to facilitate the generation of near error-free, chromosome-resolved reference genomes for all cetacean species. Towards that goal, and using the methods, goals and genome assembly quality standards of the Vertebrate Genomes Project (VGP), we generated 13 new reference genomes across eight of the 14 cetacean families. Additionally, we summarize the genome assembly characteristics for 18 species, including these newly-generated and five published genome assemblies that meet the completeness and quality standards. We infer ancestral linkage groups (ALG) for cetaceans, showing that the ancestral karyotype of 22 ALGs is largely conserved in extant species, except for Ziphiidae, and for Balaenidae and Kogiidae, which exhibit similar independent fusions. Gene annotation, characterization of historical demography, heterozygosity and runs of homozygosity (ROH) reveal important information for conservation applications. By comparing the new reference genomes to previous draft assemblies, we show that the reference genomes have enhanced characteristics that will support and promote scientific research. Specifically, the genomes improve resolution and characterization of repetitive elements, provide validation (or exclusion) of genes linked to complex traits, and allow more complete characterization of gene regions such as the highly complex Major Histocompatibility Complex (MHC) Class I and II gene clusters that are important for population health.
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1 Introduction

Cetaceans (whales, dolphins, and porpoises) represent the largest group of fully aquatic mammal species, comprised of 94 currently recognized species in 14 families of the infraorder Cetacea (Committee on Taxonomy, S.f.M.M, 2024). Despite their typically large body size and long history of human exploitation (Ivashchenko et al., 2013; Ivashchenko and Clapham, 2015), cetaceans remain poorly understood, largely due to the difficulty of studying highly mobile species at sea, obtaining fresh tissue samples, and the relatively low representation of adequately preserved specimens in museums. The number of recognized species and subspecies of cetaceans has continued to increase, especially as genetic and genomic methods have provided a proxy (Taylor et al., 2017; Morin et al., 2023) for morphologically-based taxonomy in recent years (e.g., Archer et al., 2019; Braulik et al., 2021; Costa et al., 2022; Morin et al., 2024). The unique adaptations of cetaceans are also of interest for ecological, evolutionary, and biomedical research (e.g., Foote et al., 2015; Keane et al., 2015; Springer et al., 2016a, 2016; Hecker et al., 2017; Grummer et al., 2019; Huelsmann et al., 2019; McGowen et al., 2020b; Springer et al., 2021; Silva et al., 2023; Bukhman et al., 2024).

As DNA sequencing technologies and genome assembly methods advance, genetic studies of cetaceans and other non-model species are rapidly evolving, involving large numbers of variable markers (e.g., single nucleotide polymorphisms; SNPs) within species (Leslie and Morin, 2018; Van Cise et al., 2019) or across species (Yim et al., 2014; Foote et al., 2015; Arnason et al., 2018; Autenrieth et al., 2018; Morin et al., 2021a; Wolf et al., 2023). At the population level, SNP genotyping methods can provide a wealth of information about genome-wide heterozygosity (Foote et al., 2021b; Robinson et al., 2022; Foote et al., 2023), genomic structure (Christmas et al., 2023), adaptive diversity (Foote et al., 2015; Andrews et al., 2021; Louis et al., 2023), phylogenetics, historical demography, mutational load (Zhou et al., 2018; Foote et al., 2019, 2021; de Greef et al., 2022; Robinson et al., 2022; Westbury et al., 2023), population structure (Foote and Morin, 2016; Lah et al., 2016; Leslie and Morin, 2016; Barceló et al., 2021; Morin et al., 2021b; de Greef et al., 2022; Onoufriou et al., 2022; Reeves et al., 2022; Garroway et al., 2024), and social structure and inbreeding (Van Cise et al., 2017; Foote et al., 2021b, 2023; Kardos et al., 2023).

Increasingly, genomic studies are being recognized as important for conservation research and management (Hohenlohe et al., 2021; Formenti et al., 2022; Paez et al., 2022; Cook et al., 2023; Nigenda-Morales et al., 2023; Theissinger et al., 2023; Zamudio, 2023; Hogg, 2024). Across diverse species, reference genomes are being used as the basis for studies that directly and indirectly inform conservation management, including taxonomic revisions (Zhou et al., 2018; Braulik et al., 2021; Carroll et al., 2021; Morin et al., 2024), historical demography (Dussex et al., 2021; Morin et al., 2021a), life history and population dynamics (Hernandez et al., 2023; Parsons et al., 2023; Eichenberger et al., 2024), population structure (de Greef et al., 2022), population management (Murchison et al., 2012; Foster et al., 2021; Hasselgren et al., 2021; Guhlin et al., 2023), and estimating the potential impacts of inbreeding depression (Robinson et al., 2022; Kardos et al., 2023).

A major limitation for genetic and genomic research of cetaceans has been the relative paucity of high-quality reference genomes (Morin et al., 2020). For many of the projects listed above, the first step has been the long, labor intensive, and often expensive process of generating a reference genome. Alternatively, researchers make do with poor quality genome assemblies or genomes from distantly related species (e.g., Yim et al., 2014; Autenrieth et al., 2018; Zhou et al., 2018; Morin et al., 2021a; Kardos et al., 2023), both of which can limit or bias results (Korlach et al., 2017; Anderson-Trocme et al., 2019; Prasad et al., 2022; Thorburn et al., 2023). To address this issue, the Cetacean Genomes Project (CGP) was started in early 2020 to organize and coordinate resources (samples, data, funding, sequencing efforts) for cetacean genomes, with a primary goal of enabling the generation of high-quality, nearly-complete, chromosome-level reference genomes (hereafter referred to as just reference genomes) for all cetacean species (Morin et al., 2020). Recognizing the logistical and financial difficulties in generating reference quality genomes from all 94 recognized species, the initial goals included identification of high-quality tissue samples or cell lines, and targeting of at least one species representing as many of the 14 families as possible.

Multiple large collaborative genome projects (e.g., The Vertebrate Genomes Project (VGP, Rhie et al., 2021), Darwin Tree of Life UK (DToL; Blaxter et al., 2022); collectively under the umbrella of the Earth Biogenome Project (EBP, Lewin et al., 2018)) focused on generating high-quality reference genomes have agreed on achieving a set of quality metrics (see methods) for benchmarking reference genomes (often referred to as platinum or chromosome-level assemblies). These benchmarks include high contiguity (contig and scaffold N50, that is, the size of the contig/scaffold which, along with the larger contigs/scaffolds, contains half of the sequence of a genome assembly) and completeness (percent complete genes), base-level accuracy (QV), structural accuracy (e.g., removal of false duplications), and haplotype phasing (Rhie et al., 2021). Manual curation of structural errors (Howe et al., 2021) results in more complete and accurate genome assemblies, with improved structural resolution and gene annotation (Kim et al., 2022). Whenever possible, genomes are annotated based on RNA sequences of the same species and the NCBI eukaryotic (Thibaud-Nissen et al., 2013) and/or ENSEMBL vertebrate pipelines (ensembl.org/info/genome/genebuild/).

Here, we evaluate and compare reference genomes of 18 species that meet the VGP assembly standards, of which five were previously published and 13 are new (Table 1). These 18 genomes represent eight of the 14 cetacean families (Figure 1), providing the genomic infrastructure for research and conservation across the cetacean phylogeny. We conduct synteny analysis to investigate chromosomal conservation across the infraorder. For each species, we characterize the genomes for levels and patterns of genome-wide heterozygosity and repetitive element content. As many cetacean species have been heavily depleted by industrial whaling, habitat destruction and/or fisheries bycatch, and remain vulnerable to anthropogenic impacts, we infer historical demography and runs of homozygosity (ROH) to provide context for genomic variation that is important for conservation (e.g., mutational load related to inbreeding depression; Robinson et al., 2022; Kardos et al., 2023; Kyriazis et al., 2023).


Table 1 | Reference genome information for the primary haplotype of 18 cetacean species.






Figure 1 | (A) Maximum likelihood phylogeny (left) based on mitochondrial genome sequences coding for proteins and tRNA loci, rooted with hippopotamus (NC_000889), with multiple genome alignment synteny plot (right). Families (number of species) are color coded, with Balaenopteridae and Eschrichtiidae combined. Numbers at ancestral nodes indicate the haploid chromosome number (autosomes plus sex chromosome) based on ALGs. Synteny plots represent size and positions of orthologous loci mapped to the chromosome assemblies, arranged by the chromosome number assigned for each reference genome based on size within each genome assembly, and do not reflect the actual chromosome sizes. The rearranged order of some of the chromosomes from one species to another is due the VGP and EBP convention of naming chromosomes by assembly size within a species rather than naming chromosomes according to synteny (except for the X chromosome). The darker connecting lines in the synteny plot highlight several changes in chromosome organization among species and across families. Families (number of species) that are not represented in this phylogeny are: Lipotidae (1), Monodontidae (2), Neobalaenidae (1), Plantanistidae (2), Physeteridae (1), and Pontoporiidae (1) (Society for Marine Mammalogy list of marine mammal species and subspecies, consulted 01 Sept., 2023). Species images by Uko Gorter (not to scale). (B) The predicted karyotypes for three species with apparent fusion events, and extant chromosome paintings based on the ALGs.



Cetacean genomes are also of evolutionary and biomedical interest, providing insight into unique adaptations. Traits of interest have included genes involved in vision (Springer et al., 2016a; McGowen et al., 2020b), tooth development (Springer et al., 2016c), hypoxic response (Yuan et al., 2021), body mass (Yuan et al., 2021; Bukhman et al., 2024), and aging (Keane et al., 2015), to name a few. To demonstrate the value of these high-quality reference genomes, we investigate the improvement in completeness and structural variation of complex gene and repetitive regions. High-quality genome assemblies provide a more complete representation of genomic loci that contain high gene copy numbers and are highly polymorphic (Rhie et al., 2021; Jarvis et al., 2022; Liao et al., 2023). This is because determining gene content and organization of such highly complex loci has been difficult from draft genomes based on short-read data. Similar to repetitive elements, repeated or duplicated gene elements are often longer than standard short-reads and can cause a collapse in the assembly. This can lead to a misrepresentation or complete loss of repeat genes in the draft genome. One such complex region is the MHC gene region, containing immunogenetic loci at the front line for pathogen detection and immune response in all jawed vertebrates investigated (Kelley et al., 2005). The MHC is organized into three regions: class I, III, and II, with its overall structure conserved in placental mammals (Kumanovics et al., 2003; Kelley et al., 2005; Kaufman, 2018). Class I and class II regions contain the classical genes that bind antigens and initiate an immune response by presenting those to T lymphocytes (Thorsby, 2009). MHC class I genes comprise blocks (α, ĸ, and ß blocks) between so-called “framework genes”. Typically, the MHC gene regions expand through block and/or gene duplication within the confines of the framework genes (Abduriyim et al., 2019).

A previous study characterized the MHC class I and class IIa regions in 21 cetacean genome assemblies and corroborated the assembly with PCR amplification and sequencing of exon 2 for both class I and IIa regions from a variety of species (Heimeier et al., 2024). This work found that the MHC region was most accurately and completely reconstructed in assemblies using long-read sequences (reference assemblies), three of which were available at the time. Here we build on that work to investigate how the high-quality reference genomes have improved the resolution and accuracy of cetacean MHC.

Finally, investigation of individual genes associated with traits relies on genome annotation. While it is not always possible to obtain and appropriately preserve fresh samples from cetacean species for RNA sequencing and genome annotation, the majority of reference genomes represented here have been annotated based on RNA sequencing from the same species. This increased library of RNA sequences from diverse species within the infraorder will facilitate annotation of genomes from species for which RNA sequence data are not available, and form the basis for gene-based studies. To illustrate the impact of the recent increase in annotated genomes for gene-based studies, we expand on a recent study of single nucleotide variants of the gene IGF1, associated with body size in several species, including cetaceans (Bukhman et al., 2024).




2 Materials and methods



2.1 Genome sequencing and assembly

Five previously published reference genomes for cetaceans (Table 1) were selected based on inclusion in the VGP or DToL, or meeting the genome assembly quality metrics used by the VGP, EBP, and other genome consortia, as described by Rhie et al. (2021) and summarized in the EBP report on assembly standards (v. 4.0 - March 2021; Earth Biogenome Project, 2021). Briefly, these quality metrics require high continuity (Contig N50 >1Mb, Scaffold N50 >10Mb), assignment of ≥90% of the sequence to chromosomes with <200 gaps per Gb, <5% false duplications, base-level accuracy (QV) >40, k-mer completeness >90%, detection of >90% of core genes (based on BUSCO analysis), and manual curation of the scaffolded assembly.

Samples for de novo genome sequencing must contain substantial quantities of ultra-high molecular weight DNA for long-read sequencing, and preferably RNA for genome annotation (Dahn et al., 2022). Fresh tissues or cultured cells for DNA and RNA extraction and sequencing, maintained at -80°C, were shipped on dry ice to either the Vertebrate Genomes Laboratory at the Rockefeller University in New York (n=6), or the Darwin Tree of Life laboratories at The Wellcome Sanger Institute in Cambridge (n=6), for laboratory processing and genome assembly. The sample for Inia geoffrensis was obtained from a captive individual in the Duisburg Zoo in Germany and sequenced, assembled, and curated at the Senckenberg Research Institute, Frankfurt, Germany (see Supplementary Methods for details) and further processed for submission to NCBI at the Vertebrate Genome Lab.

One previously published reference genome (Neophocaena asiaeorientalis) was manually curated (Howe et al., 2021) at the Vertebrate Genome Lab as part of the VGP standard curation process, also verifying that it met the EBP minimum quality metrics. The curation process is documented at https://gitlab.com/wtsi-grit/rapid-curation. All previous and new cetacean genomes that met the metrics were included in the CGP BioProject (PRJNA1020146). Genome assemblies generated by the VGP and DToL for this study followed the standard VGP pipelines 1.6 (Rhie et al., 2021) to 2.0 (Lariviere et al., 2024), including PacBio continuous long-reads (CLR) or high fidelity reads (HiFi, Pacific Biosciences, Menlo Park, CA, USA), Hi-C chromatin-linkage scaffolding, and optional Bionano Genomics (Bionano Genomics, Inc., San Diego, CA, USA) optical mapping for scaffolding. Phasing of haplotypes was done either with FALCON unzip software (Chin et al., 2016) or with parental sequence data when available, or Hi-C data, using appropriate algorithms (e.g. TrioBinning (Koren et al., 2018) or HiFiasm (Cheng et al., 2022), respectively). Short-read Illumina RNAseq or long-read PacBio IsoSeq mRNA sequencing of one or more tissues was generated for gene annotation. For a more detailed description, see Morin et al. (2021a); Rhie et al. (2021), and Lariviere et al. (2024); in addition, for DToL assemblies, see individual Genome Notes publications (Table 1). See Supplementary Methods for details on sequencing, assembly and curation of the Inia geoffrensis genome.




2.2 Genome alignment and synteny

The genomes of nine species (Orcinus orca, Stenella coeruleoalba, Tursiops truncatus, Phocoena sinus, Inia geoffrensis, Mesoplodon densirostris, Balaenoptera ricei, Eschrichtius robustus, and Eubalaena glacialis) were selected as references to be aligned to 1–2 other assemblies based on their phylogenetic placement (Supplementary Table S1). Assemblies were indexed using lastdb parameters ‘-uRY4 -cR11’, pairwise alignments were performed using the LAST software (Kielbasa et al., 2011), and these alignments were formatted to be visualized by MCScanX (Wang et al., 2012) from the JCVI utility package (Tang et al., 2024) using custom Python scripts. MCScanX identifies intergenomic syntenic blocks from LAST hits. Unlocalized and unplaced scaffolds were excluded from the alignments. All commands were run using custom shell scripts (see https://osf.io/6dqcr/, “Genome alignment and synteny”). Inverted chromosomes were reoriented through a custom python script (Mudd et al., 2020). Pairwise alignments were filtered for alignment blocks ≥1kb for calculation of alignment block statistics using MafFilter (v1.3.1; Dutheil et al., 2014).

Ancestral linkage groups (ALGs) were predicted with Syngraph (Mackintosh et al., 2023) using the phylogenies built from mitochondrial coding regions (see methods above) and BUSCO gene markers. Species chromosome paintings were plotted with lep_busco_painter (https://github.com/charlottewright/lep_busco_painter).




2.3 Phylogenetics

Mitochondrial genomes (Supplementary Table S2) were aligned using Muscle (v3.8.425, Edgar, 2004; implemented in Geneious Prime). Ribosomal RNA (12s and 16s rRNA) and the control region were removed and a maximum likelihood (ML) phylogenetic tree based on only the coding sequences (CDS) and tRNA sequences was produced using W-IQ-TREE (Trifinopoulos et al., 2016). The best model for the ML tree (GTR+F+I+G4) was identified based on BIC using ModelFinder (Kalyaanamoorthy et al., 2017) and bootstrapped using UFboot (Hoang et al., 2018) with 1000 replicates for bootstrapping (all implemented through IQ-TREE). The resulting consensus tree was visualized with Interactive Tree of Life (ITOL v6.9; Letunic and Bork, 2024).

The most parsimonious consensus phylogeny based on 12,126 individual nuclear locus phylogenies was generated for comparison. The BUSCO single copy orthologues were selected with busco2fasta.py (https://github.com/lstevens17/busco2fasta) where loci were present in at least 80% of the species. Alignments were generated with MAFFT (v7.525; Katoh and Standley, 2013) and trimmed with trimAl (v1.5; Capella-Gutierrez et al., 2009). Supermatrix and gene partition trees were built with IQ-TREE (v2.3.6; Minh et al., 2020), selecting the best-fit model based on the BIC default criterion for each locus. For the gene trees, a summary gene tree was built with ASTRAL (v5.7.8; Mirarab et al., 2014) (see Supplementary Figure S1).




2.4 Genome annotation

When transcriptomic data were generated de novo or previously available in the NCBI short-read archive (SRA), genome annotation was completed by the NCBI Eukaryotic Genome Annotation Pipeline (Goldfarb et al., 2024) and assemblies submitted to NCBI RefSeq. Assemblies submitted by DToL to the European Nucleotide Archive (ENL) were also annotated independently by ENSEMBL vertebrate pipeline (ensembl.org/info/genome/genebuild/).




2.5 Gene content and repeat masking

Genome assemblies created from short-read sequencing data notoriously struggle to accurately represent repetitive sequences such as transposable elements or satellite repeats in centromeres and telomeres, as read lengths <300 nucleotides are often not able to span whole repeats, and highly-similar repeats either lead to contig breaks (repeats would then fall into assembly gaps) or are collapsed in the assembly (Cechova, 2020; Mascher et al., 2021; Peona et al., 2021). Contig gaps and scaffolding errors can also result in lower or incomplete gene detection.

To test whether long-read based assemblies differ in content and resolution of repetitive elements, indicating missed and/or collapsed repetitive sequences in earlier short-read based assemblies of the same organisms, and to provide a first glance on the distribution and divergence of repetitive element classes in the new assemblies, we compared three pairs of reference and draft assemblies. Repeats were detected using RepeatMasker (v.4.1.6; Smit et al., 2013-1015) with species “cetacea” within the repeat database Dfam v3.8 (accessed July 07, 2024; Storer et al., 2021, www.dfam.org), resulting in 9,721 repeat models in the output library. We masked repetitive sequences in all reference assemblies and in three representatives of earlier draft genome assemblies for comparative analysis (Orcinus orca, Delphinus delphis, Eubalaena glacialis, obtained from DNAzoo.org (Dudchenko et al., 2017), accessed July 22, 2024). We then created repeat landscape tables with the RepeatMasker script calcDivergenceFromAlign.pl. For all draft and reference assemblies, gene completeness was determined using BUSCO v5.3.2 (cetartiodactyla_odb10 lineage dataset) and default parameter settings (Manni et al., 2021).




2.6 Genomic variation and historical demography

Paired-end Illumina short-read sequence data (Supplementary Table S3) from one individual of each species were aligned to their respective reference genomes to assess heterozygosity and historical demography following methods described previously (Morin et al., 2021a). Short-read archive (SRA) datasets were selected for ≥20x average depth of coverage. When a high-coverage WGS dataset was not available, Hi-C short-read data from the genome assembly datasets were mapped to the reference genomes. Briefly, for both WGS and Hi-C data, paired-end reads were quality filtered and trimmed using the BBduk function of BBTools (sourceforge.net/projects/bbmap/), and aligned to a reference mitochondrial genome (Supplementary Table S2) from the species to remove mtDNA reads. The remaining nuclear DNA reads were aligned to the respective species reference assemblies using BWA mem (Li and Durbin, 2009) or BWA-mem2 (Vasimuddin et al., 2019). After duplicate reads were removed using Picard-Tools (http://broadinstitute.github.io/picard/), depth of coverage was assessed using ANGSD (v. 0.933; Korneliussen et al., 2014). The resulting diploid nuclear genome pileup was repeat masked using BEDtools (v. 2.29.2; Quinlan and Hall, 2010). The distribution of heterozygosity across the repeat-masked genome was determined using ANGSD to detect heterozygotes across 1MB non-overlapping windows, filtering out sites with <1/3X or >2X the average depth of coverage.

For analysis of runs of homozygosity (ROH), variants were called using DeepVariant v1.6.0 (Poplin et al., 2018) and the model best suited for Illumina whole-genome sequencing data. Variants were subsequently filtered to remove genotypes with quality <15, quality score <20, or genotype depth <1/3x or >2x the average depth of coverage, as calculated in samtools v1.2 (Danecek et al., 2021). On average, 3,309,742 bi-allelic SNPs were used in the downstream analyses. Runs of homozygosity were identified using the approach of Bortoluzzi et al. (2020), which uses a corrected measure of heterozygosity estimated in consecutive, non-overlapping 10 kb windows to account for species having substantial variation in heterozygosity and population history, and to adjust for mutations that might accumulate and mask autozygosity over time (Bosse et al., 2012). To minimize the impact of local assembly or alignment errors, we relaxed the heterozygosity threshold allowed within a candidate ROH by including a peak of heterozygosity only if its inclusion did not inflate the average heterozygosity within the final ROH. This overall heterozygosity had to be below 0.25 of the average heterozygosity (See Bosse et al., 2012 for methods justification and analysis). The same thresholds were applied consistently to all analyzed genomes. Very short ROHs (<100 kb) were discarded from downstream analyses.

Historical demography was inferred using the Pairwise Sequential Markovian Coalescent (PSMC; Li and Durbin, 2011). The diploid consensus genome was extracted from the repeat-masked genome pileup using Samtools (v. 1.15.1; Danecek et al., 2021), filtering sites with <1/3X or >2X mean coverage, and used as input for PSMC with species specific generation times (Supplementary Table S4; Taylor et al., 2007) and an autosomal mutation rate of 4.90E-10 substitutions/site/year (Robinson et al., 2022). The PSMC time windows contained 64 atomic intervals combined in the pattern ‘1+1+1+1+25*2+4+6’ to avoid over-clumping artifacts (Hilgers et al., 2025). Remaining parameters were left as default values used for humans (Li and Durbin, 2011), and 100 bootstrap resamplings were performed to assess variance of the model.




2.7 MHC content and organization

Chromosomes containing the MHC region for all 18 cetacean reference genomes were identified by comparison with the known MHC coordinates of framework genes on chromosome 10 of the bottlenose dolphin (GCA_011762595.1) in the NCBI comparative genome viewer (https://www.ncbi.nlm.nih.gov/cgv), and whole MHC regions extracted from each genome for comparative analysis. Within the extracted MHC regions, we used the existing gene annotations in 13 cetacean genomes to identify framework and MHC genes. For the five genomes for which annotations were not yet available, we aligned the MHC region to that of its closest relative using MAFFT (Katoh et al., 2005) implemented in Geneious 10.0.0 (Biomatters Ltd., NZ) and transferred annotations with >92% similarity. MHC genes were assumed to be functional if a coding sequence (CDS) was annotated with no stop codon present in the reading frame; all others were labeled as pseudogenes. Gene designations (as in the official annotations) were confirmed by extracting full-length class I and class IIa genes from each genome assembly and aligned with MAFFT for each gene. Whole MHC region alignments were conducted with Mauve (Darling et al., 2004) using the progressive aligner algorithm and default settings to identify large-scale region rearrangements and inversions within the MHC region.

Of the fifteen species with reference genomes not previously evaluated in Heimeier et al. (2024), eight were previously evaluated for the MHC region in draft short-read assemblies. These eight pairs of differing quality genomes provided the opportunity to assess whether the higher quality assemblies improve the resolution of this region; and if so, what characteristics of the MHC region’s architecture and contents have improved in the reference genomes. We also used all the available reference genomes to assess how closely those assemblies represent the ‘correct’ versions by a comparative analysis covering all major families of the cetacean clade.




2.8 IGF1 single nucleotide variant associations with body mass

Single nucleotide variants in the insulin-like growth factor 1 (IGF1) locus have been previously associated with body mass in 11 cetaceans and 18 terrestrial mammals, but previous associations in cetaceans were limited by availability of annotated reference genomes (Ostrander et al., 2017; Plassais et al., 2022; Bukhman et al., 2024). Analysis of previously described IGF1 SNV sites was conducted on the expanded set of 20 annotated cetacean genomes as previously described (Bukhman et al., 2024), with additional body mass values from Groot et al. (2023).





3 Results



3.1 CGP genome quality and completeness

The 18 reference genomes that met the VGP and EBP quality metrics and analyzed here represent family-level diversity within the infraorder Cetacea (eight families, which include 86 of the 94 species). The genome assemblies are the result of several different combinations of technologies (e.g., both higher-error-rate (CLR) and lower-error-rate (HiFi) longreads, shotgun short-reads, Hi-C short-reads, optical mapping) as well as assembly and curation methods. All share the use of long-read sequencing and scaffolding methods to link and order contigs, resulting in nearly gapless full chromosome assemblies (Table 1). For all 18 genome assemblies, the scaffold N50 exceeded the minimum standard of 10 Mb (Figure 2A) set by the VGP (Rhie et al., 2021) and adopted by other large genome consortia including the EBP (Blaxter et al., in press1). The scaffolds assigned to chromosomes had ≥95% complete BUSCO genes detected (Figure 2C).




Figure 2 | (A) Scaffold N50 vs. contig N50 for representative and reference cetacean genome assemblies. The 18 EBP-quality reference genomes are indicated by red points. One genome (Monodon monoceros (Narwhal), GCA_005190385) meets the EBP scaffold and contig thresholds, but has not been curated. (B) Reference genome repeat content. Repeat types were identified based on the dFAM repeat library (v.3.8) for cetacea, plotted by percent of genome assembly, with overall percentage next to the bar for each species. (C) The percent of genes identified by BUSCO (v.5.3.2) for each species is shown with percent of complete (single-copy + duplicated) BUSCO loci indicated (out of 13335 BUSCO groups searched).






3.2 Synteny and major structural variation.

Family-level relationships in the mitogenome phylogenetic topology (Figure 1) are consistent with the nuclear locus phylogeny (Supplementary Figure S1) and with those presented in previous phylogenetic studies based on mitochondrial and nuclear genomic analyses of a large portion of extant cetacean species (McGowen et al., 2020a; Guo et al., 2022). The mitochondrial genome is a single locus, representing only one supergene tree, and the phylogeny exhibits minor differences in branch topology within families compared to the consensus nuclear genome tree (McGowen et al., 2020a). Taking advantage of the chromosome-level genomes, we have predicted 22 ALGs for the last common ancestor of all cetaceans including the sex chromosome (Figure 1). The predicted karyotypes that are presented as numbers at nodes in the phylogenetic tree (Figure 1A) and extant chromosome paintings based on the ancestral ALGs (Supplementary Figure S2) show that most species conserved the ALGs intact to their present karyotypes. Balaenidae and Kogiidae, however, appear to have independently evolved a fusion of the same two ALGs, forming their largest chromosome (Figure 1B). Ziphiidae also fused two ALGs to form the present species’ karyotype, one of which is also involved in the fusions in Balaenidae and Kogiidae. Alignment characteristics for 17 pairwise alignments used to generate the multiple alignment are provided in Supplementary Table S1.




3.3 Genome annotation

Gene annotation was available for thirteen of the eighteen genomes as of August, 2024. For some species, only a single tissue was used to generate transcriptome data, but for others, transcriptomes from multiple tissues from the same species, and/or from related species were used to complete the annotation, resulting in higher numbers of genes being identified (Supplementary Figure S3; see individual NCBI Genome accessions (Table 1) for details).

For one assembly, Kogia breviceps, the genome was annotated twice. The first time was based on available transcriptome data from another species in a different family (Physeteridae), and these two species are estimated to have diverged approximately 22 M years ago (McGowen et al., 2020a), potentially limiting identification of genes and other transcribed regions due to differences in gene content and organization, and sequence divergence. We subsequently provided K. breviceps RNAseq (short-read) and IsoSeq (long-read) transcriptome data from four tissues, and the genome was re-annotated by NCBI. Comparison of the annotations indicated they were significantly changed and improved with the same-species data, with 23.6% of annotations marked as “major changes”, and 62.9% marked as “minor changes”, plus both gain and loss of identified genes in the NCBI annotation report (Supplementary Table S5).




3.4 Repetitive elements

In the comparison of three pairs of draft and reference assemblies, the newly created long-read assemblies contained an average of 7.5% more sequences identified by RepeatMasker than earlier short-read based genomes, for a mean of 50.12% of the long-read genome (range 44.83 – 54.47). (Figures 2B, 3). This increase is due to both an increase in the assembly length (the short-read assembly is only longer than the long-read assembly in one species, Delphinus delphis), and to an increase in sequences identified as repeats. Strikingly, the repeat landscape distributions in both the Orcinus orca and Delphinus delphis assemblies show peaks of LINE/L1 elements of little (5-6%) divergence from the consensus sequence covering ~25% of the genome (Figure 4). These peaks hint at a recent burst of LINE/L1 activity in these species. In Eubalaena glacialis, L1 peaks were less pronounced but still discernible at 11-13% divergence, signaling a slightly older burst in L1 insertion activity (Figure 4). Importantly, in the respective short-read assemblies, many of these recent, highly similar transposon copies were absent or with barely visible peaks, demonstrating that long-read based assemblies are required to reveal a complete picture of the transposon landscape and history. In general, L1 elements were the most abundant repeat class in all assemblies (Supplementary Figure S4), including the short-read assemblies.




Figure 3 | Pie charts showing masked percentage of genome assemblies for draft assemblies from DNAzoo (left) and reference assemblies (right) of Delphinus delphis, Eubalaena glacialis and Orcinus orca. For unmasked sequence and LINE/L1 elements, the percentage is shown on the respective section.






Figure 4 | Repeat landscape of draft and reference assemblies. (A) Repeat Landscape plots for draft DNAzoo assemblies for Delphinus delphis, Eubalaena glacialis and Orcinus orca, and for (B) Reference-quality assemblies of the same species. The X-axis depicts Kimura-2-Parameter % divergence compared to the model’s consensus sequence (CpG adjusted). The Y-axis shows percentage of the respective genome assembly covered by repeats belonging to a divergence class. Repeat classes are shown as different colors in stacked barplots.






3.5 Genomic variation and historical demography

Average heterozygosity per 1 Mb window ranged from 0.11 sites/kb (vaquita, Phocoena sinus) to 5.06 sites/kb (pygmy sperm whale, Kogia breviceps) (Figure 5, Supplementary Figure S5), for an average 1.12 sites/kb. The distribution of heterozygosity across the genome was homogenous for all species except the Rice’s whale (Balaenoptera ricei), for which we observed regions of high heterozygosity interspersed with regions of low or no heterozygosity (Supplementary Figure S5). The alignment file for Rice’s whale was not indicated to be problematic based on genome coverage and number of mapped reads, and the distribution of heterozygosity remained highly variable when reads were aligned to the blue whale reference genome, indicating that the variation in heterozygosity was not due to variation in the Rice’s whale reference genome assembly quality. We further compared the genome-wide depth of coverage with other species with an even heterozygosity. The genome coverage for the Rice’s whale was consistently high along the genome and at times was more homogenous than that of other species, such as that of the Amazon River dolphin (Inia geoffrensis) (Supplementary Figure S6). This indicates that the uneven heterozygosity distribution in the Rice’s whale genome likely reflects its unique, and as yet largely unknown, demographic history rather than issues caused by poor mapping or uneven genome coverage. Since the use of Hi-C data for read mapping of some genomes could bias depth of coverage towards regions of the chromosome that link to other parts of the chromosome (Wang et al., 2020), we also checked for uneven coverage across chromosome one for all species. Although some species exhibited more unevenness in coverage than others, it did not appear to be linked to data type (HiC vs. WGS; Supplementary Figure S6).




Figure 5 | Genome-wide heterozygosity (variants/bp) in cetaceans based on non-overlapping 1Mb windows, from reads mapped to the reference genome followed by removal of repeats. **Reference genome species. IUCN Red List status as of April 2023 (www.iucnredlist.org).



We defined runs of homozygosity (ROH) as stretches in the genome displaying lower-than-expected heterozygosity. We calculated the genome-wide heterozygosity inside and outside our set of ROH and observed that, as expected, ROH were more depleted for heterozygous sites (mean: 1.00 sites/10 kb (range 0.00 – 6.28)) than the surrounding regions (mean: 10.53 sites/10 kb (range 0.75-56)) (Supplementary Table S6). Despite this trend, we did not observe a significant correlation between the genome-wide heterozygosity and the fraction of the genome covered by ROH (r = -0.37, p = 0.13) (Figure 6A).




Figure 6 | (A) Correlation between genome-wide heterozygosity (variants/bp, from 100Mb non-overlapping windows) and fraction of the genome covered by ROH (in %). (B) correlation between the sum of ROH lengths (in bp) and ROH number.



The mean number of ROH larger than 100 kb was 1,465 (range 109 – 3,230) and these covered, on average, 19.16% of the cetacean genomes (range 0.63% - 80.08%) (Supplementary Table S6). The white-beaked dolphin (Lagenorhychus albirostris) had the highest number of ROH (n = 3,230), which covered 30.29% of its genome, followed by the vaquita (Phocoena sinus) (n = 2,554; 24.78% of its genome). The species with the highest fraction of the genome covered by ROH was the Rice’s whale (80.08%), though its total number was below the average (n = 1,095), as might be expected when the mean length of ROH gets very large. When Rice’s whale is removed as an outlier species, the number of ROH highly correlated with the sum of ROH lengths (r = 0.84, p = 2.87x10-5, Figure 6B). This correlation reflects the population demography in most cetacean species included in this study (Ceballos et al., 2018). Both the vaquita and Rice’s whale are critically endangered.

The distribution of the number and sizes of ROH differed among species (Figure 7, Supplementary Table S7). Overall, ROH <1 Mb were the most abundant class. In most species, ROH >1 Mb were also present, as represented by larger contiguous blocks (Figure 7). For six species we were also able to identify ROH >5 Mb, with the largest number reported for the Rice’s whale (n = 109), followed by the North Atlantic right whale (n = 30) (Supplementary Table S7).




Figure 7 | Distribution of ROH longer than 100 kb along chromosome 1 in the 18 cetacean species. Species are ordered by phylogenetic relationship according to the mitochondrial based tree in Figure 1.



Among the cetacean species and families represented here, historical demographic patterns (Supplementary Figure S7) fell into two general patterns (Figure 8). A diverse group of small odontocetes (Figure 8A) had very large inferred historical population sizes (Ne>10,000), while the remaining odontocetes (Figure 8B) and mysticetes (Figure 8C) were inferred to have had consistently smaller population sizes (Ne <10,000), especially leading up to the last glacial maximum (LGM). The only exception to the pattern for mysticetes is the critically endangered Rice’s whale (B. ricei), which presented a large inferred effective population size estimate from approximately 1 Myr to 300 kyr ago, prior to a rapid decline and small Ne leading into the LGM.




Figure 8 | Historical effective population size estimates (Ne) of odontocetes with (A) large (>10k) and (B) small (<10k) historical population sizes, and (C) mysticetes, based on the pairwise sequential Markovian coalescent (PSMC), with a mutation rate of 4.9E-10 substitutions/site/year (adjusted for individual generation times) (see methods). The x axis (years) is on a logarithmic scale.






3.6 Major histocompatibility complex content and organization

Comparison of eight cetacean species with MHC regions sourced from both draft and reference genomes showed improved gene region characteristics in the latter assemblies. Specifically, framework genes were more likely to be present, the MHC region was longer and we were more likely to identify genes and gene copy number variation in the reference genomes relative to the draft assemblies (Supplementary Table S8). These factors are related; increase in length is mainly due to the identification of a higher number of MHC class I and IIa (DRB-like) genes. For example, in the draft assemblies the MHC class I ĸ block contained none or at a maximum one class I gene, whereas the reference assemblies have between one and three class I genes (Figure 9). Importantly, these changes were identified in different quality assemblies derived from the same individuals for two species (Balaenoptera ricei and Eubalaena glacialis; Supplementary Figure S8). In the case of the E. glacialis, specific improvements in the reference genome included the presence of the framework gene ABCF1, a structural re-arrangement that reversed the direction of one class I gene in the ĸ block, and the addition of two class I genes in the ĸ block, one in the β block and an additional DRB-like gene in the class IIa region.




Figure 9 | A cetacean phylogenetic tree (identical to that in Figure 1A) alongside the orthologous MHC region. The MHC class I is depicted without the α block. From left to right, the κ block is positioned between the framework genes (green) TRIM26 (tripartite motif containing 26) and ABCF1 (ATP‐binding cassette subfamily F member 1). The β block is found between TCF19 (transcription factor 19) and DXX39B (DExD-box helicase 39B), while class III lies between DXX39B and NOTCH4 (Notch receptor 4). The class IIa region encompasses BTNL2 (butyrophilin like 2) and ELOVL5 (ELOVL fatty acid elongase 5). Annotated MHC genes included in genome assemblies are indicated by pink (class I: BoLA-like), blue (DR), and brown (DQ) rectangles. Assembly gaps are represented by red rectangles, and presumed pseudogenes are marked as dotted lines. An asterisk (*) highlights the species for which short-read draft assemblies were utilized to characterize the MHC region in Heimeier et al. (2024), where only the darker colored genes were identified. Draft and reference assemblies derived from the same animal are denoted with a caret (^). A plus (+) signifies a non-annotated genome, with gene annotations transferred from a closely related species after aligning MHC regions. A blue dotted box indicates areas that are likely to exhibit variable gene numbers within species. The MHC regions are idealized for clarity and do not maintain uniform length. They do not reflect an alignment and are not drawn to scale.



The similarity of the MHC region across all 18 reference assemblies is apparent (Figure 9). Representative framework genes are found in the expected order defining class I (ĸ and β block), class III, and class IIa regions of all assemblies. The κ block is the most variable in length and gene content across all species (Figure 9; Supplementary Table S8) and within families. The largest size differences between assemblies are found within the class III region between NOTCH4 and BTNL2 genes (66 to 2,041bp), whereas the rest of class III is remarkably conserved across all cetaceans. The class IIa region is also conserved across all species (Figure 9), but significant differences were observed between odontocetes and mysticetes. Odontocetes have a smaller class IIa region (296-327kb) with two presumed functional DRB genes for 9 out of 13 species, while in mysticetes the class IIa region is larger (353-397kb). This size increase is directly linked to an additional DRB-like gene in all species, although not all are assumed to be functional, and B. ricei has a fourth DRB-like gene. B. acutorostrata is similar in size of the class IIa region to other baleen whales despite missing DQA and DQB genes (the only cetacean species so far missing these genes), as previously identified by earlier genome and amplicon-based studies (Sá et al., 2019; Heimeier et al., 2024).




3.7 IGF1 single nucleotide variants associated with body size

The nearly doubling of annotated cetacean genomes since the initial study by Bukhman et al. (2024), from eleven to 20, has resulted in all but two of the Type 1 sites being invalidated, with some of the newly sequenced species having different nucleotides than would be expected from the previously reported trend (Supplementary Tables S9, S10, Supplementary Figure S9). In contrast, most of the Type 2 sites were corroborated by the expanded genome data, where baleen, sperm, beaked, and killer whales have the ancestral variant, while the other dolphins and porpoises, as well as the beluga and the narwhal, have the alternative variant (Supplementary Tables S9, S10, Supplementary Figure S10). Interestingly, one medium-sized species, the pygmy sperm whale (Kogia breviceps), is phylogenetically most closely related to the largest odontocete, the sperm whale (Physeter macrocephalus), and retains the ancestral alleles associated with the larger sized species.





4 Discussion

We analyze and compare a set of reference genome assemblies for 18 cetacean species from eight families that include 91% of the 94 recognized species of cetaceans. These reference genomes represent a milestone in creating a cetacean genomic infrastructure for research and conservation, accomplishing four primary goals. First, by focusing on obtaining representative genomes from diverse families and genera across the cetacean phylogeny, we have attempted to maximize representation of genomic diversity, including species from the smallest (vaquita) to the largest (blue whale), deep diving (beaked whales), fresh water (Amazon River dolphin), coastal (harbor porpoise, east Asian finless porpoise) and pelagic (several, e.g., minke, blue, and pilot whales, striped dolphin), isolated (vaquita) and globally distributed (killer whale), critically endangered (vaquita, Rice’s whale, North Atlantic right whale) and abundant (several, e.g., white-beaked, striped and bottlenose dolphins). Second, by targeting “platinum” quality reference assemblies based on long-read sequences and chromatin structure mapping with (when possible) transcriptome-based genome annotation, we ensure the best-available genome quality, with chromosome-resolved, nearly gapless assemblies that have become the standard for large genome consortia such as the VGP and DToL project. Third, we illustrate the specific benefits of reference-quality genomes compared to previously available draft assemblies, including significant improvements in gene annotation, resolution of repetitive elements, and characterization of complex gene regions such as the MHC. We also reconstruct ancestral linkage groups to investigate chromosome evolution. Finally, we use individual genomes to evaluate population and evolutionary history that are relevant to conservation.

The ancestral linkage group reconstruction together with extant chromosome painting shows that the overall genomic organization of the Cetacea is remarkably conserved, consistent with karyotype analysis (Arnason et al., 1977; Pause et al., 2006). The independent fusion of the same two ancestral ALGs in two independent families (Figure 1) is remarkable, and warrants further studies to identify if the sequence composition and structure of these ancient ALGs might make them more prone to fuse.

Apart from the fusions in Balaenidae, Kogiidae, and Ziphiidae, the highly conserved karyotypes of cetaceans are in contrast to some other well-characterized mammalian species lineages exhibiting extensive karyotypic rearrangements, such as rodents (Romanenko et al., 2012), gibbons (Carbone et al., 2014), macropod marsupials (Deakin, 2018), and muntjac deer species (Yin et al., 2021). Detailed analysis of chromosomal organization and gene structure among species is facilitated by pairwise analysis in the NBCI Comparative Genome Viewer (https://www.ncbi.nlm.nih.gov/cgv/), in which many of the pairwise alignments have been stored and can be interactively searched.

Some regions of the genome are, however, highly variable, and have been historically difficult to resolve. Repetitive elements, which have been implicated in rapid evolution and adaptive divergence (Serrato-CapuChina and Matute, 2018; Schrader and Schmitz, 2019) were particularly difficult to resolve prior to application of long-read sequencing and assembly methods (Vollger et al., 2019). The cetacean genomes typically contain ~50% repetitive DNA, with L1 being the most abundant repeat class, as is common for placental mammals (Boissinot and Sookdeo, 2016). Comparison of draft and reference assemblies demonstrates that not only are many repeat regions dramatically expanded in the new cetacean assemblies, but the element types and timing of expansion varies among lineages.

As a specific example of how repetitive and highly polymorphic regions in these assemblies are significantly improved, we show that these new reference assemblies generated from long-reads improve the completeness and accuracy of the MHC gene region. The improvements are defined by a higher genomic synteny, identification of representative framework genes that were not found in three of the previously available short-read assemblies, and higher numbers of MHC genes and gene copy number variation (specifically class I and DRB-like). Our analyses also identified erroneous large translocations in the initially released reference genome assemblies of two species, D. delphis and G. melas, that split the MHC region between the class III and class IIa regions, placing them at opposite ends of the chromosome. The assemblies were subsequently revised, resulting in improved synteny and consistent organization of the MHC region across the Cetacea.

Additional support that reference assemblies have improved the MHC region comes from amplicon data (Heimeier et al., 2024). In the long-finned pilot whale (G. melas), for example, a complete DRB-like gene was missing in the draft assembly, but DRB exon2 was PCR amplified from genomic DNA (Heimeier et al., 2024), suggesting DRB is present in long-finned pilot whale. This has now been confirmed in the reference assembly, demonstrating not only improvement in recovering framework genes, but also more accurately resolving the presence and copy number variation of genes at these immune system loci.

The MHC organization across cetacean species appears more conserved compared to human and non-human primate species, which share their most distant common ancestor approximately 37–52 million years ago (Heijmans et al., 2020), similar to odontocetes and mysticetes. The results suggest that in cetaceans, haplotypes with variable number of class I genes (between one and three) in the ĸ block might exist across most if not all cetacean species and likely serve as the peptide-presenting or classical class I genes. In contrast, non-human primates show more variability: Old World monkeys have an expanded MHC class I region, great apes typically have three class I genes similar to humans, and New World monkeys like the common marmoset either lack these genes or have non-functional versions. In this species, genes orthologous to human non-classical genes have expanded and assumed the classical peptide-presenting function (Heijmans et al., 2020). However, further characterization of the MHC region from more than one individual of a species is needed to confirm these results.

We were able to highlight a few assemblies that likely need further improvements. In five assemblies of Delphinidae and Phocoenidae species the length of class III is either greatly expanded or inflated. Specifically, these increases in sequence length are located between two genes that are at the end of class III (NOTCH4) and beginning of class IIa (BTNL2). These two genes that are located in close physical proximity to each other in the human MHC region (HLA) and all other cetacean MHC (~200kb). Interestingly, the five expanded regions each contain an assembly gap, no annotations and a “flatlined” average GC content (Supplementary Figure S11), potentially representing low complexity satellite sequence. Future research on MHC structure and function will be enabled by the expanded availability of cetacean reference genomes. The close similarity and variability of MHC loci, especially class I, makes it challenging to identify locus-specific alleles. A targeted-amplicon approach, however, needs reference genomes to be effective. Furthermore, analyzing MHC gene expansion and copy number variation with associated RNA data can be used to validate functional loci and variants and can help to understand functional diversification within the MHC.

Some cetaceans are notable for their giant body sizes, with the blue whale being the world’s largest animal species. Additionally, cetaceans have a wide range of body sizes, with approximately three-thousand-fold difference in body mass between the blue whale and the smallest cetacean, the vaquita. Giant animals tend to be long-lived and resistant to cancer (Caulin and Maley, 2011; Tollis et al., 2017). Studies of such species as elephants and whales promise to shed light on important mechanisms of mammalian development and tumor suppression (Keane et al., 2015; Sulak et al., 2016; Tollis et al., 2019). We have expanded on previous analysis of a single gene, IGF1, whose role in regulating growth and body size had been established in humans, mice, and canines (OMIM.org, Ostrander et al., 2017; Plassais et al., 2022). For gene-based studies, annotated genomes are critical. Previous analysis of the IGF1 locus in cetaceans classified single nucleotide variants (SNVs) associated with body size into two types (Bukhman et al., 2024). Type 1 SNV sites had a different allele in large whales (blue, minke, and sperm whales) from small cetaceans and all other artiodactyls. Type 2 SNV sites were identified based on a different allele in large whales (blue, minke, sperm, and killer whales) compared to small cetaceans, but the alleles in the large whales are shared by all terrestrial artiodactyls. We previously hypothesized that the large whales had the ancestral variant, most of the toothed whales evolved a different variant, while the killer whale, having evolved to a giant size, reverted to the ancestral variant again (Bukhman et al., 2024). Nearly doubling the number of annotated genomes has resulted in rejection of one association (type 1), and stronger support for another (type 2). The sequence changes that correlate with body size in canines and, potentially, cetaceans appear in non-coding regions of the gene, possibly affecting its expression in various tissues and developmental stages, rather than the properties of its protein product. Annotated platinum-quality, long-read-based genome assemblies facilitate such research by providing more complete gene models compared to short-read-based genomes (Rhie et al., 2021).

Rigorous validation and functional characterization of genetic variants in cetaceans is challenging. These large, free living marine species are generally impossible to breed or genetically engineer, while GWAS studies on adequate scales are impractical both due to the lack of resources and access to sufficiently large sample sizes. Some gene expression (in tissues other than skin or blood), epigenomic, and pedigree genetics studies may be possible on a very limited scale using the few individuals that are maintained in captivity. However, cross-species genome comparisons are still feasible and can provide valuable insights, as has been demonstrated in primates and other groups (Smith et al., 2020; Shao et al., 2023; Rivas-González and Tung, 2024; Yoo et al., 2025). Additionally, non-coding variants can be cross-referenced to databases of regulatory elements identified in humans and model organisms (Andrews et al., 2023). The efforts to ultimately sequence all cetacean species, as well as multiple individuals of the same species (Morin et al., 2020; Jossey et al., 2024), will further increase the statistical power of such analyses, as illustrated by our follow-up investigation of the previously hypothesized associations of the IGF1 locus with body size. Although direct validation of functional significance of genomic variants in cetaceans may not be possible, their location in loci conserved across artiodactyls and beyond will undoubtedly contribute to our understanding of mammalian development in general and may one day prompt follow up experimentation in more accessible species.

Historical demography is increasingly recognized for its role in evolutionary and demographic resilience. We used the PSMC to infer historical demographic patterns from single genomes, which can be important for understanding present day levels of heterozygosity and mutational load (Robinson et al., 2018; Morin et al., 2021a; Robinson et al., 2022). The pattern of inferred effective population size (Ne) through time is subject to assumptions that may be violated to different degrees in different species, but comparison among species has been used to infer broad differences in response to climate change and ecological divergence (Arnason et al., 2018; Morin et al., 2018; Foote et al., 2021b). Higher levels of genomic diversity and heterozygosity are recognized as important for evolutionary resilience, but they come along with higher mutational load that can be deleterious to declining populations as they undergo increasing inbreeding (Robinson et al., 2018, 2019, 2022). Additionally, the limited correlation between heterozygosity and the inbreeding coefficient suggests that in cetacean species, heterozygosity alone is an insufficient indicator to prioritize species for conservation (Robinson et al., 2018, 2022; Wolf et al., 2022). Whole genome sequence data allow assessment of extinction risk and recovery potential through combined analyses of genomic, demographic, and environmental threats (Robinson et al., 2022; van Oosterhout et al., 2022; Kardos et al., 2023). While inferring demographic patterns from single genomes for these species is a useful first step, it should be noted that, especially for widely distributed species, the inferred demographic history may only represent a population, ecotype or subspecies, not the species as a whole (Foote et al., 2021b). The anomalously large Ne estimate for Rice’s whale prior to decline to very small Ne in the late Pleistocene, combined with genome-wide patterns of interspersed high- and low-heterozygosity regions (Supplementary Figure S5) is possibly due to a period (or periods) of introgression in the past. Additional analyses at the population and interspecific levels are required to infer when or from which population or species introgression occurred.

Our analysis of the new cetacean reference genomes illustrates some of the uses and applications for cetacean research and conservation. Reference genomes form the basis for population and taxonomic studies (e.g., SNP discovery, resequencing). The reference genomes also represent resources for research in genome assemblies, genome alignments, raw sequence data, transcriptomic data, and genome annotations (NCBI GenBank, the European Nucleotide Archive (ENA)). For this set of cetacean reference genomes, we have provided biallelic single nucleotide polymorphisms (SNPs in variant call format (VCF) files (Supplementary Table S11), and pairwise alignments of a subset of genomes used to generate the multiple genome alignment (Supplementary Table S1). While the SNP sets represent the genetic variation from only one individual, they can be used to design SNP assays for population studies, and the reference genomes are important for population studies based on resequencing. New reference genomes continue to be generated and made available through a variety of public databases, including NCBI, ENA, and the Chinese Science Data Bank (SCIDB). Ongoing progress in data production for the species of interest to the Cetacean Genomes Project is available on the CGP Genomes on a Tree web page (GoaT; Challis et al., 2023. https://goat.genomehubs.org/projects/CGP).
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