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Abstract
The	major	histocompatibility	complex	(MHC)	is	a	highly	polymorphic	gene	family	that	
is crucial in immunity, and its diversity can be effectively used as a fitness marker for 
populations.	Despite	this,	MHC	remains	poorly	characterised	 in	non-	model	species	
(e.g.,	cetaceans:	whales,	dolphins	and	porpoises)	as	high	gene	copy	number	variation,	
especially	 in	 the	fast-	evolving	class	 I	 region,	makes	analyses	of	genomic	sequences	
difficult.	To	date,	only	small	sections	of	class	 I	and	IIa	genes	have	been	used	to	as-
sess	functional	diversity	 in	cetacean	populations.	Here,	we	undertook	a	systematic	
characterisation	of	 the	MHC	class	 I	 and	 IIa	 regions	 in	available	cetacean	genomes.	
We	extracted	full-	length	gene	sequences	to	design	pan-	cetacean	primers	that	ampli-
fied	the	complete	exon	2	from	MHC	class	I	and	IIa	genes	in	one	combined	sequenc-
ing panel. We validated this panel in 19 cetacean species and described 354 alleles 
for	both	classes.	Furthermore,	we	identified	likely	assembly	artefacts	for	many	MHC	
class	I	assemblies	based	on	the	presence	of	class	I	genes	in	the	amplicon	data	com-
pared	to	missing	genes	from	genomes.	Finally,	we	investigated	MHC	diversity	using	
the panel in 25 humpback and 30 southern right whales, including four paternity trios 
for	humpback	whales.	This	revealed	copy-	number	variable	class	I	haplotypes	in	hump-
back	whales,	which	is	likely	a	common	phenomenon	across	cetaceans.	These	MHC	al-
leles	will	form	the	basis	for	a	cetacean	branch	of	the	Immuno-	Polymorphism	Database	
(IPD-	MHC),	a	curated	resource	intended	to	aid	in	the	systematic	compilation	of	MHC	
alleles across several species, to support conservation initiatives.

K E Y W O R D S
cetacean,	humpback	whale,	major	histocompatibility	complex,	MHC	evolution,	MHC	
organisation, southern right whale
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1  |  INTRODUC TION

The	 major	 histocompatibility	 complex	 (MHC)	 is	 a	 genetic	 region	
which encodes highly polymorphic cell surface molecules that are 
on	 the	 front	 line	 of	 pathogen	 detection	 (Klein,	 1986).	 Antigen-	
presenting	MHC	molecules	 from	 class	 I	 and	 class	 II	 families	 bind	
either self-  or pathogen- derived peptides within the cell that are 
then expressed on the cell surface. These cell surface peptides are 
then presented to T- cell and/or Killer cell receptors which initiate 
an appropriate immune response when a non- self peptide is pre-
sented	 (Rock	 et	 al.,	2016).	 Class	 I	 and	 II	molecules	 are	 similar	 but	
differ	slightly	in	structure	and	function.	The	class	I	molecule	is	a	het-
erodimer consisting of a transmembrane alpha chain non- covalently 
linked to β2-	microglobulin,	whereas	class	II	molecules	are	heterod-
imers composed of α and β chains that are encoded by two sepa-
rate	MHC	class	II	genes	(DRA	(α)	and	DRB	(β);	DQA	(α)	and	DQB	(β))	
(Yeager	&	Hughes,	1999).	Class	I	molecules	predominantly	(but	by	no	
means	exclusively)	bind	peptides	that	originate	from	proteins	in	the	
cytoplasm and nucleus, including from replicating viruses and a few 
cytoplasmic	bacteria.	In	comparison,	class	II	molecules	bind	peptides	
from proteins located in intracellular vesicles, many of which origi-
nate	from	the	extracellular	surroundings	(and	thus	can	include	many	
different	 kinds	 of	 pathogens	 and	 other	 antigens).	 Binding	 occurs	
when a pathogen protein fits in the peptide- binding groove or region 
of	a	MHC	molecule,	encoded	by	exons	2	and	3	in	class	I	and	exon	2	
in	class	II.	It	is	in	this	region	where	most	of	the	polymorphic	variation	
of	an	MHC	gene	is	located	and	enables	the	molecule	to	bind	a	large	
number	of	antigens.	Binding	of	the	peptide–MHC	molecule	complex	
by a T cell receptor is followed by signalling that initiates an immune 
response.

Due	 to	 its	 role	 in	 the	 immune	system,	MHC	diversity	can	be	
used as a marker or proxy for fitness to assess the ability of nat-
ural	 populations	 and	 species	 to	 respond	 to	 pathogens	 (Piertney	
&	Oliver,	2006; Sommer, 2005).	The	MHC	can	also	be	used	to	in-
vestigate	mate	choice	 (Kamiya	et	al.,	2014; Leclaire et al., 2019).	
Hundreds	of	 studies	have	 investigated	MHC	diversity	and	cover	

a	 large	 range	 of	 taxa,	 including	 birds	 (reviewed	 by	 O'Connor	
et al., 2019),	 mammals	 (e.g.,	 Castro-	Prieto	 et	 al.,	 2011; Gigliotti 
et al., 2021;	Huang	et	 al.,	2019),	 fish	 (reviewed	by	Yamaguchi	&	
Dijkstra,	2019)	and	reptiles	(e.g.,	Pearson	et	al.,	2017).	Generally,	
higher	MHC	diversity	enables	a	population	to	present	a	more	di-
verse range of antigens, and hence, on an individual level, is re-
lated	 to	 higher	 fitness	 (Worley	 et	 al.,	 2010)	 and	 higher	 mating	
success	(Kamiya	et	al.,	2014).	Hundreds,	and	in	some	species	(i.e.,	
humans),	thousands,	of	alleles	have	been	described	for	MHC	genes	
(Robinson	et	al.,	2017).	This	high	number	of	alleles	in	a	population	
is	maintained	by	balancing	selection	(Radwan	et	al.,	2020; Spurgin 
& Richardson, 2010).	While	many	model	 species	 have	 had	 their	
MHC	 diversity	 explored,	 understanding	 MHC	 diversity	 in	 non-	
model species is essential as emerging pathogens are a threat to 
species	in	modified	and	impacted	environments	(Avila	et	al.,	2018; 
Schmeller et al., 2020).

The	 MHC	 has	 been	 found	 in	 all	 jawed	 vertebrates	 investi-
gated	 thus	 far	 and	 in	 placental	 mammals	 MHC	 is	 roughly	 or-
ganised	 into	 gene	 clusters	 of	 similar	 functions,	 including	 class	 I,	
class	 II	and	class	 III	 (Figure 1)	 (Kaufman,	2018; Kelley et al., 2005; 
Kumánovics et al., 2003).	Some	rearrangements	have	occurred	that	
are lineage- specific, such as a large- scale inversion that separated 
class	 II	 into	 class	 IIa	 and	 IIb	 in	 cetartiodactyla	 (Ruan	 et	 al.,	2016; 
Skow et al., 1996),	which	was	 first	 reported	 in	bovine	 (Bos taurus)	
(Andersson	et	al.,	1988).	 In	eutherian	mammals,	class	 III	genes	are	
located	between	class	II	and	class	I.	The	latter	two	are	bound	by	con-
served	framework	genes	(Abduriyim	et	al.,	2019; Belov et al., 2006; 
although see Krasnec et al., 2015).	 The	 framework	 hypothesis	
(Amadou,	 1999)	 propose	 that	 the	 expansion	 of	 class	 I	 genes—at	
least	 in	 mammals—only	 occurs	 between	 certain	 insertion	 points	
(i.e.,	 the	 framework)	with	 a	 varying	degree	of	 expansion	between	
species.	Within	 this	 region,	 there	are	 three	duplicated	blocks	 (α,	ĸ	
and β)	in	class	I,	each	enclosed	by	a	set	of	framework	genes,	which	
are highly conserved in gene content and order among mammals 
(Abduriyim	et	 al.,	2019).	Within	 these	 framework	 genes,	 the	 class	
I	genes	have	expanded	and	diversified	between	species,	 following	

F I G U R E  1 A	schematic	that	shows	the	comparative	organisation	of	the	genomic	MHC	region	of	human	(HLA)	and	bovine	(BoLA).	The	α 
duplication	block	is	between	the	MOG	(myelin	oligodendrocyte	glycoprotein)	and	RNF39	(RING	finger	protein	39)	genes,	the	κ duplication 
block	between	TRIM26	(tripartite	motif	containing	26)	and	ABCF1	(ATP-	binding	cassette	subfamily	F	member	1),	and	the	β duplication block 
between	TCF19	(transcription	factor	19)	and	DXX39B	(DExD-	box	helicase	39B).	BTNL2	(butyrophilin	like	2)	and	ELOVL5	(ELOVL	fatty	acid	
elongase	5)	encompass	the	class	IIa	region	Orange = ‘classical	class	I’	MHC	genes	(Halenius	et	al.,	2015),	blue = ‘non-	classical’	MHC	genes,	
yellow = class	III	genes.	Schematic	not	drawn	to	scale	and	not	all	genes	are	shown	for	simplicity.
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the birth- and- death model of evolution where some loci become 
duplicated	while	 others	 become	 non-	functional	 (Nei	 et	 al.,	1997).	
Polymorphism	and	evolution	of	the	MHC	gene	family	are	believed	
to be shaped by the pathogen landscape an organism is exposed 
to, although the exact mechanisms are not yet fully understood 
(Bentkowski	 &	 Radwan,	 2019; Manczinger et al., 2019;	 Prugnolle	
et al., 2005).	As	the	study	of	MHC	is	being	extended	to	a	growing	
number of species, it is becoming more evident that the fixed class 
I	gene	number	in	humans	is	an	exception	and	variable	gene	content	
haplotypes	are	more	widespread	than	previously	thought.	In	some	
taxa,	such	as	bovine	species,	the	number	of	class	II	and	class	I	genes	
that	form	a	haplotype	can	vary	(Schwartz	&	Hammond,	2015),	and	
therefore,	 investigating	MHC	 diversity	 can	 be	 difficult	 in	 the	 ab-
sence of extensive a priori knowledge of genomic organisation and 
copy number.

There	 is	 a	 distinct	 lack	 of	 knowledge	 of	 MHC	 genomic	 or-
ganisation and diversity in the infraorder Cetacea, comprising 
whales,	 dolphins	 and	 porpoises.	 Recently,	 cetacean	 MHC	 class	
II	organisation	was	characterised	 (Alves	de	Sá	et	al.,	2019; Ruan 
et al., 2016;	Zhang	et	al.,	2019),	but	no	comparable	work	has	been	
done	on	MHC	class	 I	organisation,	except	 for	a	 single	class	 I	 as-
sembly	from	the	Yangtze	finless	porpoise	 (Neophocaena asiaeori-
entalis)	 (Ruan	 et	 al.,	2016).	 This	 lack	 of	 information	 is	 likely	 due	
to a combination of limited genomic resources and the increased 
difficulty	 of	 assembling	 class	 I	 due	 to	 its	 plasticity	 compared	 to	
class	II	(Westerdahl	et	al.,	2022).	Recently,	there	has	been	a	rapid	
increase in genetic and genomic information in non- model species, 
including	cetaceans	(Cammen	et	al.,	2016).	Initiatives	such	as	DNA	
Zoo	 (https:// www. dnazoo. org)	 and	 the	 vertebrate	 genome	 proj-
ect	(https:// verte brate genom espro ject. org)	(Rhie	et	al.,	2021)	are	
leading this knowledge extension, with the former recently pub-
lishing their 250th genome from mostly non- model, endangered 
species	(Dudchenko	et	al.,	2017).

In	cetaceans,	MHC	diversity	of	small	segments	of	class	II	exon	
2	(less	than	200 bp	of	mostly	DQB	and	DRB1)	has	been	character-
ised	with	Sanger	sequencing	(e.g.,	Arbanasić	et	al.,	2014;	Heimeier	
et al., 2018;	Villanueva-	Noriega	et	al.,	2013;	Yang	et	al.,	2012)	while	
only	a	handful	of	studies	have	 investigated	class	 I	diversity	 (e.g.,	
Flores-	Ramírez	et	 al.,	2000; Gillett et al., 2014;	Xu	et	al.,	2007).	
Amplicon	sequencing	is	a	well-	used	tool	to	genotype	MHC	diver-
sity	in	individuals	for	model	species.	For	example,	it	has	been	used	
for	medical	 purposes	 in	 humans	where	MHC	 alleles	 are	 already	
known	(Shortreed	et	al.,	2020)	and	has	been	applied	to	non-	human	
primates where genotyping can be done by matching amplicons 
to a reference database. Recent advances in next- generation se-
quencing	offer	a	method	to	genotype	MHC	rapidly	and	accurately	
in	non-	model	species	(Razali	et	al.,	2017; Rekdal et al., 2018; Stutz 
& Bolnick, 2014),	despite	 the	remaining	challenges	 in	 identifying	
alleles.

Here,	we	use	existing	genome	assemblies	 (i.e.,	NCBI	and	DNA	
Zoo)	to	explore	MHC	gene	polymorphism	and	MHC	gene	content	in	
cetaceans.	We	identified	MHC	framework	genes	and	extracted	MHC	
class	I	and	class	IIa	regions	from	genome	assemblies	of	27	cetacean	

species. Using these genome resources, we extracted a curated set 
of	full-	length	MHC	genes	to	develop	universal,	pan-	cetacean	prim-
ers	 for	 the	 complete	 exon	2	 for	 class	 IIa	 (DQA,	DQB,	DRA,	DRB)	
and	class	I	genes.	Exon	2	was	chosen	instead	of	exon	3	because	in	
bovine,	the	closest	related	model	species,	exon	2	in	class	I	alleles	is	
more polymorphic than exon 3 and alleles are determined by exon 2 
variable	sites	(Heimeier,	unpublished).	We	then	tested	these	markers	
in 19 species by creating a multi- locus panel and linking amplicon 
data	to	expected	sequences	based	on	species-	specific	genome	as-
semblies	which	allowed	verification	of	gene	content	of	MHC	genes	
in these assemblies. This study provides a basis for the design and 
analysis	of	cetacean	MHC	diversity	 for	 future	studies,	particularly	
for	evaluating	MHC	class	I	diversity.

2  |  MATERIAL S AND METHODS

2.1  |  Comparative MHC organisation in cetaceans

2.1.1  |  Cetacean	genome	assemblies	from	NCBI	and	
DNA	Zoo	and	MHC	region	extraction

We	 identified	cetacean	genome	assemblies	 from	NCBI	and	DNA	
Zoo	(that	were	available	as	of	May	2021,	n = 33	usable	assemblies	
from 27 species, Table S1).	 For	 each	 genome	 assembly,	 frame-
work	genes	for	MHC	class	I	and	IIa	were	mapped	using	the	default	
Geneious	 10.0.9	 (Biomatters	 Ltd.,	 NZ)	 mapping	 algorithm	 (see	
Figure 1	for	framework	genes).	The	reference	framework	gene	se-
quences	and	MHC	class	I	and	IIa	sequences	were	sourced	from	the	
fully	annotated	NCBI	genome	assemblies	from	the	bottlenose	dol-
phin	(Tursiops truncatus)	for	comparisons	with	toothed	whales,	and	
the	blue	whale	(Balaenoptera musculus)	for	baleen	whales	(hereaf-
ter	called	‘reference	sequences’).	In	those	assemblies	for	which	we	
could identify framework genes, the region between those genes 
was	extracted.	MHC	genes	were	confirmed	within	the	extracted	
region	 by	mapping	 the	 following	 class	 I	 and	 IIa	 reference	 genes	
against	 it:	 (1)	 full-	length	 sequences;	 or	 (2)	 full	 coding	 sequences	
(exons	only)	(accession	numbers	included	in	Table S1).	Secondary	
confirmation	was	made	by	aligning	the	extracted	MHC	class	I	and	
IIa	region	sequences	against	the	reference	sequences	with	Mauve	
genome	aligner	(Darling	et	al.,	2004)	using	the	progressive	aligner	
algorithm and default settings to identify large- scale region rear-
rangements and inversions.

When	MHC	 genes	were	 found	 in	 the	 extracted	 regions,	 the	
full-	length	 sequence	was	 annotated	 according	 to	 the	 reference.	
Full-	length	 annotated	 gene	 sequences	were	 then	 extracted	 and	
checked using Geneious by aligning them to the predicted cod-
ing	sequence	of	the	appropriate	reference.	Functional	genes	were	
presumed and annotated on the extracted region when no stop co-
dons or frameshift mutations were found; otherwise, genes were 
annotated as pseudogenes. This dataset of confirmed extracted 
MHC	 genes	 or	 pseudogenes	 from	 the	 genome	 assemblies	 from	
each	 species	 formed	 our	 ‘curated	 dataset’	 for	 further	 analysis,	
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which	was	undertaken	on	a	gene	level	(class	II:	DRA,	DRB,	DQA,	
DQB;	and	class	I).

2.1.2  |  Comparative	gene	phylogeny	and	
arrangement

The curated, aligned dataset for each gene was used to build a phy-
logeny	 and	 examine	 gene	 arrangement	 across	 cetaceans.	 For	 the	
phylogeny,	 we	 downloaded	 the	 full-	length	 bovine	 sequences	 for	
MHC	class	I	and	IIa	genes	(accession	numbers	included	in	phyloge-
netic	tree)	as	an	outgroup	because	the	MHC	is	well	understood	in	
bovine,	and	it	is	a	closely	related	taxa	to	cetaceans.	The	sequences	
were aligned against the curated dataset for its respective gene with 
MAFFT	(Katoh	et	al.,	2005)	with	default	settings	and	allowing	gaps.	
The	alignment	was	exported,	and	a	Neighbour-	Joining	(NJ)	tree	with	
Tamura-	Nei	parameters	was	built	in	MEGA	6	(Tamura	et	al.,	2013).	
The	method	was	chosen	because	of	high	similarity	of	sequences	and	
faster performance compared to maximum likelihood. The newly 
annotated	region	between	framework	genes	(i.e.,	DRA,	DRB,	DQA,	
DQB,	class	I	in	the	order	they	were	found	in	the	original	assembly)	
for each genome assembly was displayed by anchoring from the 5′ 
framework gene.

2.2  |  Design and validation of pan- cetacean MHC 
amplicon sequencing approach

2.2.1  |  Primer	design

Using the curated dataset, suitable primers were designed with 
Primer3	(Untergasser	et	al.,	2012)	in	conserved	regions	that	ampli-
fied	a	 fragment	around	400 bp	 that	 included	 the	complete	exon	2	
for	each	gene:	DRA,	DRB,	DQA,	DQB	and	class	I.	The	class	I	primer	
pair	in	our	study	was	designed	to	amplify	the	multiple	class	I	genes	in	
silico found in both the blue whale and bottlenose dolphin genome 
assemblies.	The	final	primer	sequences	for	DQA,	DQB,	DRA,	DRB-	a	
and	class	I	can	be	found	in	Table S2,	along	with	details	on	PCR	reac-
tion	mix	and	conditions	(Supporting Information Methods).

2.2.2  |  Selection	of	validation	dataset	and	library	
preparation

Species	were	 selected	 to	 test	 the	 pan-	cetacean	MHC	 genotyping	
panel	 to	 (1)	 represent	 the	broader	cetacean	phylogeny	 (McGowen	
et al., 2020)	and	(2)	represent	the	curated	dataset	where	possible.	
A	 total	 of	 19	 cetacean	 species,	 of	which	 17	 species	were	 chosen	
from	the	New	Zealand	Cetacean	Tissue	Archive	 (NZCeTA)	housed	
at	 the	 University	 of	 Auckland	Waipapa	 Taumata	 Rau	 (Thompson	
et al., 2013)	 (see	Table S3	 for	 details	 on	 all	 samples).	 Tissue	 sam-
ples	from	strandings	in	New	Zealand	were	taken	by	the	Department	
of	 Conservation	 New	 Zealand	 and	 sent	 to	 the	 NZCeTA	 with	

approval	 from	 mana	 whenua	 (Māori	 indigenous	 groups).	 Biopsy	
samples	 from	 New	 Zealand	 cetaceans	 include	 two	 Hector's	 dol-
phins	 (Chephalorhyncus hectori)	 (Hamner	et	al.,	2017)	and	two	bot-
tlenose	dolphins	 (T. truncatus)	 (Tezanos-	Pinto	et	al.,	2009).	Further	
biopsies	include	two	rough-	toothed	dolphins	(Steno bredanensis)	and	
two	Blainville	beaked	whales	(Mesoplodon densirostris)	from	French-	
Polynesia	(Albertson	et	al.,	2017;	Oremus	et	al.,	2012).

To extend this proof- of- concept study to cetacean populations, 
multiple samples from two further species, the humpback whale 
(Megaptera novaeangliae)	 and	 the	 southern	 right	 whale	 (Eubalaena 
australis)	 were	 included	 in	 the	 study.	 Thirty	 southern	 right	 whale	
biopsy	samples	were	collected	from	New	Zealand	 in	2020	(Carroll	
et al., 2022).	 Twenty-	five	 humpback	 whale	 biopsy	 samples	 were	
included	 from	 the	New	Caledonian	 breeding	 ground	 in	 the	 South	
Pacific	 (Derville	et	al.,	2019; Garrigue et al., 2001).	Four	complete	
humpback	whale	paternity	trios	(comprised	of	offspring,	mother	and	
candidate father; Eichenberger et al., 2022)	were	part	of	this	sample	
set to investigate Mendelian inheritance patterns.

DNA	extractions	were	performed	with	either	standard	phenol–
chloroform	extraction	and	ethanol	precipitation	methods	(Sambrook	
et al., 1989),	as	modified	for	small	tissue	samples	(Baker	et	al.,	1994)	
or	 by	DNAeasy	 kit	 (Qiagen).	Genomic	 integrity	was	 checked	 on	 a	
0.8%	 agarose	 gel	 and	 concentration	 of	 DNA	was	 standardised	 to	
50 ng/μL measured by nanodrop and verified by agarose gel before 
PCR.	Class	IIa	genes	DRA,	DRB-	a,	DQA,	DQB	and	class	I	were	am-
plified as outlined in Table S2	and	PCR	products	were	run	out	on	a	
1.5% agarose gel to check amplification success and fragment size. 
The	sizes	of	inserts	without	primers	ranged	from	318	to	405 bp	and	
in	total	spanned	the	complete	exon	2	sequence	of	each	of	the	genes.	
A	total	of	5 μL of each amplicon was pooled for each of the 96 indi-
viduals	 and	purified	with	25 μL	of	Ampure	beads	according	 to	 the	
manufacturer's protocol with slight modifications. Specifically, an 
additional	ethanol	wash	step	was	performed,	and	the	PCR	product	
was	 eluted	with	 32 μL Ultra- pure water. The concentration of the 
elute	was	measured	by	Qubit	and	samples	were	diluted	to	5 ng/μL.

Individual	 samples	 were	 indexed	 by	 Auckland	 Genomics	
(University	of	Auckland)	with	Nextera	indexes	supplied	by	IDT	(San	
Diego,	 USA).	 The	 Illumina	 metabarcoding	 protocol	 for	 indexing	
(16S	 Metagenomic	 Sequencing	 Library	 Preparation,	 Illumina)	 was	
followed	using	Platinum	SuperFi	Taq	 (Thermofisher)	 for	the	ampli-
fication.	 Library	 quality	 and	 concentration	 of	 a	 random	 subset	 of	
12	amplicons	were	checked	with	a	High	Sensitivity	DNA	Assay	on	
the	 Bioanalyzer	 2100	 (Agilent).	 The	 library	 was	 sequenced	 on	 an	
Illumina	 MiSeq	 platform	 (NanoSeq)	 by	 Auckland	 Genomics	 using	
2 × 250 cycle	paired-	end	kit.	To	increase	read	number,	the	whole	li-
brary	was	subjected	to	a	second	NanoSeq	run	using	the	same	proto-
col.	Additionally,	a	subset	of	samples	which	included	25	humpback	
whale samples and 18 samples from other cetacean species were 
sequenced	again	with	adjusted	conditions	(28	PCR	cycles)	for	ampl-
icons	DRB-	a,	DQB	and	class	I,	and	sequenced	as	part	of	a	full	MiSeq	
run	(repeat	samples	marked	in	Figure S1).	Genotyping	was	performed	
using	reads	from	all	available	sequencing	runs	per	sample,	following	
technical	replicate	and	reproducibility	analyses	(see	below).
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    |  5 of 19HEIMEIER et al.

2.2.3  | MHC	genotyping	pipeline

We	have	adapted	the	MHC	genotyping	pipeline	used	in	AMPLISAS	
(Alvaro	et	al.,	2016)	for	use	in	Geneious.	Step-	by-	step	analyses	are	
listed below, but important differences are that reads for each in-
dividual were processed separately, and mapping to a target gene 
instead	of	 sequence	demultiplexing	by	primer	was	used	 to	sepa-
rate reads from different amplicons. The pipeline's threshold be-
tween	dominant	(likely	to	be	‘true’	alleles)	and	artefact	sequences	
for	class	 I	was	empirically	decided	for	each	sample	based	on	the	
degree	of	change	(DoC)	curve	(see	below)	(as	described	by	Lighten	
et al., 2014).	The	pipeline	is	summarised	in	Figure 2.	First,	Illumina	
sequencing	 data	 that	 was	 provided	 as	 demultiplexed	 reads,	 al-
ready	 trimmed	of	 sequencing	 adapter	 and	 index	 sequences,	was	
imported	into	Geneious.	Initial	quality	control	(QC)	involved	trim-
ming	both	paired	end	(PE)	reads	to	remove	bases	with	>0.01 error 
probability.	PE	reads	were	then	merged	with	BBMerge	using	de-
fault	settings	(Bushnell	et	al.,	2017).	After	merging,	each	read	was	
mapped	 to	 individual	 full-	length	MHC	class	 I	 and	 class	 IIa	 genes	
extracted	from	the	NCBI	reference	from	either	the	blue	whale	or	
the bottlenose dolphin, for baleen whales and toothed whales, re-
spectively. Mapping proceeded with the inbuilt Geneious mapper, 

with	a	minimum	overlap	 identity	of	85%	(90%	for	DRB-	a)	and	al-
lowing gaps.

After	mapping	to	the	respective	gene	reference,	each	gene	was	
analysed	separately,	and	the	primer	sequences	were	then	trimmed	
from	both	ends	of	the	mapped	reads	with	Geneious.	For	each	sam-
ple, reads were de novo assembled to form clusters of highly sim-
ilar	 reads	 with	 100%	 identity	 and	 a	 minimum	 of	 200 bp	 overlap.	
Clusters were sorted in descending order of number of reads per 
sample	(read	depth)	and	a	consensus	sequence	was	created	for	each	
top	cluster.	Top	clusters	were	selected	until	the	subsequent	cluster	
had a significant drop- off in read depth determined by a degree of 
change	 (DoC)	 in	 the	cumulative	percentage	of	 reads	 (vertical	blue	
line: Figure S3).	For	class	IIa,	a	minimum	of	10	reads	per	cluster	was	
deemed sufficient to be included in the analysis, since those identi-
fied	allele	sequences	could	be	confirmed	with	previously	published	
alleles	 (see	Class	 IIa	 genes, Table S8).	 For	 class	 I,	 if	 no	DoC	break	
could be established, only clusters with more than 500 reads were 
included.	Also,	samples	with	less	than	500	reads	for	the	top	cluster	
were excluded from further analysis. The name of each consensus 
sequence,	 representing	 a	 potential	 allele	 per	 sample,	 retained	 the	
sample	ID,	cluster	number	and	read	depth	of	the	cluster	from	which	
the	consensus	sequence	originated.	Consensus	sequences	for	each	

F I G U R E  2 Schematic	of	workflow	from	quality	control	(QC),	mapping	to	each	gene	and	clustering	reads	to	allele	assignment.	The	read	
numbers	for	clusters	are	examples	typical	for	class	II	and	class	I.	The	degree	of	change	(DoC)	graph	shows	typical	cluster	read	numbers	for	
class	I	and	the	drop-	off	in	cluster	number	as	a	bend	in	the	cumulative	percentage	curve.

 17550998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.13955 by Ifrem

er C
entre B

retagne B
lp, W

iley O
nline L

ibrary on [25/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 19  |     HEIMEIER et al.

gene,	across	all	individuals,	were	aligned	in	MAFFT.	Potential	alleles	
were	reconciled	per	species	to	give	a	list	of	unique	alleles	per	gene	
(termed	the	‘curated	allele	list’,	Table S8).

Functionality	 was	 assumed	 if	 predicted	 CDS	 was	 in	 reading	
frame	with	no	 stop	 codons.	Alleles	were	 given	 a	 name	 that	 con-
sisted of the four- letter species abbreviation followed by the gene 
name,	 double	 asterisks	 (**)	 and	 then	 consecutive	 numbers	 in	 no	
particular order.

2.2.4  |  Replication	and	reproducibility	analyses

To have confidence in the allele designations, we assessed the re-
producibility of the genotyping pipeline with one technical plate 
containing 94 samples, eight of which were technical sample rep-
licates	(same	genomic	DNA).	Six	of	the	technical	sample	replicates	
were	amplified	with	different	PCR	cycle	numbers.	A	further	42	sam-
ples were subject to a third technical replicate that also served to 
increase read numbers for these samples.

The inclusion of paternity trios further allowed us to check the 
validity of allele identification by assessing the Mendelian inheri-
tance	of	MHC	genes.	This	is	especially	valuable	for	MHC	genes	with	
more	than	one	locus	(e.g.,	class	I	genes).	Haplotypes	were	manually	
inferred for the four humpback whale trios included in this study 
based on allele occurrence.

2.2.5  |  Comparison	with	published	data

On	 GenBank,	 we	 used	 the	 search	 terms	 of	 the	 individual	 gene	
names	 and	 ‘cetacea’	 and	 downloaded	 all	 available	 results	 (as	 of	
August	2022).	For	each	gene,	sequences	with	exon	2	were	retained	
and	aligned	with	MAFFT	with	the	full-	length	and	amplicon	allele	list	
and trimmed to the amplicon length. The alignment also included 
the	homologous	bovine	MHC	genes.	The	alignment	was	 imported	
into	MEGA	and	a	Neighbour-	Joining	tree	using	Tamura-	Nei	param-
eters was created.

We	were	unable	to	determine	genomic	origin	(ĸ	or	β	block)	from	
the	class	I	exon	2	amplicon	using	a	phylogenetic	approach.	Instead,	
we mapped the putative alleles for each species back to the phy-
logenetically	 closest	 genome	 assembly	 that	 contained	 all	 ĸ,	 β and 
middle-	class	 I	 loci.	Mapping	was	done	 in	Geneious	for	all	genes	at	
both, 95% and 92% identity.

3  |  RESULTS

3.1  |  Comparative MHC organisation in cetaceans

From	28	available	and	usable	cetacean	genome	assemblies,	26	spe-
cies	provided	class	I	and	21	provided	class	IIa	regions,	enclosed	by	
framework genes. The genomes represented good coverage across 
the phylogenetic lineage of cetaceans: 20 toothed whales across six TA
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of 10 extant families, and seven baleen whales across three of four 
extant	families	(Table 1).

3.1.1  |  Class	IIa

A	 total	 of	 21	 genome	 assemblies	 contained	 class	 IIa	 framework	
genes	 encompassing	 the	 class	 IIa	 genes	DRA,	DRB,	DQA,	DQB	
(Table 1, Figure 3; Table S1	for	accession	numbers).	The	MHC	class	
IIa	 region	was	 similar	 in	 length	 across	 toothed	whales	 at	 about	
300 kb	 (including	 the	 framework	 genes	 BTNL2	 and	 ELOVL5),	
whereas	the	region	was	about	10–50 kb	 longer	 in	baleen	whales	
(except	for	Rice's	whale,	Balaenoptera ricei,	and	the	North	Atlantic	
right whale, Eubalaena glacialis).	 The	 MHC	 class	 IIa	 region	 was	
well conserved across the cetacean genome assemblies investi-
gated,	 containing	one	DRA,	 one	DQA	and	one	DQB	gene	each,	
except	 for	 the	 common	minke	whale	 (B. acutorostrata)	 assembly	
which	was	missing	 the	DQA-	DQB	 genes	 and	 coincided	with	 an	
assembly	gap,	as	noted	previously	 (Alves	de	Sá	et	al.,	2019).	We	
observed	variation	in	gene	copy	number	in	DRB	with	between	one	
and	three	loci	per	species.	Most	Delphinidae	had	two	DRB	copies	
(DRB-	a	 and	DRB-	b,	 named	 in	 order	 of	 appearance).	 The	 excep-
tions were the rough- toothed dolphin and the long- finned pilot 
whale	(Globicephala melas),	which	had	shortened	class	IIa	regions	
with	an	incomplete	DRB-	a	gene	and	no	DRB-	b	gene;	while	primers	
did not bind to these genome assemblies in silico they did amplify 
and	produce	DRB-	a	exon	2	sequences	(see	below).

Most	baleen	whales	had	DRB-	a	and	-	b,	and	an	additional	DRB	
pseudogene	 (DRB-	p;	 as	was	 annotated	 in	 the	 blue	whale	 genome	
assembly; yellow in Figure 3).	 This	 pseudogene	was	 also	 found	 in	
the	Baji	(Lipotes vexillifer).	The	full-	length	gene	DRA,	DQA	and	DQB	

phylogenies formed well- supported clades separating cetacean par-
vorders	(Table 1, Figure 4a,c,d).	The	DRB	phylogeny	showed	distinct	
clades	with	 high	 bootstrap	 support	 for	 the	 two	 gene	 loci	 (DRB-	a	
and	DRB-	b;	Figure 4b),	while	pseudogenes	DRB-	p	formed	their	own	
clade. Within the gene- specific clades, baleen whales and toothed 
whales were broadly separated.

3.1.2  |  Class	I

A	total	of	26	genome	assemblies	from	25	species	contained	at	least	
one	of	the	two	outer	framework	genes	of	the	class	I	region	(Figure 5)	
and were examined further. Eight of these 26 assemblies did not 
contain	any	class	I	genes	(Figure 5,	red	labels).	One	bottlenose	dol-
phin	assembly	(HiC;	GCF_001922835.1)	had	no	class	I	genes,	while	
in	 contrast,	 another	 conspecific	 assembly	 (NC_047043)	 had	 five	
class	 I	genes.	 It	 is	of	note	that	the	assemblies	differ	extensively	 in	
completeness,	as	can	be	observed	based	on	the	assembly	gaps	(nu-
merous	vs	none,	respectively).	There	was	also	considerable	variation	
in	length	of	the	class	I	region	(between	450	and	800 kb)	that	did	not	
seem specific to particular taxa.

In	genome	assemblies	with	 identified	class	I	genes,	there	was	
variation	in	gene	copy	number	(Figure 5).	In	the	case	of	the	κ class 
I	 genes,	 the	bottlenose	dolphin	had	up	 to	 three	 copies,	 the	blue	
whale	 and	Yangtze	 finless	porpoise	 two	and	all	 others	only	one.	
In	 the	 case	 of	 the	 class	 I	 gene	 from	 β block, all assemblies that 
contained a gene only contained one copy. We also found one ad-
ditional	class	I	gene	outside	the	κ and β blocks in eight assemblies 
(labelled	here	as	‘middle	class	I’;	Figure 5).	As	above,	the	presence	
or	absence	of	class	I	genes	did	not	appear	to	be	specific	to	partic-
ular taxa.

F I G U R E  3 MHC	class	IIa	regions	(not	aligned)	with	annotated	MHC	genes	and	framework	genes	(green)	for	each	for	which	a	class	IIa	
region	assembly	was	available.	Species	name	can	be	found	on	the	left,	length	of	the	region	is	indicated	in	kilobases	(kb);	see	Table S1 for 
further	details	including	accession	numbers.	Toothed	whales	shaded	in	light	blue	and	baleen	whales	in	dark	blue.	Assembly	gaps	are	marked	
by a red line, not drawn to scale and indicative only.

 17550998, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.13955 by Ifrem

er C
entre B

retagne B
lp, W

iley O
nline L

ibrary on [25/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  9 of 19HEIMEIER et al.

A	total	of	41	full-	length	class	I	gene	sequences	were	extracted	
from the assemblies and formed well- supported clades correlating to 
their	class	I	block	as	well	as	their	parvorder	(Figure 6).	Interestingly,	
the	ĸ	 class	 I-	b	 (s)	 from	 the	blue	whale	clustered	 strongly	with	 the	
other	baleen	whale	ĸ	class	I	sequences,	but	the	blue	whale	ĸ	class	
I-	a	and	bottlenose	dolphin	ĸ	class	 I-	a,	-	b	and	-	c	clustered	with	the	
odontocete	ĸ	class	I	sequences.

3.2  |  Validation of pan- cetacean MHC amplicon 
sequencing approach

3.2.1  |  Library	sequencing	success

We	simultaneously	genotyped	exon	2	of	five	MHC	genes	in	94	in-
dividual samples from 19 different cetacean species using amplicon 

F I G U R E  4 Neighbour-	Joining	phylogenetic	trees	for	full-	length	(FL)	genes	for	(a)	DRA,	(b)	DRB,	(c)	DQA	and	(d)	DQB.	Bootstrap	support	
over	80%	is	shown.	The	evolutionary	distances	were	computed	using	the	Tamura-	Nei	method	and	are	in	the	units	of	the	number	of	base	
substitutions	per	site.	Light	blue = toothed	whales	and	dolphins;	dark	blue = baleen	whales.
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sequencing	on	the	Illumina	MiSeq	platform.	Across	all	combined	se-
quencing	runs	and	combined	replicate	samples,	we	generated	a	total	
of	1,844,808	QC	reads	with	an	average	of	21,704	reads	per	individ-
ual	sample	 (SD = 15,963;	max = 65,020,	min = 700)	 (Table S4).	Only	
one sample failed with less than 200 reads, and after accounting for 
technical	sample	replicates,	we	had	data	from	85	unique	individuals.	
Reproducibility was 100%, as all replicate samples resolved to the 
same alleles after analysis.

Reads were successfully separated into amplicons by mapping to 
a	class	IIa	or	class	I	gene	with	no	or	only	a	very	small	number	of	un-
mapped	reads	(2%;	Table S4).	The	majority	of	reads	(62%)	mapped	to	
class	I	(Table S4),	which	was	likely	to	be	the	result	of	one	or	more	of	
the	following:	(1)	higher	concentration	of	the	PCR	amplicon	for	class	
I	after	30 cycles	compared	to	25 cycles	for	class	IIa;	(2)	preferential	
sequencing	of	smaller	class	I	amplicons	(also	observed	in	DRA/DQA	
vs	DRB/DQB)	and	(3)	pooling	in	non-	equimolar	ratios	of	amplicons.

3.2.2  |  Genotyping	pipeline	and	allele	summary

Class IIa genes
For	 all	 class	 IIa	 genes,	 between	 85%	 and	 90%	 of	 mapped	 reads	
grouped	 into	 clusters	 (Table S4),	 with	 the	 majority	 of	 reads	 per	
individual	 clustered	 into	 the	 top	 one	 or	 two	 clusters	 (Figure S1).	
Heterozygous	individuals	had	a	similar	read	depth	of	their	top	two	
clusters	(alleles).	A	total	of	171	alleles	were	found	across	all	class	IIa	
genes	from	85	individual	cetaceans	including	some	alleles	(DRA	and	
DQA	only)	shared	by	two	or	more	species;	read	depth	information	
is in Table S5.

We	 found	 the	 highest	 number	 of	 alleles	 for	 DQB	 (n = 62)	 and	
a	 slightly	 smaller	 number	 for	DRB-	a	 (n = 49).	 The	 number	 of	DRA	

(n = 28)	 and	DQA	 (n = 32)	 alleles	was	 about	 half	 that	 of	DQB,	 and	
their	nucleotide	sequence	was	also	more	similar	to	each	other	than	
DRB-	a	and	DQB	alleles	 to	each	other	 (Table 1 and Table S5).	Two	
DRA	and	two	DQA	alleles	were	shared	across	six	and	three	species,	
respectively	(Tables S7 and S8).	Allele	sharing	was	only	found	within	
families.	 Low	 diversity	 for	 DRA	 and	 DQA	 alleles	 was	 also	 found	
within	the	two	studied	populations,	with	both	DRA	and	DQA	alleles	
being	monomorphic	in	25	humpback	whales	and	DRA	in	30	southern	
right	whales.	All	DRA,	DQA	and	DQB	alleles	were	in	reading	frame	
and	assumed	to	be	functional,	as	was	DRB-	a	in	all	toothed	whales.	
Predicting	 functionality	 from	 DRB-	a	 alleles	 in	 baleen	 whales	 was	
ambiguous. When we used the same reading frame as for toothed 
whales,	all	DRB-	a	alleles	were	predicted	to	be	non-	functional	with	
multiple	stop	codons.	An	alternative	reading	transferred	from	BoLA-	
DRB2	(E-	S	beta	chain	isoform	X2),	predicted	all	baleen	whales	DRB-	a	
alleles to be functional, except for all southern right whale alleles.

Class I genes
For	class	I,	an	average	of	80%	of	mapped	reads	grouped	into	clusters	
(Table S4)	with	between	two	and	eleven	clusters	as	top	clusters	per	
individual	(mean = 6.2 + −2.2)	(Figures S2 and S3).	A	total	of	183	al-
leles	were	found	across	all	class	I	genes	from	75	individual	cetaceans,	
with	 three	 shared	 alleles	 between	 Delphinidae	 species	 (Table 1, 
Table S8).	Between	 two	and	nine	potential	 alleles	were	 found	per	
individual	across	all	cetacean	species	investigated	(Table 1).	The	read	
depth of alleles differed substantially within and between individu-
als from an average of 3340 for the top cluster to an average of 860 
reads for the lowest cluster.

For	 baleen	 whales	 (except	 for	 humpback	 whales	 and	 south-
ern	 right	 whales),	 only	 two	 individuals	 (the	 pygmy	 blue	 whale	
(Balaenoptera musculus brevicauda)	 and	Eden's	whale	 (Balaenoptera 

F I G U R E  5 MHC	class	I	region	with	duplication	blocks	from	κ to β	(not	aligned)	with	annotated	class	I	genes	(blue)	and	framework	genes	
(green)	for	each	assembly	for	which	a	class	I	region	was	available.	Species	name	can	be	found	on	the	left,	length	of	the	region	is	indicated	in	
kilobases	(kb).	Assemblies	with	class	I	regions	that	contain	no	class	I	genes	are	shaded	in	red,	kappa	block	shaded	blue	and	beta	block	shaded	
yellow.	Toothed	whales	and	dolphins	shaded	in	light	blue	and	baleen	whales	in	dark	blue.	Assembly	gaps	are	marked	by	a	red	line,	not	drawn	
to	scale	and	indicative	only.	Assemblies	without	gaps	are	shaded	in	green.	See	Table S1 for further details including accession numbers.
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F I G U R E  6 Neighbour-	Joining	phylogenetic	tree	with	cetacean	full-	length	(FL)	sequences	for	class	I	genes	from	genomic	assemblies	
rooted	with	bovine	(BoLA)	gene	sequences.	Bootstrap	support	over	80%	is	shown.	The	evolutionary	distances	were	computed	using	the	
Tamura-	Nei	method	and	are	in	the	units	of	the	number	of	base	substitutions	per	site.	Gene	accession	numbers	can	be	found	in	Table S1. 
Light	blue	indicates	sequences	from	toothed	whales,	and	dark	blue	from	baleen	whales.	Patterns	refer	to	location	of	genes	in	the	MHC	class	
I	region	(see	bottom	right	schematic);	dotted = beta;	plain = middle;	horizontal	stripes = kappa	and	vertical	stripes = kappa	(short	class	I	gene	
(s),	present	only	in	baleen	whales).
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 Eugl kappa class I-FL

 Bamu kappa class I-b-FL

 Esro kappa class I-FL

 Baed kappa class I-FL

 Meno kappa class I-FL

 BoLA-1*009:01

 BoLA-6*014:02

 BoLA-2*045:02

 BoLA-NC1*002:01

 BoLA-4*024:01:01:02

 BoLA-5*072:01 Hereford

 BoLA-3*084:01N

 BoLA-3*004:03
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edeni))	had	enough	reads	for	class	I	analysis	(Table 1 and Figure S3).	
For	 toothed	whales,	 105	 alleles	were	 identified	 from	22	 individu-
als.	A	total	of	33	alleles	were	found	across	the	25	humpback	whales	
with	an	average	of	eight	alleles	per	individual	at	class	I.	In	humpback	
whales,	all	alleles,	except	for	five	(termed	singletons)	were	found	in	
at	least	two	individuals.	Of	the	remaining	28	alleles,	two	were	found	
in	 each	 of	 the	 25	 humpback	 whale	 samples.	 Further,	 five	 alleles	
were	shorter	in	length	than	all	other	alleles	(318	and	330	vs.	341 bp).	
Thirty southern right whales had a total of 32 alleles with an average 
of five alleles per individual. Thirteen alleles were singletons. Like 
the humpback whale, of the remaining 19 alleles, we found four al-
leles that were present in the majority of southern right whales. Two 
alleles were shorter in length than the other alleles, as found in the 
humpback	whale.	All	alleles,	except	for	four	(Euau_class	I_N**03:01	
and	02;	Meno_class	I_N**	24:01	and	02)	were	in	reading	frame	and	
therefore presumed to be functional.

3.2.3  |  Comparison	of	identified	alleles	to	published	
data	(assemblies	and	GenBank	entries)

Class IIa genes
All	class	IIa	genes	(DRA,	DRB-	a,	DQA	and	DQB)	were	successfully	am-
plified	from	each	species	in	our	study	with	a	few	exceptions	(Table S7).	
DRB-	a	was	not	amplified	in	the	PCR	for	striped	dolphin	(S. coeruleoalba)	
and	pygmy	sperm	whale	(Kogia breviceps).	DQA	and	DQB	did	not	am-
plify	for	the	minke	whale.	Alleles	for	all	examined	class	IIa	genes	were	
limited to two alleles per individual. This is consistent with the finding 
of only one locus for each gene in all cetacean genome assemblies.

Across	all	171	class	IIa	alleles,	we	found	a	total	of	56	alleles	in	our	
curated allele list that had been previously described on GenBank 
and/or	 were	 present	 in	 the	 genome	 assemblies	 (see	 Table S8 for 
a	complete	 list).	When	 these	were	 included	 in	an	amplicon-	length	
phylogeny	 (Figure S5a),	only	DRA	maintained	the	clustering	of	ce-
tacean	families	as	found	in	the	full-	length	phylogeny	(Figure 4a).	In	
the	DRB	amplicon-	length	phylogeny	(Figure S5b),	DRB-	a	sequences	
from baleen whales still clustered together, but the genomic origin 
(DRB-	a	or	DRB-	b)	cannot	be	established	from	the	phylogenetic	tree	
of	the	amplicon	(including	only	exon	2).	In	the	DQA	amplicon-	length	
phylogeny	(Figure S5c)	each	of	the	cetacean	families	is	still	clustered	
together.	 In	 the	 DQB	 amplicon-	length	 phylogeny	 (Figure S5d)	 all	
clustering of cetacean families, even between baleen and toothed 
whales was lost.

Class I genes
Class	I	sequences	were	successfully	amplified	from	all	species	in	our	
amplicon panel study, except for the minke whale, due to low read 
numbers. This seems to be in contrast to some assemblies in which 
no	class	I	gene	was	found	to	be	present	(i.e.	Risso's	dolphin,	Rough-	
toothed	 dolphin	 and	 Blainsville's	 beaked	whale)	 and	 could	 indicate	
towards	collapsed	assemblies	or	other	assembly	issues.	In	silico,	the	
class	I	primer	pair	annealed	to	all	three	class	I	genes	(ĸ,	β	and	middle);	
each	class	I	gene	clustered	together	in	the	full-	length	gene	phylogeny	

(Figure 6).	This	structure	however	was	not	resolved	in	the	amplicon	
phylogeny	(not	shown),	except	for	the	mysticete	ĸ	class	I	sequences	
(ĸ	class	I-	b	(s))	which	were	still	clustering	together	with	high	bootstrap	
support.	Amplicon	sequences	 from	this	 locus	were	shorter	and	dif-
ferent	enough	in	sequence	to	be	allocated	to	their	gene	origin	in	the	
genome	(Figure 6).	Since	our	aim	was	to	validate	the	gene	content	of	
genome assemblies with amplicons, it was desirable to place ampli-
cons within their gene of origin. So, instead of generating a phyloge-
netic tree, we mapped the potential alleles at 95% and 92% identity 
from a species to the closest available genomic assembly that had a 
complete	set	of	class	I	genes	to	predict	its	most	likely	genomic	origin	
(Table 1, Table S6).	We	used	the	blue	whale,	Rice's	whale	and	southern	
right whale for baleen whales; the bottlenose dolphin for dolphins and 
at the time of analysis no genome was available for use as reference 
for dwarf and pygmy sperm whale and the beaked whales.

Across	all	183	class	I	alleles	identified,	we	found	five	previously	
described alleles from GenBank and seven alleles on genome as-
semblies.	 The	 shorter	 class	 I	 alleles	 (318 bp)	 from	 baleen	 whales	
all mapped to κ-	class	 Ib	genes	of	the	blue	whale,	Rice's	whale	and	
southern right whale assembly. Three alleles were identical to ge-
nomic	genes:	two	Eden's	whale	class	I	alleles	matched	to	κ-	class	Ib	
and β	class	I	genes	of	Rice's	whale	assembly;	a	southern	right	whale	
allele to a southern right whale κ-	class	Ib	gene.	Furthermore,	more	
than	14	alleles	were	only	1–3 bp	different	to	a	gene	in	an	assembly	
(light	green	shading	in	Table S6).

3.3  |  Validation of alleles and haplotype inference 
through Mendelian inheritance patterns

The	 inclusion	 of	 four	 paternity	 trios	 (mother–putative	 father–off-
spring)	from	humpback	whales	allowed	us	to	verify	our	allele	assign-
ment by determining haplotypes based on Mendelian inheritance 
patterns.	 From	 allele	 occurrence	 in	 paternity	 trios	 (Figure 7),	 we	
assigned	 class	 IIa	 and	 class	 I	 haplotypes	 for	 those	 paternity	 trios.	
We did not include genes with low variability. The offspring in pa-
ternity	trio	C	had	a	very	low	read	count	for	class	I,	so	we	matched	
all	reads	from	this	individual	to	the	class	I	allele	list	and	could	iden-
tify	two	additional	alleles	at	a	low	read	count	of	40	and	47.	Class	I	
haplotypes in all trios contained between one and three presumed 
class	I	alleles	and	the	same	allele	was	found	on	different	haplotypes	
(i.e.:	I_N**03:01,	I_N**17,	I_N**19	and	I_N**20).	A	total	of	14	class	
IIa	haplotypes	and	12	class	I	haplotypes	were	identified	in	those	12	
humpback whales. The pattern of Mendelian inheritance was upheld 
in	 three	 paternity	 trios,	 but	 the	 offspring	 in	 trio	D	 did	 not	match	
one	of	 the	haplotypes	 from	 the	 candidate	 father	 from	class	 IIa	or	
class	I.	However,	the	paternity	trio	D	was	only	assigned	at	an	80%	
confidence	level	in	Cervus	3.0.7	(Kalinowski	et	al.,	2007)	and	further	
showed one mismatch at a microsatellite locus compared to all other 
paternity trios that were assigned at the highest confidence level 
(95%)	with	no	mismatches	(Eichenberger	et	al.,	2022).	The	paternity	
assignment	of	 trio	D	 could,	 therefore,	 be	 a	 false	paternity	 assign-
ment	 (type	I	error).	This	would	explain	the	unmatching	haplotypes	
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    |  13 of 19HEIMEIER et al.

from	class	IIa	and	class	I.	The	pattern	of	Mendelian	inheritance	was	
upheld	in	all	known	mother–offspring	pairs	of	all	paternity	trios.	The	
class	I	haplotypes	we	found	in	the	trios	were	found	six	times	in	six	

other humpback whales. We were not able to establish more poten-
tial	class	I	haplotypes	with	confidence	due	to	varying	gene	content	
with shared alleles between haplotypes.

F I G U R E  7 Class	IIa	(DRB-	a,	DQB)	
and	class	I	haplotypes	for	four	presumed	
paternity trios from humpback whales 
(Eichenberger	et	al.,	2022).	Allele	
designation	starts	with	**	and	the	number	
given to the allele. Blue boxes contain 
the father's haplotypes, yellow boxes the 
mother's and green boxes the offspring's 
haplotype. The haplotype in bold has been 
passed on to the offspring. Red indicates 
a mismatch in haplotype in the offspring, 
suggesting the paternity assignment may 
be	incorrect.	Dark	green	shaded	boxes	
mean that the alleles were only found 
after matching all reads of this individual 
to	the	curated	allele	list—or	in	other	
words, those alleles were only present in 
the	allele	clusters	after	the	DoC	cut-	off.

Trio A

DRB DQB Class I

**01 **01 **05**03:01 **10:02

**01 **11 **18**17 **20

**01 **11 **18**17 **20

**11 **14 **12:01**03:02

**11 **05 **06**03:01 **10:01

**11 **05 **06**03:01 **10:01

Trio B

DRB DQB Class I

**03 **07 **05**03:01 **10:02

**10 **07 **19**17

**03 **07 **19

**03 **12 **13

**03 **12 **13

**03 **07 **05**03:01 **10:02

Trio C
DRB DQB Class I

**07 **06 **20**11

**01 **01 **13

**01 **06 **19

**07 **13 **03:01**S3 **05

**01 **06 **19

** **06 **20**11

Trio D
DRB DQB Class I

**05 **13 **05**03:01 **10:02

**05 **09 **16**15

**10 **07 **19**17

**09 **06 **S4**10:01

**01 **13 **21**14

**01 **13 **21**14
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4  |  DISCUSSION

Here	we	 presented	 a	 pan-	cetacean	MHC	 genotyping	 panel	 that	
provided consistent results across species. We compared the 
results from our proof- of- concept study to the gene content of 
available genome assemblies for cetaceans. This provides an excit-
ing basis for future work in assessing the past, current and future 
functional diversity of cetacean species. This is important from an 
evolutionary standpoint, but also for conservation management; 
as	 of	December	 2020,	 25%	 of	 cetaceans	 are	 considered	 threat-
ened	 and	 a	 further	 10%	 data	 deficient	 (https:// iwc. int/ manag 
ement -  and-  conse rvati on/ cetac eans-  and-  extin ction ).	 Information	
on this functional marker will provide insights into the capac-
ity	of	these	species	to	respond	to	emerging	diseases	(e.g.:	Coker	
et al., 2023).

4.1  |  MHC organisation in cetaceans in comparison 
with amplicon data

4.1.1  | MHC	class	IIa

Here	we	have	built	on	recent	work	characterising	the	cetacean	MHC	
class	 IIa	region	(Alves	de	Sá	et	al.,	2019)	and	extended	it	to	an	as-
sessment	of	the	class	I	region	with	a	larger	dataset	spanning	almost	
80%	of	cetacean	families.	 In	agreement	with	previous	work	 (Alves	
de Sá et al., 2019),	our	comparative	genomic	analyses	found	that	the	
class	IIa	region	is	highly	conserved,	with	most	cetaceans	having	one	
DRA	and	a	single	DQA	and	DQB	gene.	This	was	further	confirmed	by	
our	amplicon	sequencing,	which	found	two	alleles	at	DRA,	DQA	and	
DQB	across	almost	all	the	cetacean	species	examined.	These	three	
loci also showed Mendelian inheritance in the humpback whale trios 
investigated.	An	exception	was	the	minke	whale	which	did	not	am-
plify	 for	either	DQA	or	DQB;	genes	which	are	 also	missing	 in	 the	
genome	assembly.	However,	the	missing	DQ	pair	also	coincided	with	
an assembly gap so further research is needed to confirm the miss-
ing	DQ	genes	in	minke	whale.

Our	 finding	of	 a	 single	DQB	gene	 is	 at	 odds	with	 some	previ-
ous	 studies	 that	 reported	 a	 duplicated	DQB	gene	 in	 some	baleen	
whale	species	(Baker	et	al.,	2006; Moreno- Santillán et al., 2016)	and	
the	Baji	(Yang	et	al.,	2005).	Here	(see	Figure S4),	we	show	that	the	
original	DQB	primer	pair	that	was	used	in	those	studies	(DQB1	and	
DQB2;	first	used	in	a	cetacean	by	Murray	et	al.	 (1995))	amplifies	a	
172 bp	fragment	of	exon	2	of	DQB,	but	also	binds	to	one	or	more	of	
the	DRB	in	some	species	where	the	5′	end	of	DQB-	2	primer	differed	
at	three	nucleotides	(Figure S4a,b	for	alignments).	These	amplicons	
are	of	the	same	length	and	are	similar	in	sequence	to	the	expected	
DQB	 sequence	 and	 cannot	 be	 differentiated	 by	 locus	 or	 species	
based	on	phylogenetic	methods	 (Baker	et	al.,	2006).	This	suggests	
that	 the	 previous	 finding	 of	 duplicated	 DQB	 loci	 was	more	 likely	
the result of amplification bias rather than a true duplication event. 
For	example,	a	previously	documented	DQB	allele	(GenBank:	Live-	
DQB*8_AY177286)	from	the	Baji	has	been	found	to	be	identical	to	

the	DRB-	b	 locus	 in	 the	Baji	 genome	 (NW_006786873).	 This	 high-
lights how increasing genomic resources can help with study design 
and identify and correct errors that have arisen from previously lim-
ited genetic data.

The	DRB	gene	was	the	only	class	IIa	gene	that	was	duplicated	in	
all	cetaceans,	with	a	DRB	pseudogene	found	in	baleen	whales	and	
the	Baji	(confirming	previous	work	by	Alves	de	Sá	et	al.,	2019).	Full-	
length	 phylogenetic	 trees	 of	DRB	 clearly	 distinguished	 sequences	
by	genome	location,	supporting	a	duplication	of	DRB-	a	that	resulted	
in	DRB-	b	before	the	split	of	baleen	and	toothed	whales	25	million	
years	ago	(McGowen	et	al.,	2020).

We	 investigated	 only	 one	 DRB	 gene	 across	 cetaceans,	 as	 our	
primer	pair	was	designed	to	amplify	DRB-	a	only.	Amplicon	sequenc-
ing confirmed a maximum of two alleles per species at this locus 
across	11	cetacean	species	examined.	A	comparison	of	genome	as-
sembly and amplicon data highlighted a discrepancy for the long- 
finned	pilot	whale	and	rough-	toothed	dolphin	genome	assemblies.	In	
these	species,	the	DRB	primer	pair	did	not	amplify	the	region	in	silico	
but	did	produce	DRB	amplicons	and	putative	alleles.	On	closer	exam-
ination,	the	only	DRB	gene	present	in	both	genomes	is	an	amalgama-
tion	of	the	first	half	of	DRB-	b	(including	exon	1)	and	the	second	half	
of	DRB-	a	(after	exon	2	including	exons	3	and	4)	and	coincides	with	
an assembly gap in both genomes. This is pointing towards assembly 
issues,	likely	not	representative	of	the	true	genomic	sequence.

4.1.2  | MHC	class	I

MHC	 class	 I	 organisation	 is	 much	 more	 complex	 and	 variable	
compared	to	class	IIa,	likely	related	to	its	faster	evolutionary	rate	
and	higher	gene	copy	number	 (Minias	&	Remisiewicz,	2021).	We	
concentrated our analysis on the region between framework 
genes	DDX39B	and	TRIM26	as	these	enclose	the	β	and	ĸ	blocks	
in	which	an	expansion	of	class	I	genes	occurred	in	Laurasiatheria,	
a superorder of placental mammals to which cetaceans belong 
(Abduriyim	et	 al.,	2019).	Gene	 copy	number,	 length	 and	 content	
of	class	I	region	varied	within	the	genome	assemblies	of	toothed	
whales and dolphins and baleen whales, and even within their 
families.	However,	 there	 is	 a	 clear	 disparity	 between	 our	 ampli-
con	data,	seemingly	confirming	class	I	genes	in	some	species,	but	
missing	 in	 the	 genome	 assembly	 in	 the	 expected	 location	 (i.e.	
Humpback	whale,	 Blainville's	 beaked	whale,	 Risso's	 dolphin	 and	
rough- toothed dolphin; Table 1).	 These	 findings	 suggest	 caution	
is	required	by	researchers	when	using	these	assemblies,	as	there	
seems	to	be	some	assembly	issues	in	this	gene	region.	Future	stud-
ies	are	needed	to	validate	gene	content	and	the	true	MHC	class	I	
organisation for each of those species.

In	humpback	whales	and	southern	right	whales,	the	same	or	very	
similar	alleles	can	be	found	in	all	individuals	in	the	middle	class	I	and	β 
block	class	I	genes.	Similarly,	bovines	have	three	class	I	genes	located	
in the β	block	(Birch	et	al.,	2008;	Ellis	&	Hammond,	2014).	The	class	I	
gene	situated	between	duplication	blocks	(‘middle	class	I’)	is	not	com-
mon.	However,	the	consistent	presence	of	this	gene	in	10	assemblies	
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across all cetaceans seems to suggest that the position of the gene in 
the	genome	is	correct,	as	well	as	the	finding	that	MHC	class	I	genes	
located outside those blocks have been previously reported in sheep 
(Siva	Subramaniam	et	al.,	2015)	and	a	class	I	pseudogene	in	a	simi-
lar	position	found	for	cattle	(Birch	et	al.,	2008).	Further	expression	
studies will be needed to validate this designation.

Our	analysis	of	humpback	whale	paternity	trios	supported	vari-
able	gene	content	of	class	I	genes	on	haplotypes.	In	the	four	investi-
gated	trios,	we	found	haplotypes	with	one	to	three	class	I	genes.	This	
is very similar to bovine for which haplotypes have been described 
that	contain	between	one	and	four	class	I	genes	(Codner	et	al.,	2012; 
Hammond	et	al.,	2012).	The	ĸ	block	is	where	ruminants	class	I	genes	
have	 duplicated	 and	 expanded	 (Siva	 Subramaniam	 et	 al.,	 2015)	
and	 this	 is	 also	where	we	 find	multiple	class	 I	 genes	 in	cetaceans.	
However,	this	was	only	observed	in	three	assemblies,	the	bottlenose	
dolphin,	the	blue	whale	and	the	Yangtze	finless	porpoise,	which	co-
incidentally are the three most curated assemblies with no assembly 
gaps:	the	first	two	from	NCBI,	the	latter	assembled	from	BAC	clones.	
Also,	amplicons	were	observed	from	all	investigated	species	with	a	
maximum of nine alleles per individual. This further points towards 
assembly	difficulties	for	most	of	the	cetacean	class	I	regions.	In	con-
clusion, we cautiously predict that middle and β	 class	 I	 genes	 are	
present in all cetaceans, and the κ region can contain between one 
and	three	class	I	genes.	In	addition,	we	predict	that	there	is	a	shorter	
class	 I	 gene	 (shorter	 at	 exon	 2)	 found	 only	 in	 baleen	whales.	 The	
individuals we used in our panels were not the same ones that were 
used for genome assemblies so that we could have amplified alleles 
that are present in one individual but not in another that was used 
for genome assembly. This is always a concern when using reference 
genomes that present one haplotype only. We tried to be conserva-
tive in our conclusions and utilising amplicons and genomes across 
all cetaceans, a gene that is present in most of the species is likely to 
be present in all individuals of a species as well.

4.2  |  Future research directions and limitations

Here	we	presented	a	pan-	cetacean	MHC	genotyping	panel	that	pro-
vided consistent results across species. The utility of such a panel 
is	 likely	to	increase	as	analyses	of	MHC	and	other	 immune	system	
genes become more common due to the expanding incidences of 
emerging diseases in cetacean populations, which are expected 
to	 increase	 under	 rapid	 climate	 change	 (Kebke	 et	 al.,	 2022; van 
Bressem et al., 2009).	As	well	as	an	 indicator	of	population	health	
and investigating the relationship between the immune system and 
microbiome	(e.g.,	Fleischer	et	al.,	2022),	MHC	is	also	used	as	a	proxy	
for	 functional	 genomic	diversity	 (e.g.,	Manlik	 et	 al.,	2019; Slade & 
Mccallum, 1992)	 and	 is	 investigated	 across	 species	 for	 its	 role	 in	
mate	choice	(e.g.,	Santos	et	al.,	2018; Schwensow et al., 2007).

The	quality	and	comprehensiveness	of	genomes	continue	to	im-
prove	with	 the	advent	of	 long-	read	sequencing	 technologies,	with	
direct	relevance	to	conservation	(e.g.,	Whibley,	2021).	Our	compara-
tive	approach	to	assess	MHC	class	I	and	IIa	organisation	in	cetaceans	

by regions that are defined by the framework genes in combination 
with a genotype amplicon panel is a powerful approach for highlight-
ing which assemblies are likely suffering from assembly artefacts, in 
addition	to	traditional	metrics	like	N50	and	BUSCO	scores	(Jauhal	&	
Newcomb,	2021).	However,	most	 genome	 assemblies	 shown	here	
need	careful	future	curation	for	the	class	I	MHC	region.

Our	analysis	of	humpback	whale	paternity	trios	highlighted	the	
role of kin relationships to infer phasing and identify haplotypes. 
Future	work	could	build	on	our	amplicon	panel	using	long-	read	se-
quencing,	as	has	been	suggested	in	other	non-	model	organisms	(e.g.,	
O'Connor	et	al.,	2019).	Future	full-	length	resolution	of	class	I	alleles,	
which include exon 3, could split alleles based on only exon 2 found 
in	this	study.	However,	this	seems	unlikely,	given	that	bovine	MHC	
class	 I	 alleles	 are	more	 variable	 at	 exon	 2	 than	 exon	 3	 (Heimeier,	
unpublished; and also see https:// www. ebi. ac. uk/ ipd/ mhc/ group/  
BoLA/	)	as	well	as	that	class	I	alleles	showed	Mendelian	inheritance	
patterns in our humpback whale paternity trios. This panel develop-
ment, along with the comparative analysis that found some previ-
ously	unrecognised	redundancy	of	cetacean	MHC	genes	within	the	
published literature and on GenBank, has prompted us to expand 
IPD-	MHC	to	cetacean	species	(Maccari	et	al.,	2017, 2020).	This	ini-
tiative	will	allow	the	standardisation	of	MHC	nomenclature	and	to	
undertake	 an	MHC	 ‘inventory’	 for	 all	 cetacean	 species	 to	 reduce	
redundancy.

4.3  |  Conclusions

It	 has	 been	 suggested	 that	 the	 focus	 of	 conservation	 genetics	
should shift from the assessment of neutral genetic diversity to 
functional	genetic	diversity	(e.g.,	Teixeira	&	Huber,	2021).	MHC	has	
remained one of the most important and commonly studied func-
tional genomic markers, due to its importance in disease resistance 
and	mate	choice	(e.g.,	Kamiya	et	al.,	2014).	Here,	we	show	that	the	
genomics revolution is producing sufficient resources to allow for 
the	design,	amplification	and	validation	of	an	MHC	panel	that	works	
across a non- model species infraorder, Cetacea.

Here,	we	designed	a	genomically	informed	approach	to	develop	
a	pan-	cetacean	MHC	panel	 that	we	subsequently	 successfully	ap-
plied to 19 species from six families of whales and dolphins. The 
comparison of genome assemblies and the amplicon panel results 
highlighted potential scope for improvement in available genomes 
for this often complex and repetitive region. To support improved 
standardisation	 of	 MHC	 nomenclature	 in	 cetaceans	 going	 for-
ward,	we	have	extended	a	free	online	resource	MHC-	IDP	(Maccari	
et al., 2017, 2020)	for	cetaceans,	which	we	hope	will	benefit	the	ce-
tacean research community and beyond.
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