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SUMMARY

A quarter of marine mammals are at risk of extinction, with disease and poor habitat quality contributing
to population decline. Investigation of the Major Histocompatibility Complex (MHC) provides insight into
species’ capacity to respond to immune and environmental challenges. The eighteen available cetacean
chromosome level genomes were used to annotate MHC Class I loci, and to reconstruct the phylogenetic
relationship of the described loci. The highest number of loci was observed in the striped dolphin (Stenella
coeruleoalba), while the least was observed in the pygmy sperm whale (Kogia breviceps) and rough
toothed dolphin (Steno bredanensis). Of the species studied, Mysticetes had the most pseudogenes.
Evolutionarily, MHC Class I diverged before the speciation of cetaceans. Yet, locus one was genomically
and phylogenetically similar in many species, persisting over evolutionary time. This characterisation of
MHCClass I in cetaceans lays the groundwork for future population genetics andMHC expression studies.

INTRODUCTION

A key region of the genome that is frequently targeted in conservation biology studies is theMajor Histocompatibility Complex (MHC). MHC

genes code for a transmembrane receptor that is found on the cells of all jawed vertebrates and is involved in recognising cells as ‘self’, and

detecting anything foreign that enters the body. The ability ofMHC receptors to recognise a plethora of pathogens depends on the structure,

folding and biochemical properties of proteins translated fromMHCgenes.1 TheMHCClass I and II genes are themost polymorphic in verte-

brate genomes and play an integral role in adaptive immune function.2 There is mounting evidence that MHC is essential to consider when

investigating the immune health of a population or species and for conservation management strategies.3–5 High heterozygosity at the MHC

loci is advantageous for an individual, since it correlates with higher fitness,6–8 as MHC diversity not only influences immune function but also

reproductive success,9,10 and mate choice.11 While this is true, diversity of the MHC is so well maintained in some species/populations that

using it as an indicator of fitness may not always be applicable, as there is evidence that some small, inbred populations are still able to main-

tain MHC diversity.12,13

MHC is a complex gene family that is under intense selective pressure, these genes evolve by gene duplication and a process known as

birth-death evolution.12,14–18 The rapid diversification in the MHC is driven by host-pathogen coevolution and balancing selection that main-

tain high MHC diversity in host populations.6,15,19 Due to intense selective pressures and rapid evolution, the structure and diversity of the

MHC can differ significantly between closely related species.17 For instance, where humans and chimpanzees usually share 99% similarity

across the genome, they only share 86% similarity in the MHC region.20 Further adding to the complexity, some species have groups of un-

linkedMHCgenes or have a number ofMHCgenes silenced or expressed in low quantities.18 The genomic region containing theMHCgenes

is highly mosaic, with high diversity observed in the areas containing the MHC Class I and II genes, while the surrounding genes are highly

conserved and are shared across mammals.14

MHC has been used frequently in conservation biology studies of both terrestrial and aquatic species,14,16 yet knowledge and data on the

MHC of cetaceans (whales, dolphins, and porpoises) is incomplete. This is surprising as MHC inmarine mammals may have unique character-

istics due to their evolutionary history.Originating from terrestrialmammals that returned to the sea, they havebeenexposed todifferent types

and numbers of pathogens than terrestrial species.21–23 Investigation of cetacean evolution via the innate immune Toll-Like Receptor (TLR)

gene TLR4 revealed signatures of positive and diversifying selection during the transition from terrestrial to marine environments, as well as

during the transition from semi-aquatic to full aquatic species.21 StudyingMHC loci in cetacean populations is hinderedby its high complexity,

therefore the genomic organisation of the MHC regions needs to be characterised prior to population level studies being conducted. More-

over, marine mammals are often cryptic, and the ability and effectiveness of sampling may be difficult due to high cost and logistics.
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Next-generation sequencing has revolutionised genome biology over the last decades and generated publicly available high quality ge-

nomes of several cetacean species. These genomes can be utilised to investigate the cetacean MHC regions, both at the species and pop-

ulation level. Previous studies have so far mostly focused on MHC Class II in cetaceans, and characterised this gene region in beluga whales

(Delphinapterus leucas),24 Yangtze River dolphin/baiji (Lipotes vexillifer),25 Amazon River dolphin/boto/boutu (Inia geoffrensis),26 Indo-Pacific

finless porpoise (Neophocaena phocaenoides),27,28 blue whale (Balaenoptera musculus),29 and Indo-Pacific humpback dolphin (Sousa chi-

nensis).30 Two recent studies have provided a detailed overview of the structural organisation of MHC Class II in the genome of marine mam-

mals31 and cetaceans.32 Both studies suggested that like terrestrial species,MHCClass II gene copies have duplicated and evolved during the

radiation of cetaceans.

In contrast toMHCClass II, less is known aboutMHCClass I in cetaceans, with studies describing its diversity and organisation only in a few

species, including the gray whale (Eschrichtius robustus),33 Hector’s dolphin (Cephalorhynchus hectori),34 North Atlantic right whale (Euba-

laena glacialis),35 Yangtze finless porpoise (N. asiaeorientalis asiaeorientalis),27,36,37 and the Yangtze River dolphin/baiji.37 An early study used

molecular cloning to identify the coding region of Class I in the Tursiops genus,38 but technology used by the authors did not allow the char-

acterisation of the organisation of MHCClass I.39 A preprint study conducted by Gambón-Deza, (2020)40 used amachine learning program to

define the location and structure of the MHC Class I in cetaceans, however it was unable to determine the chromosomal locations of the loci

and did not discuss the evolutionary ecology of the cetacean MHC Class I. Manual annotation using Basic Local Alignment Search Tool

(BLAST) searches has proven to be a useful tool for defining the structure of MHC in species, especially those assembled to the chromosome

level. He et al., (2020)41 found that BLAST searches of published genomes can accurately predict number and location of MHC loci, which can

be verified by long read sequencing. Studies describing the structure and organisation of these genes in cetaceans is lacking, yet necessary to

enable the investigation of population genetic diversity of endangered marine mammal species.

Cetaceans are key for ecosystem health, occupying many different niches and acting as ecosystem sentinels.42–44 Many of these species

are capable of huge migrations like humpback whales (Megaptera novaeangliae) that travel from the Antarctic to northern Australia to birth

their calves,45 while others exhibit site fidelity, like the Indo-Pacific bottlenose dolphin (T. aduncus) with a very distinct home range.46 Ceta-

ceans are exposed to a number of risk factors,47–56 with 25% of marine mammals being on the brink of extinction.57 This number could be as

high as 40%, however there is a lack of data to inform about the status of underreported species.53,57 One such risk factor is habitat degra-

dation via terrestrial runoff and eutrophication, which has been associated with viruses, pathogenic bacteria, and parasites entering marine

ecosystems. This causes disease outbreaks, such as lethal infections by Toxoplasma gondii in southern sea otters (Enhydra lutris nereis).58

Also, viral outbreaks like Phocine distemper virus which caused the death of 18,000 gray seals (Halichoerus grypus) in 1988,59 and the cetacean

Morbillivirus (CeMV) which affects many dolphin species60 with outbreaks inWestern Australia (2009) andQueensland (2010). A population of

Burrunan dolphins (T. australis) exhibiting endemism in Victoria, Australia has experienced twomass mortality events due to FreshWater Skin

Disease (FWSD) caused by intense and extended La Niña periods of rainfall.61 This environmental change resulted in reduced salinity in their

habitat, breaking down the skin barrier causing ulcerative lesions leading to secondary infection, organ failure and subsequent death.61 There

is both a rise in the incidences of marine mammal diseases, and simultaneously a reduction in their immune health. Population decline also

leads to loss of genetic diversity through allelic drop out and inbreeding, that impairs the species’ capacity to face and adapt to environmental

stressors.62 Extrinsic challenges along with reduced genetic variation increase the populations’ and species’ susceptibility to illness including

infectious diseases that can compromise individual health, reduce reproductive success, and cause mass mortality of cetaceans.63

This study provides exploratory insights into the genomic organisation and evolution of the MHC genes in cetaceans by using available

genomes on theNational Center for Biotechnology Information (NCBI) database. The study focused on the coding sequence from exons two,

three and four from MHC Class I, with exons two and three being integral components of the peptide binding region (PBR).3,64 Due to the

trans-specific nature of theMHC evolution, it was foremost expected that the sequences would cluster according to loci, indicating the timing

of appearance in the genome and their evolutionary lineage. To investigate this theory, the study focused on species with chromosome-level

genome assemblies in NCBI to characterise the MHC Class I gene region and its evolution in Cetaceans.
RESULTS

Genomic organisation and characterisation of MHC Class I in cetaceans

The MHC Class I loci were present on different chromosomes, with varied number of loci across genera, which is summarised in Table 1 and

visualised in Figures 1, 2, and 3 (see Table 2 for species names andgenome information). The loci were named according to the IPD-MHCnon-

human naming system,65,66 and numbered according to appearance in the genome, with respect to a single copy gene, Tumor Necrosis Fac-

tor (TNF) for orientation. For example, ‘Tutr-1’ denotes Tursiops truncatus, locus one. The pseudogenes were labeled with an asterisk to indi-

cate that they are non-functional. All functionalMHC loci appeared on the same chromosome; described hereafter as theMHCClass I region.

TheMHCClass I region was found on chromosome 10 inmost species (10 out of 18 spp.), however it also appeared on chromosome 3 (Risso’s

dolphin), 7 (North Atlantic right whale), 11 (blue whale, Rice’s whale, vaquita), 12 (gray whale), 15 (rough toothed dolphin), and 18 (sperm

whale). Striped dolphin had the highest number of presumed functional loci with nine, while Risso’s dolphin and the pygmy sperm whale

had the least with one locus each.

All species appeared to have an isolated pseudogene locus on a separate chromosome to theMHCClass I region. This pseudogene had a

truncated exon 2 (39-43bp), and exon 3 was sometimes missing, therefore it was not included in the MHC genomic maps. Pseudogenes were

defined by premature stop codons, as well as frameshift indels that resulted in premature stop codons. Mysticetes (baleen whales) appeared

to have the most pseudogenes with the minke whale, blue whale, rice’s whale, gray whale, and North Atlantic right whale having one to two
2 iScience 27, 109590, April 19, 2024



Table 1. Number and location of loci

Species Common name Abbreviation Chromosome

Number of loci:

functional (pseudo)

Balaenoptera acutorostrata

scammoni

minke whale Baac 10 4(1)

9 (1)

Balaenoptera musculus blue whale Bamu 11 2(2)

8 (1)

Balaenoptera ricei rice’s whale Bari 11 3(2)

8 (1)

Delphinus delphis saddleback dolphin (common dolphin) Dede 10 6

8 (1)

Eschrichtius robustus gray whale Esro 12 3(2)

11 (1)

Eubalaena glacialis North Atlantic right whale Eugl 7 3(2)

10 (1)

Grampus griseus Risso’s dolphin Grgr 3 1

9 (1)

Hyperoodon ampullatus Northern bottlenose whale Hyam 10 3

7 (1)

Kogia breviceps pygmy sperm whale Kobr 10 1

7 (1)

Lagenorhynchus albirostris white-beaked dolphin Laal 10 4

9 (1)

Mesoplodon densirostris Blainville’s beaked whale Mede 10 4

7 (1)

Neophocaena sunameri East Asian finless porpoise Nesu 10 5

8 (1)

Orcinus orca Orca Oror 10 4

8 (1)

Phocoena sinus Vaquita Phsi 11 2(1)

8 (1)

Physeter catodon sperm whale Phca 18 2(1)

16 (1)

Stenella coeruleoalba striped dolphin Stco 10 9

Steno bredanensis rough toothed dolphin Stbr 15 1

2 (1)

Tursiops truncatus common bottlenose dolphin Tutr 10 5

8 (1)

Functional loci are bold, pseudogenes denoted by parentheses.
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pseudogenes each in the MHC Class I region. Of the Odontocetes (toothed whales), sperm whale had one pseudogene in the MHC Class I

region that contained a large insertion (21bp) which was not present in any other species. Locus three in Mysticetes and locus one in Physter

(Bari-3*, Bamu-3*, Esro-3*, Baac-3 and Phca-1*) included a 5bp frameshift insertion, which also resulted in premature stop codons. A pseu-

dogene was present in the Vaquita’s MHC Class I region which contained four 1bp insertions along the gene. The gene lengths, premature

stop codons and indels are summarised in Table S1.

This study used a single copy gene, TNF, to orientate in the genome, and to determine synteny. This allowed the identification of several

inversion events of the MHC Class I region, Figures 1, 2, and 3. For instance, during the divergence of the gray whale and the blue whale, the

region was flipped (Figure 1). The relative location of the genes also allowed us to view where there may have been loss and gain of loci. In
iScience 27, 109590, April 19, 2024 3



Table 2. Genomes used and assembly information, including number of BLAST hits obtained from NCBI

Species

Common

name Abbreviation Family

Sample

collection

location Assembly name

Assembly

accession Date Coverage Assembly method

Sequencing

technology

Number

of hits

Eubalaena

glacialis

North Atlantic

right whale

Eugl Balaenidae USA: Amelia

Island, Florida

mEubGla1.hap1 GCA_028571275.1 9/02/2023 32.0x Hifiasm + Hi-C phasing

v. 0.16.1 + galaxy2;

Bionano Solve v. 3.7.0 +

galaxy0; salsa v. 2.3 +

galaxy3

PacBio Sequel

II HiFi;

Bionano DLS;

3D DNA Hi-C

28

Balaenoptera

acutorostrata

scammoni

minke whale Baac Balaenopteridae South Korea mBalAcu1.1 GCA_949987535.1 1/05/2023 30x Various PacBio, Arima2 23

Balaenoptera

musculus

blue whale Bamu Balaenopteridae USA: Pacific

Ocean, Santa

Barbara

mBalMus1.pri.v3 GCA_009873245.3 2/10/2020 51.16x FALCON v. 1.0.2;

FALCON-Unzip v.

1.0.2; purge_haplotigs

v. bitbucket 7.10.2018;

scaff10x v. git 4.28.2018;

Bionano Solve DLS v.

3.2.1; Salsa2 HiC v. 2.0;

Arrow polishing and gap

filling v. 5.1.0.26412;

longranger align v. 2.2.2;

freebayes v. 1.2.0; gEVAL

manual curation v.

2019-10-25; VGP

standard assembly

pipeline v. 1.5; Additional

Purge_dup and Polish v.

2020-05-28

PacBio Sequel I;

Illumina NovaSeq;

10X Genomics

chromium;

Dovetail

Genomics HiC

23

Balaenoptera

ricei

rice’s whale Bari Balaenopteridae USA: Gulf of

Mexico,

San Destin,

Florida

mBalRic1.hap2 GCA_028023285.1 30/01/2023 30.0x Hifiasm + Hi-C phasing

v. 0.16.1 + galaxy3;

Bionano Solve v.

3.7.0 + galaxy0; yahs

v. 1.2a + galaxy1

PacBio Sequel

II HiFi

27

Eschrichtius

robustus

gray whale Esro Balaenopteridae USA: North

Pacific

Ocean, near

Crescent

City, California

mEscRob2.pri GCA_028021215.1 31/01/2023 29.61x HiFiasm v. 0.16.1 +

galaxy3; yahs v.

1.2a + galaxy2

PacBio Sequel

II HiFi;

3D-DNA Hi-C

25

Delphinus

delphis

saddleback

dolphin

(common

dolphin)

Dede Delphinidae NA ASM3006286v1 GCA_030062865.1 24/05/2023 32.6x FALCON v. 0.3;

SOAPdenovo v. 2.04

Illumina

NovaSeq;

PacBio Sequel

33

Grampus

griseus

Risso’s

dolphin

Grgr Delphinidae NA Grampus_griseus_HiC GCA_028646425.1 16/02/2023 131x 3D-DNA v. 2020;

JBAT v. 2020

(see dnazoo.

org/methods)

Illumina

NovaSeq 6000

9

(Continued on next page)

ll
O
P
E
N

A
C
C
E
S
S

4
iS
cie

n
ce

2
7
,
1
0
9
5
9
0
,
A
p
ril1

9
,
2
0
2
4

iS
cience
A
rticle



Table 2. Continued

Species

Common

name Abbreviation Family

Sample

collection

location Assembly name

Assembly

accession Date Coverage Assembly method

Sequencing

technology

Number

of hits

Lagenorhynchus

albirostris

white-beaked

dolphin

Laal Delphinidae UK: East Lothian,

Morrisons Haven,

Scotland

mLagAlb1.1 GCA_949774975.1 8/04/2023 33x Various PacBio,

Arima2

25

Orcinus orca orca Oror Delphinidae Netherlands:

Hardewijk

Dolphinarium

North Atlantic

Ocean type

mOrcOrc1.1 GCA_937001465.1 3/05/2022 34x NA NA 26

Stenella

coeruleoalba

striped dolphin Stco Delphinidae UK: Highland,

Ardmair,

Scotland

mSteCoe1.1 GCA_951394435.1 16/06/2023 35x Various PacBio, Arima2 49

Steno

bredanensis

rough toothed

dolphin

Stbr Delphinidae NA Steno_bredanensis_

HiC

GCA_028646385.1 16/02/2023 95x 3D-DNA v. 2020; JBAT v.

2020 (see dnazoo.

org/methods)

Illumina NovaSeq

6000

10

Tursiops

truncatus

common

bottlenose

dolphin

Tutr Delphinidae USA: Baltimore,

Maryland

mTurTru1.mat.Y GCF_011762595.1 27/03/2020 63.7x TrioCanu v. 1.8;

purge_dups

v. 1.0.0; Scaff

10x v. 4.1.0;

Bionano solve

v. 3.2.1_04122018;

Salsa2 HiC v. 2.2;

Arrow polishing

and gap

filling v. smrtlink_

6.0.0.47841;

Freebayes v. 1.3.1;

gEVAL

manual curation v.

2020-01-15; VGP trio

assembly pipeline v. 1.6

PacBio Sequel

I CLR; Illumina

NovaSeq; Arima

Genomics Hi-C;

Bionano

Genomics DLS

28

Kogia breviceps pygmy sperm

whale

Kobr Kogiidae USA: La Jolla,

California

mKogBre1 haplotype 1 GCA_026419965.1 27/11/2022 23.0x Hifiasm + Hi-C phasing

v. 0.16.1 (r375) +

galaxy1; Bionano

solve v. 3.7;

salsa v. 2.3

NA 14

Neophocaena

sunameri

East Asian

finless

porpoise

Nesu Neophocaena China: Yellow Sea,

near Lianyungang

City

ASM2622585v1 GCA_026225855.1 18/11/2022 62.0x hifiasm v.

JULY-2022

PacBio 32

(Continued on next page)
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Table 2. Continued

Species

Common

name Abbreviation Family

Sample

collection

location Assembly name

Assembly

accession Date Coverage Assembly method

Sequencing

technology

Number

of hits

Phocoena sinus vaquita Phsi Phocoenidae Mexico:

San Felipe,

Baja California

mPhoSin1.pri GCA_008692025.1 26/09/2019 67.26x FALCON v. 5.1.1;

FALCON-Unzip

v. 1.0.2;

Arrow smrtanalysis

Pacbio polishing v.

6.0.0.47841; purge_

haplotigs v. 1.0.4;

scaff10X v. 4.1;

Bionano solve DLS

v. 3.3_10252018;

Salsa HiC v. 2.2;

Arrow smrtanalysis

Pacbio polishing &

gap filling v.

6.0.0.47841;

longranger align v.

2.2.2; freebayes Illumina

polishing v. 1.2.0;

gEVAL manual

curation v.

2019-07-23; VGP

assembly pipeline

individual v. 1.5

PacBio Sequel I;

Illumina NovaSeq;

Arima Genomics

Hi-C; Bionano

Genomics DLE-1

19

Physeter

catodon

sperm whale Phca Physeteridae NA ASM283717v5 GCA_002837175.5 28/02/2023 248x SOAPdenovo v.

SEP-2017; ARCS

pipeline v. SEP-2017;

Supernova v. SEP-2017

BGISEQ-500 19

Hyperoodon

ampullatus

Northern

bottlenose

whale

Hyam Ziphiidae Canada:

Nova Scotia,

Halifax Gully

Marine

Protected Area

mHypAmp2.1 GCA_949752795.1 8/04/2023 28x Various PacBio, Arima2 19

Mesoplodon

densirostris

Blainville’s

beaked whale

Mede Ziphiidae USA: Melbourne

Beach, Florida

mMesDen1_primary_

haplotype

GCA_025265405.1 19/09/2022 43.5x Hifiasm v.

0.16.1+galaxy1;

purge_dups v.

1.2.5+galaxy3;

Bionano solve

v. 3.7.0+galaxy0;

Salsa v. 2.3+galaxy2

NA 24

Only genomes with chromosome level assembly were used. Common and Latin names listed are based on records in NCBI GenBank.
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Figure 1. Genomic organisation and characterisation of MHC Class I in cetaceans

Balaenidae and Balaenopteridae MHC Class I loci. Loci were obtained via NCBI’s BLAST function and includes exons two, three and four. Loci marked with an

asterisk are pseudogenes. See also Table S1 for gene lengths, premature stop codons and indels.
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Balaenopteridae (Figure 1), for example, the species have two loci located near TNF, with two to three loci located a greater distance along

the chromosome, in close association with each other. Comparably, the sperm whale (Figure 2) lacks the two loci near TNF but maintains the

three loci (including a pseudogene) further along the chromosome.
Evolution and phylogenetic reconstruction of MHC Class I in cetaceans

MHC diverged before the speciation of cetaceans, evidenced by the species’ loci being scattered across the tree and, for the most part, not

clustering according to species (Figure 4). For example, in clade C sequences were present from bothMysticetes (Eugl-5, Bamu-4, Bari-4) and

Odontocetes (Tutr-5, Stco-8, Oror-2, Oror-4). An exception to this pattern can be seen in subclade D where loci 2–5 of the East Asian finless

porpoise (Nesu-2-5) group together, along with two loci of the vaquita (Phsi-2-3*). The grouping of the East Asian finless porpoise is a part of a

larger clade (clade E) including loci from the Northern bottlenose whale (Hyam-2-3), and Blainville’s beaked whale (Mede-2-4). Therefore,

despite the East Asian finless porpoise loci grouping together, there remains a trans-specific pattern of evolution overall.

Locus one frommost of the species studied formed a clade (clade F), though the clade was paraphyletic, as it did not include spermwhale,

pygmy sperm whale or the rough toothed dolphin (Figure 4). The clade also included locus five from the saddleback dolphin (Dede-5) and

locus four from the gray whale (Esro-4), however, locus one in these two species was also present in the clade (Dede-1, Esro-1). Within clade F,

Dede-5, Tutr-1 and Stco-1 cluster together (labeled subclade G). In addition, within clade F, subclade H has included six families: Balaenidae,

Balaenopteridae, Ziphiidae, Phocoenidae, Neophocaena and Delphinidae that had a branching pattern wherein delphinids and porpoises

diverged from Mysticetes and Ziphiidae.

The pseudogenes in Mysticetes formed a monophyletic clade, clade B (Figure 4), which included locus 3 fromminke whale (Baac-3*), gray

whale (Esro-3*), blue whale (Bamu-3*), rice’s whale (Bari-3*) andNorth Atlantic right whale (Eugl-3*). It also included locus 1 from spermwhale

(Phca-1*), being themost ancestral node for this clade. The cladehad the longest branch length of thewhole tree (0.17). Anothermonophyletic

clade, clade A, included the pseudogenes on locus two of the Mysticetes (Eugl-2*, Bari-2*, Bamu-2*, Esro-2*) as well as loci two and five from

the minke whale (Baac-2, Baac-5). Interestingly, Baac-2 and Baac-5 retained function at the locus, while the Mysticetes had a pseudogene.
DISCUSSION

Genomic mapping of MHC Class I in cetaceans

Most often, the functional loci were found on chromosome 10, however they were also located on various other chromosomes across genera

(Figures 1, 2, and 3). Additional to theMHCClass I region found on a single chromosome, an isolated pseudogene was located on a separate
iScience 27, 109590, April 19, 2024 7



Figure 2. Genomic organisation and characterisation of MHC Class I in cetaceans

Physeteridae, Kogiidae, Ziphiidae, Neophocaena and Phocoenidae MHC Class I loci. Loci were obtained via NCBI’s BLAST function and includes exons two,

three and four. Loci marked with an asterisk are pseudogenes. See also Table S1 for gene lengths, premature stop codons and indels.
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chromosome, a pattern contrasting MHC Class II where all loci were located on the same chromosome.31,32 This study identified varied

numbers of MHC Class I loci across cetacean species, from one locus (Risso’s dolphin and pygmy sperm whale) to nine (striped dolphin).

This was similar to those reported by Xu et al., (2009),67 who found eight striped dolphin alleles and two alleles in the Risso’s dolphin. Indeed,

previous studies of the MHC Class I genes in cetaceans have identified at least three loci in five species, including the Yangtze River dolphin,

gray whale, Hector’s dolphin, Yangtze finless porpoise, and North Atlantic Right whale,27,33–37 often identifying 3–5 unique alleles per indi-

vidual. The MHC loci in cetaceans also tends to be fewer than terrestrial ungulates, for instance, the loss of the MHC Class II DY locus in ce-

taceans and only one DQ locus compared to terrestrials with a variable number of DQ loci.28,31,32 Class I in bovines may be similar in size to

that of humans, with at least six loci expressed.68 Fan et al., (2019)69 also found that the sperm whale had lost 73 MHC genes compared to

cattle. Thismay be due to adaption tomarine ecological niche, as well as distribution, transmission and diversity of bothmarinemammals and

marine pathogens differing from terrestrial mammals.

Understanding the number of MHC loci is useful for conducting population genetic analysis, by providing context to what is meant by

‘high’ and ‘low’ genetic diversity. It also gives insight into the immunological evolutionary pressure on a species, even between closely

related taxa. Our study identified five loci in the East Asian finless porpoise, while four loci where previously described by Ruan et al.,

(2016)36 in the Yangtze finless porpoise. The pattern of closely related taxa having highly diverged MHC has been reported previously20,67

and could be explained by different ecological and ethological processes influencing the tempo and mode of MHC evolution.18 Evidence

suggests that although cetaceans are geographically dispersed, there is still strong influence of environment-type in their evolution and

adaption.70 For instance, populations of the Tursiops genus that live close to each other, but in differing environmental conditions (i.e.,

enclosed bay versus open coastal), can cause distinct population differentiation due to low gene flow.71,72 There are likely multiple com-

plex factors at play causing the divergence of MHC in cetacean species, including but not limited to, pathogenic load,6 species distribu-

tion,21 movement patterns,73 social group size,18 inter species interactions and sexual selection.11 Indeed, it is not just pathogenic stress

that determines MHC copy number.74 While the diversity of MHC relies on heterozygote advantage (overdominance hypothesis) and nega-

tive frequency dependent selection (rare allele advantage),18 the mechanism and strength of selection can vary by loci. Further testing of
8 iScience 27, 109590, April 19, 2024



Figure 3. Genomic organisation and characterisation of MHC Class I in cetaceans

Delphinidae MHC Class I loci. Loci were obtained via NCBI’s BLAST function and includes exons two, three and four. Loci marked with an asterisk are

pseudogenes. See also Table S1 for gene lengths, premature stop codons and indels.
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population ecology and life history traits, considering MHC diversity and evolution would be needed to determine the factors driving MHC

evolution in cetaceans.

Our study identified sequences with stop codons and indels in some species, supporting the notion that not all loci are functional. A similar

pattern was observed in North Atlantic right whales by Gillett et al., (2013)35 where half of the unique sequences included stop codons and

indels. It has been noted before that there may be a higher presence of pseudogenes in Mysticetes than in Odontocetes.35,75 However, one

study that investigatedMHCClass I genes of 11 cetacean species found no stop codons or indels in the 3–5 alleles identified per individual.67

Future studies on MHCClass I in cetaceans should consider investigating the expression of the characterised loci to determine the functional

relevance of the number of loci present, as evidenced in Hector’s dolphin in which the most common allele was also the most commonly

expressed.34

The rapid evolution of theMHC resulting in different number ofMHC loci across speciesmakes the characterisation of this genomic region

particularly challenging. While attempts to automate loci detection via machine learning have been made,40 manual annotation of these re-

gions can provide more detailed and accurate characterisation of these complex loci. For example, Gambón-Deza (2020)40 identified six loci

in the common bottlenose dolphin, while we detected five, and they found three loci in vaquita, however failed to identify that one is a pseu-

dogene. In addition, similar patterns were also detected by the two approaches, such as locating the same two loci in the blue whale and

sperm whale. The results obtained via differing methods highlights how manual annotation can finetune genome annotations, and that

use of long-read sequencing may be necessary to characterise regions of the genome that are complex and evolving rapidly. Furthermore,

these results also highlight the importance of detailed structural characterisation of the MHC gene region so that MHCmarkers can be used

accurately and meaningfully in population level studies.
iScience 27, 109590, April 19, 2024 9



Figure 4. Evolution and phylogenetic reconstruction of MHC Class I in cetaceans

Maximum likelihood phylogenetic tree generated using aLRT statistics with branch lengths shown. Scale bar indicates evolutionary distance. Nodes denote loci,

with the loci name being derived from the first two letters of the species’ scientific name and the number indicating location in the genome (Tutr-1 indicates

Tursiops truncatus, locus one). Loci with an asterisk are pseudogenes. Clades discussed in the text are labeled (A–H).
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Phylogenetic reconstruction of MHC Class I in cetaceans

It is well documented that the MHC diverged before the speciation of cetaceans,12,26,27,29,33,35,67 and this was further supported by our study.

The presence of trans species allelism is indicative of selection acting on the MHC loci, whereby the divergence of species is delayed (with

respect to theMHC), and alleles aremaintained across taxa.18 That being said, advantageous non-synonymousmutations and rare allelesmay

undergo positive selection. Locus one is both phylogenetically and structurally similar across cetacean species. For this reason, it is likely an

ortholog between species, potentially having ecological relevance for most, with similar alleles beingmaintained by selection. For example, if

there is a pathogen present in the species’ environment, alleles that favor detection of that pathogen may be retained, a known underlying

factor in the evolution of MHC.12,26,37,76 MHC alleles can persist for at least 40million years, if maintained by balancing selection,13,15,77 in fact,

Xu et al., (2009)67 had estimated that MHC Class I polymorphism in cetaceans arose 56.9 MYA (G24.82). The phylogenetic relationships pre-

sented here support this hypothesis, showing multiple families contain similar alleles on locus one, despite the divergence of Mysticetes and

Odontocetes approximately 40 MYA.78–82 Previous studies have compared the evolutionary relationship of MHC in cetaceans to terrestrial

mammals with clades that group according to loci and placed distantly related taxa within these lineages.27,36,40,83 However, when only look-

ing at the cetaceans, the fact that the gene divergence pre-dates the species divergence, as well as the rapid diversification, adaptive radi-

ation and wide habitat ranges makes clustering by loci unclear. Similar patterns have been observed in Class II phylogeny also, where the

divergence of the MHC genes in the Tursiops genus occurred well before the first emergence of dolphins.76 Nevertheless, other studies,

such as Ruan et al., (2016)36 showed that the cetacean loci formed sister groups to terrestrial artiodactyls, providing evidence that the cetacean

loci are paralogous of the terrestrial species.

We did, however, see clustering of the East Asian finless porpoise loci 2–5, along with vaquita loci 2–3*, subclade D, Figure 4. A pre-

vious study by Xu et al., (2009)67 also detected distinct clustering of the Yangtze finless porpoise, when comparing to other cetaceans and

terrestrial ungulates, and Gillett et al., (2013)35 observed strong clade formation of porpoise and dolphin alleles only. The porpoise species

described in these studies have distinct home ranges, with small populations existing in close proximity to anthropogenic influences.84–87 It

may be that there are unique and stronger selective pressures acting on these species, causing their distinction from other cetaceans.

Interestingly, the species in clade E face quite different selective pressures, with the East Asian finless porpoise and the vaquita having

limited home ranges, preferring warm, shallow coastal habitats.88,89 Conversely, the Northern bottlenose whale and Blainville’s beaked

whale are offshore, deep diving animals.90,91 The pattern observed here may be due to speciation, since Phocoenidae and Ziphiidae

are sister taxa, falling between Balaenids and Delphinids. What we see here contrasts with some hypotheses that immune gene diversity

can be driven by habitat type and proximity to land.76 There has previously been evidence of geographical isolation of beaked whales via

an equatorial barrier70 which may contribute to their divergence from other species. Gray whales, a predominantly offshore species, have

also been found to have low polymorphism at Class I loci,83 which may be due to less exposure to a variety of pathogens (or due to adap-

tive response to a particular fitness limiting pathogen). On the other hand, high MHC Class II diversity was observed in Yangtze River dol-

phins that otherwise have low genetic diversity,8,25 potentially owing to increased pathogenic stress as a species residing in a highly

polluted region. There has been cause to suggest that proximity to land and exposure to anthropogenic-induced pathogenic stress could

influence the immune health and evolution of cetaceans and other marine mammals.21,44,92–96 The pattern observed in this study, and

ecological pathogen exposure hypothesis may be further explored by increasing sample size, including more species with small ranges

in coastal, inshore habitats.

Of note, the pygmy sperm whale and spermwhale are unusual in their MHC organisation and evolution. The pygmy spermwhale had only

one MHC locus, while the sperm whale was the only species to have MHC loci located on chromosome 18. Both species, were absent from

clade F, which contained most species’ locus one. The sperm whale’s locus one included two insertions and premature stop codons, clus-

tering with the Myticetes locus three, all of which were pseudogenes. The A 6Mb MHC region was identified by Fan et al., (2019)69 also on

chromosome 18 in the sperm whale, including Class I, II and III genes. The unusual organisation of MHC genes in the sperm whale genome

compared to other cetaceans may originate from karyotype differences across species (sperm whales having two less chromosomes than

most species97), and/or from the sperm whale being the only surviving species of toothed whales in the genus Physeter.79 Low numbers

of MHC loci in both the sperm whale and pygmy sperm whale could be of conservation concern, since we know that high heterozygosity

at the MHC loci can provide a selective advantage.7

Cetacean species aremore at risk now than they ever have beenwith the rise of emerging pathogens and immune stressors caused anthro-

pogenic impacts. Over the last 40 years, disease outbreaks among marine mammals have increased due to eutrophication and terrestrial

pathogens spreading to the ocean.63 Exposure to freshwater runoff is linked to skin diseases leading to secondary infection and mortality.61

Certainly, the increase in cetacean disease and exposure to immune stressors brings into question the ability of cetacean species to adapt to

these challenges. MHC is a useful indicator of population fitness, especially when compared with neutral genetic markers.3 With the rise of

disease and reduction in habitat quality for many cetacean populations, genomic mapping of theMHC and its evolution advances our knowl-

edge on the adaption and potential immune risks that species face. For instance, will species with lowMHC copy number who are exposed to

a high number of pathogens and other immune stressors be able to cope with under immune stress or when faced with a new pathogen? It is

therefore crucial to gain insight into the complexity, diversity, and adaptability of the MHC for each species.

This paper is the first to characterise the genomic location and organisation of the MHC Class I genes across multiple cetacean species,

information that is essential for future population and conservation genetics studies onmembers of this infraorder. We found varied numbers

and locations of MHC Class I genes across cetacean species, and further confirmed that the evolution of MHC is complex, rapid and differs

even between closely related species. Future investigation should focus on the factors that drive the evolution of MHC in Cetacea, with a
iScience 27, 109590, April 19, 2024 11
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particular focus on habitat and proximity to terrestrial runoff. Moreover, expression analysis ofMHC loci would be beneficial to understand the

functionality of multiple Class I genes in cetaceans.
Limitations of the study

The emergence of NGS technologies has meant that high-quality genomes are freely available for analysis and allowed us to conduct this

study. However, due to the extreme complexity of MHC gene family, only genome sequences that were generated with longread technol-

ogies can provide reliable source for gene and loci annotations. Since high quality genomeswere only available from18 species,more species

would be ideal to be included in the analysis. Species from a range of niches, and information on the different pathogen communities could

assist in determining the factors driving MHC evolution in cetaceans. As well as this, we were unable to identify genuine locus functionality,

which would need to be confirmed with expression analysis, which was out of the scope of this study.
GlossaryAllele: alternative versions of a gene that may produce distinguishable phenotypic effects.

Cetacea/cetaceans: whales, dolphins, and porpoises.

Locus/loci: a specific place along the length of a chromosome where a given gene is located (plural, loci).

Major Histocompatibility Complex (MHC): trans-membrane receptor that functions in antigen presentation and pathogen recognition.

Paralog: homologous genes that are found in the same genome because of gene duplication.

Paraphyly: in phylogenetics, an incomplete grouping of descendants.

Monophyly: in phylogenetics, all descendants from a common ancestor form a group/clade.

Mysticetes: whales that lack teeth, having baleen instead.

Odontocetes: toothed whales.

Trans-specific: genetic variants’ origin predates speciation event(s).
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97. Árnason, U. (1981). Banding studies on the
gray and spermwhale karyotypes. Hereditas
95, 277–281. https://doi.org/10.1111/j.1601-
5223.1981.tb01418.x.

98. Altschul, S.F., Gish, W., Miller, W., Myers,
E.W., and Lipman, D.J. (1990). Basic Local
Alignment Search Tool. J. Mol. Biol. 215,
403–410. https://doi.org/10.1016/s0022-
2836(05)80360-2.

99. Drummond, A., Ashton, B., Buxton, S.,
Cheung, M., Cooper, A., Duran, C., Field,
M., Heled, J., Kearse, M., Markowitz, S., et al.
(2010). Geneious version 2021.2.2. http://
www.geneious.com.

100. Edgar, R.C. (2004). MUSCLE: Multiple
sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32,
1792–1797. https://doi.org/10.1093/nar/
gkh340.

101. Guindon, S., Dufayard, J.-F., Lefort, V.,
Anisimova, M., Hordijk, W., and Gascuel, O.
(2010). New algorithms and methods to
estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0.
Syst. Biol. 59, 307–321. https://doi.org/10.
1093/sysbio/syq010.
iScience 27, 109590, April 19, 2024 15

https://doi.org/10.1093/sysbio/syz068
https://doi.org/10.1093/sysbio/syz068
https://doi.org/10.1146/annurev-ecolsys-012021-105003
https://doi.org/10.1146/annurev-ecolsys-012021-105003
https://doi.org/10.1146/annurev-ecolsys-012021-105003
https://doi.org/10.1007/s12052-009-0135-2
https://doi.org/10.1146/annurev.ecolsys.33.020602.095426
https://doi.org/10.1146/annurev.ecolsys.33.020602.095426
https://doi.org/10.1098/rsos.140434
https://doi.org/10.1098/rsos.140434
https://doi.org/10.1111/j.1748-7692.2004.tb01155.x
https://doi.org/10.1111/j.1748-7692.2004.tb01155.x
https://doi.org/10.1016/j.envpol.2021.118007
https://doi.org/10.1016/j.envpol.2021.118007
https://doi.org/10.1016/j.ocecoaman.2021.105516
https://doi.org/10.1016/j.ocecoaman.2021.105516
https://doi.org/10.1016/j.marpolbul.2018.09.006
https://doi.org/10.1016/j.marpolbul.2018.09.006
https://doi.org/10.1046/j.1523-1739.2000.98191.x
https://doi.org/10.1046/j.1523-1739.2000.98191.x
https://doi.org/10.1038/s41467-018-03722-x
https://doi.org/10.1038/s41467-018-03722-x
https://doi.org/10.1111/j.1365-2907.2006.00088.x
https://doi.org/10.1111/j.1365-2907.2006.00088.x
https://doi.org/10.1098/rspb.1999.0688
https://doi.org/10.1098/rspb.1999.0688
https://doi.org/10.1111/j.1748-7692.2011.00495.x
https://doi.org/10.1111/j.1748-7692.2011.00495.x
https://doi.org/10.3354/dao038053
https://doi.org/10.3354/dao02101
https://doi.org/10.1126/science.285.5433.1505
https://doi.org/10.1126/science.285.5433.1505
https://doi.org/10.1371/journal.pone.0094849
https://doi.org/10.1371/journal.pone.0094849
https://doi.org/10.5433/1679-0359.2018v39n6p2897
https://doi.org/10.5433/1679-0359.2018v39n6p2897
https://doi.org/10.1111/j.1601-5223.1981.tb01418.x
https://doi.org/10.1111/j.1601-5223.1981.tb01418.x
https://doi.org/10.1016/s0022-2836(05)80360-2
https://doi.org/10.1016/s0022-2836(05)80360-2
http://www.geneious.com
http://www.geneious.com
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/sysbio/syq010


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Eubalaena glacialis, North Atlantic right whale

reference genome mEubGla1.hap1

GenBank GCA_028571275.1

Balaenoptera acutorostrata scammony, minke

whale reference genome mBalAcu1.1

GenBank GCA_949987535.1

Balaenoptera musculus, blue whale reference

genome mBalMus1.pri.v3

GenBank GCA_009873245.3

Balaenoptera ricei, rice’s whale reference

genome mBalRic1.hap2

GenBank GCA_028023285.1

Eschrichtius robustu, gray whale reference

genome mEscRob2.pri

GenBank GCA_028021215.1

Delphinus delphis, saddleback dolphin

(common dolphin) reference genome

ASM3006286v1

GenBank GCA_030062865.1

Grampus griseus, Risso’s dolphin reference

genome Grampus_griseus_HiC

GenBank GCA_028646425.1

Lagenorhynchus albirostris, white-beaked

dolphin reference genome mLagAlb1.1

GenBank GCA_949774975.1

Orcinus orca, orca/killer whale reference

genome mOrcOrc1.1

GenBank GCA_937001465.1

Stenella coeruleoalba, striped dolphin

reference genome mSteCoe1.1

GenBank GCA_951394435.1

Steno bredanensis, rough toothed dolphin

reference genome Steno_bredanensis_HiC

GenBank GCA_028646385.1

Tursiops truncates, common bottlenose

dolphin reference genome mTurTru1.mat.Y

GenBank GCF_011762595.1

Kogia breviceps, pygmy sperm whale

reference genome mKogBre1 haplotype 1

GenBank GCA_026419965.1

Neophocaena sunameri, East Asian finless

porpoise reference genome ASM2622585v1

GenBank GCA_026225855.1

Phocoena sinus, vaquita reference genome

mPhoSin1.pri

GenBank GCA_008692025.1

Physeter catodon, sperm whale reference

genome ASM283717v5

GenBank GCA_002837175.5

Hyperoodon ampullatus, Northern bottlenose

whale reference genome mHypAmp2.1

GenBank GCA_949752795.1

Mesoplodon densirostris, Blainville’s beaked

whale reference genome

mMesDen1_primary_haplotype

GenBank GCA_025265405.1

Software and algorithms

Basic Local Alignment Search Tool (BLAST) Altschul et al., (1990)98 https://blast.ncbi.nlm.nih.gov/Blast.cgi

Geneious Prime 2021.2.2 Drummond et al., (2010)99 https://www.geneious.com/

Multiple Sequence Comparison by Log-

Expectation (MUSCLE) alignment algorithm

Edgar, R.C., (2004)100 https://www.ncbi.nlm.nih.gov/pmc/articles/

PMC390337/

PhyML 3.3.20180621 Guindon et al., (2010)101 http://www.atgc-montpellier.fr/phyml/
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Lead contact

Further information and requests for resources should be directed to and fulfilled by the lead contact, Beata Ujvari (beata.ujvari@deakin.

edu.au).
Materials availability

This study did not generate new unique reagents.
Data and code availability

� This paper analyses existing, publicly available data. These accession numbers for the datasets are listed in the key resources table.
� This paper does not report original code.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This article does not contain any studies with all the experimental models (animals, human subjects, plants, microbe strains, cell lines, primary

cell cultures) performedby any of the authors. See Table 2 for species and genomic information. There is no expected bias in the results based

on sex or gender.
METHOD DETAILS

Sequences were obtained from NCBI by using the BLAST98 search function from chromosome-level genomes of 18 cetacean species, across

eight families (refer to Table 2 for scientific names and detailed information on the species genomes used in this study). A previously

described 704bp MHC Class I sequence (Genbank: EU024810.1) from a Hector’s dolphin, obtained from cDNA was used to BLAST the ge-

nomes, searching for somewhat similar sequences. Using Geneious Prime version 2021.2.299 BLAST hits from exons 2, 3 and 4 were concat-

enated to form the full-length target sequence. BLAST searches resulted in several hits within the given genome, and these hits were included

as they represent potential MHC loci. However, if the hit didn’t contain all three target exons, was too short (<50bp) or had an identity <70%, it

was excluded from further analysis. As such, one locus was identified on a different chromosome, separate from other loci. This locus had a

truncated exon 2 (39-43bp) and exon 3 was sometimes missing, therefore it was excluded from further analysis. A single copy gene, TNF, was

used to orientate loci within the genome. BLAST hit data is recorded in Table S2.

Sequences were aligned usingMultiple Sequence Comparison by Log-Expectation (MUSCLE) algorithm.100 The alignment was also trans-

lated into reading frame one to view functionally relevant amino acid sequences. The nucleotide alignment was used to build a Maximum-

Likelihood (ML) tree using PhyML 3.3.20180621.101 The tree was constructed using the TN93 substitution model and aLRT statistics, with a

fixed proportion of invariable sites at zero, an estimated transition/transversion ratio and four substitution categories. Cattle was chosen

as the outgroup for the cetacean evolutionary tree as it is part of the Artiodactyl order, sister taxa to cetaceans and due to the likelihood

that MHC diverged before the speciation of cetaceans.31
QUANTIFICATION AND STATISTICAL ANALYSIS

This study defined ‘n’ as number of species (18). Information on the alignment and phylogenetic parameters can be found in the method de-

tails. These approaches did not require a formal statistical analysis.
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