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4.2 Abstract

Wildlife species are challenged and threatened by various infectious diseases that act as important

selective forces and demographic drivers of populations. Yet, studies about host genetic factors and

disease susceptibility are very limited. Cetacean morbillivirus (CeMV) has emerged as a major viral

threat to cetacean populations worldwide, contributing to the death of tens of thousands of individuals

of multiple dolphin and whale species. To understand the genomic basis of immune responses to

CeMV, we generated and analysed whole genomes of 53 Indo-Pacific bottlenose dolphins (Tursiops

aduncus) exposed to Australia’s largest CeMV-related mortality event known to date. The genomic

dataset consisted of 7,720,686 SNPs anchored onto 23 chromosome-length scaffolds and 77 short

scaffolds. Allele frequency estimates between survivors and non-survivors of the outbreak revealed

11,009 candidate SNPs, of which 498 were annotated to 220 protein coding genes. These included 36

genes  with  functions  related  to  innate  and  adaptive  immune  responses,  and  cytokine  signalling

pathways.  The  list  also  included  genes  known  to  be  involved  in  immune  responses  to  other

morbilliviruses, such as measles in humans and the phocine distemper virus in pinnipeds. Our study

characterised  genomic  regions  and  pathways  that  likely  contribute  to  CeMV  susceptibility  and

resistance  in  dolphins,  representing  a  stride  towards  clarifying  the  complex  interactions  of  the

cetacean immune system. It also emphasises the relevance of whole genome datasets to study the

genetics of wildlife diseases.

Keywords

Immune genes, whole genome sequencing, ecological genomics, wildlife disease, inshore dolphin,

cetacean morbillivirus

1. Introduction

Climatic variations, natural and anthropogenic alterations to ecosystems, changes in host behaviour,

and the movement  of  pathogens and vectors  have all  contributed to  the  emergence of  infectious
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diseases (EIDs) in wildlife populations (Williams et al. 2002, Morens et al. 2004, Cunningham et al.

2017, Titcomb et al. 2019). Infectious diseases have become a major conservation concern due to

pathogens’  ability to rapidly evolve,  their  short  generation times and often complex transmission

dynamics, as well as being able to cause swift and widespread mortality, diminish genetic diversity

and contribute to population declines and extinctions  (Altizer et al.  2003,  Blanchong et  al.  2016,

Stejskalova et al. 2017).  

Disease outbreaks in cetacean populations worldwide are also of concern, particularly for species that

exhibit high social connectivity and gregarious behaviour, and for populations that are naïve, small,

threatened,  or  immune-supressed  (Gulland and Hall  2007,  Van Bressem et  al.  2009,  Weiss et  al.

2020). In recent years, the reporting of EIDs and strandings in cetaceans has increased, with one

highly contagious and virulent pathogen emerging as a major threat to their populations; cetacean

morbillivirus (CeMV) (Sacristán et al. 2015). CeMV belongs to the genus Morbillivirus, which affects

both terrestrial mammals [humans (measles virus), canines (canine distemper virus), cattle, goats and

sheep,  and two novel  morbilliviruses in cats and bats]  and marine mammals [true seals (phocine

distemper virus) and cetaceans]  (Alfonso et al. 2016, Ohishi et al. 2019).   These viral species are

distinct, but share a common phylogenetic origin, similar genome structure, symptoms of infection

and pathomorphology (da Fontoura Budaszewski and von Messling 2016, Diaz-Delgado et al. 2019).

This,  along  with  observed  cross-species  transmissions  (Stejskalova  et  al.  2017,  Jo  et  al.  2018,

Padalino et al. 2019), suggests that knowledge gained on immune responses for one viral species may

be applicable more generally to morbilliviruses.

Since its discovery in the late 1980’s, CeMV has raised great concern given its rapid expansion in

geographic distribution, increase in number of host species, incidents and number of mortalities, the

discovery of new viral strains, and the possibility of spread through vertical, horizontal and cross-

species  transmission  (reviewed  in  Van  Bressem  et  al.  2014;  Di  Guardo  &  Mazzariol  2016).

Susceptibility to CeMV is thought to be somewhat species-specific, with striped dolphins (Stenella

coeruleoalba),  common  bottlenose  dolphins  (Tursiops  truncatus)  and  Guiana  dolphins  (Sotalia
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guianensis) being among the most impacted species  (Diaz-Delgado et al. 2019). By contrast, other

delphinid  species  such  as  pilot  whales  (Globicephala  spp.),  dusky  dolphins  (Lagenorhynchus

obscurus),  Fraser’s  dolphins  (Lagenodelphis  hosei)  and  melon-headed  whales  (Peponocephala

electra) are thought to act mainly as reservoirs and vectors (Van Bressem et al. 2014). 

The  CeMV has  been implicated  in  the  death  of  tens  of  thousands of  cetaceans worldwide  (Van

Bressem et al. 2014), but until recently had only been recognised as a contributing factor in the death

of four  Tursiops individuals across Australia  (Stone et al. 2011, Stone et al. 2012, Stephens et al.

2014). However, in 2013 CeMV was a major causative agent in the death of at least 50 dolphins in

South Australia, becoming the largest confirmed CeMV outbreak in Australia and the first recorded

deaths  from  CeMV  in  the  state  (Kemper  et  al.  2016).  This  unusual  mortality  event  lasted

approximately six months (March to September), and the initial months of the outbreak coincided

with climatic anomalies that  resulted in abnormally high sea surface temperatures  (Kemper et  al.

2016). This led to phytoplankton blooms and fish die-offs, particularly in Spencer Gulf and Gulf St

Vincent (GSV) (Kemper et al. 2016). The majority of the deaths, however, represented neonates and

calves  from one genetic population of  T. aduncus that  inhabits  GSV  (Kemper  et  al.  2016).  This

population  is  estimated  at  700-1,200  dolphins  (Bilgmann  et  al.  2019),  exhibits  high  social

connectivity, shows relatively low genetic diversity and recent modelling suggests this population is

likely most vulnerable to epizootic events  (Zanardo et al. 2016b, Pratt et al. 2018, Bilgmann et al.

2019, Reed et al. 2020). Therefore, it is important to understand why this population was particularly

susceptible to CeMV. 

Host genetic factors are known to be key drivers in the plasticity of immune responses in natural

populations, being major determinants of an individual’s susceptibility, resistance and tolerance to

infection (Karlsson et al. 2014, Stejskalova et al. 2017). Yet, studies investigating the role of genetic

factors of host defence against immune responses in wildlife populations are limited. In the case of

marine mammals, advances in understanding immune responses have generally come from studies of

freshly stranded individuals. These are not necessarily representative of the entire population, leaving
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a knowledge gap of how immune responses are modulated in natural populations (Marsili et al. 2019).

To counteract  this  gap,  association-based  studies  provide a  favourable  framework for  identifying

associations between genomic locations, regions or genes, and complex traits in natural populations.

Studies addressing the role of host genetics in combating infection have generally targeted a small

number  of  genomic  regions  of  known  functional  importance,  and  genes  with  strong  effect.  For

example, the Major Histocompatibility Complex (MHC) are among some of the most targeted and

well-studied immune associated genes in model and non-model species (Martin and Carrington 2005,

Acevedo-Whitehouse and Cunningham 2006, Cammen et al. 2015, Elbers et al. 2018, Pagan et al.

2018, Manlik et al.  2019). In the case of immune responses to the measles virus, specific alleles

within the  human leukocyte antigen (HLA) genes class I and II (B; DQA, DQB, DRB) have been

associated with varying antibody titers following vaccination against the virus  (Haralambieva et al.

2015). However, many other non-MHC genes have been proposed to be involved in host defence to

measles, including viral binding genes, cytokine receptor genes, pathogen-associated sensing genes

and  antiviral  genes  (Hashiguchi  et  al.  2011,  McCarthy  et  al.  2011,  Haralambieva  et  al.  2015,

Stejskalova et al. 2017). 

Advancements  in  next  generation  sequencing,  computational  power  and  improved availability  of

genomic data has enabled the move from a targeted to a non-targeted approach of association-based

studies.  This  approach enables  the  search for  multiple  genetic  variants  across  the  genome under

selection  and  associated  with  a  trait,  without  the  need  of  prior  knowledge.  This  framework  is

frequently utilised in humans, model organisms and agricultural systems  (Elbers et al.  2018), and

while  still  limited,  advancing  technologies  have  now  enabled  association  studies  in  wildlife

populations. In particular, whole genome data has been utilised to investigate immune responses of

endangered and vulnerable  Australian marsupials  (Tasmanian devil,  Sarcophilus  harrisii;  and the

koala, Phascolarctos cinereus) to two highly damaging diseases that continue to threaten populations

across  their  distribution  (Wright  et  al.  2017,  Johnson  et  al.  2018).  The  move  to  non-targeted

approaches and large genomic datasets improves our ability to address the genetic basis of adaptation
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in wildlife populations, and allows us to understand the role that genetic variants play in the plasticity

of immune responses, and in the susceptibility of individuals and populations to infectious diseases. 

In this study, we expand substantially on previous work based on reduced representation sequencing

(Batley et al. 2019) to investigate the genomic basis of resistance and susceptibility of bottlenose

dolphins to CeMV using whole genomes. Using a much larger dataset, we searched for regions of the

genome under selection between case (non-survivors) and control (survivors) from the viral outbreak

to  identify  genetic  variants,  genes  and  pathways  associated  with  resistance  and  susceptibility  to

CeMV. Our study provides the first whole genome-based information to enable the screening of other

cetaceans for potential genetic risk factors, ultimately enabling the identification of populations and

species particularly vulnerable to large-scale CeMV outbreaks. 

2. Materials and Methods

2.1 Study Species, Sites and Sample Collection

Dolphins  that  died  and  stranded  during  an  unusual  mortality  event  throughout  South  Australia

between March  and September  2013,  were  collected  by  the  South  Australian  Museum for  post-

mortem  examinations.  Histopathological  examinations,  Reverse-Transcription  Polymerase  Chain

Reaction (RT-PCR) and/or immunohistochemical assays confirmed that CeMV infection and related

pathologies were the main contributing factor in the dolphin deaths (see Kemper et al. 2016). Muscle

tissues from thirty-three  T. aduncus from GSV and adjacent  waters and a single individual  from

Spencer  Gulf  were selected for  DNA extractions.  These  case  individuals  are  part  of  a  set  of  47

dolphins that tested positive for CeMV based on RT-PCR and/or immunohistochemical assays. Case

samples were classified into age classes, with the majority of the strandings being young dolphins

(neonates, calves, and juveniles) (young n = 31, adults n = 3). These samples were frozen at -80˚C and

kept at the South Australian Museum before being transferred to 90% ethanol and to the Molecular

Ecology Laboratory at Flinders University (MELFU). 
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Case samples were complemented with biopsy samples from free-ranging bottlenose dolphins from

GSV and adjacent waters collected between 2014 and 2015  (Bilgmann et al. 2007, Zanardo et al.

2016b, Pratt et al. 2018). These skin and blubber samples were collected using either the PAXARMS

biopsy system (Krützen et al. 2002) or a hand-held biopsy pole (Bilgmann et al. 2007). Age classes

(calves, juveniles, and adults) of sampled individuals were estimated in situ based on body size and

association with an adult dolphin (see Zanardo et al. 2016 for details).  This resulted in a total of 34

control samples, with samples from young (n = 11) complemented with random adult samples from

GSV and close adjacency (n = 23). These control samples are considered putative survivors since they

belong to the same genetic and socially cohesive population (Zanardo et al. 2016, Pratt et al. 2018) as

the one most impacted during the unusual mortality event and were collected within 18 months of the

outbreak. Biopsy samples were preserved in a salt-saturated solution of 20% dimethyl sulphoxide

(DMSO) and stored at -80˚C at the MELFU. Dolphins were genetically sexed using the polymerase

chain reaction (PCR) (Banks et al. 1995). The phenotypic data for samples that passed quality controls

and were subsequently selected for whole genome sequencing is available in Table S1. 

2.2 DNA Extractions and whole genome sequencing

Genomic DNA was isolated from control samples following the salting out method (Sunnucks and

Hales 1996), while genomic DNA was extracted from case samples using the Qiagen DNeasy blood

and tissue kit following the manufacturer’s protocol, or using the salting out method. The purity of

extractions  was verified using a  ND-1000 spectrophotometer  (Nanodrop,  Thermo Scientific),  and

quantity assessed using a fluorometer (Qubit,  Life Technologies).  The DNA integrity was further

assessed by gel electrophoresis (2% agarose gels, produced in-house). All extractions were expected

to pass quality controls based on standards set by the Australian Genome Research Facility (AGRF),

where libraries were prepared and sequenced. Specifically, samples were required to have a quantity ≥

20 ng/µl, a high molecular weight (≥ 20 kb), free of RNA (assessed on agarose gels) and an A260/280

(protein contamination) ratio between 1.8-2.0. Extractions that did not pass quality controls were re-

extracted a maximum of three times, using the same method but with altering amounts of tissue to
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potentially increase the concentration and improve the quality of DNA. As expected, extractions that

failed the quality controls were typically of case samples, since these were obtained from carcasses

rather than free-ranging dolphins. Case samples with a low concentration for all extractions were then

combined, and concentrated using a centrifuge vacuum concentrator (Hetovac, Heto Lab). Extractions

from 53 samples that passed all quality controls (case, n = 19 and control, n = 34) were subsequently

selected for library preparation and whole genome sequencing at AGRF (Table S1). Libraries were

prepared  using  the  NEBNext  Ultra  II  DNA library  prep  kit  and  sequenced on  two lanes  of  the

Illumina NovaSeq 6000 platform. Samples were sequenced at ~7x coverage, excluding one  sample

from GSV that was sequenced at a higher depth of coverage (~28x) to form a reference genome

(Batley et al. unpublished data). While throughout this paper we refer to the species as T. aduncus, it

has been previously suggested to represent a separate species, endemic to southern Australian waters,

T. australis (Charlton-Robb et al. 2011). However, recent studies suggest this is more likely to be a

subspecies of T. aduncus (Moura et al. 2020), and therefore we refer to the reference genome here as

the  southern  Australian  bottlenose  dolphin  (SABD).  Details  regarding  the  construction  of  this

reference genome will  be  available  in  Batley et  al.  (in  prep) but  see  Table  S2 for  the  reference

genomes’ quality and statistics. 

2.3 Read processing, SNP calling and filtering

Raw sequencing data was pre-processed following the pipeline adapted from GATK best practices,

with modifications. Firstly, reads were trimmed if read quality was below 23 in a sliding window of

five nucleotides, while adapters were removed using Trimmomatic v0.38. The remaining reads were

mapped to the chromosome-length scaffolded  SABD reference genome using Bowtie2 v2.2.7. The

resulting SAM files were then converted to BAM files, duplicate marked and sorted using Picard.

Indels were then locally realigned to correct mapping errors using GATK before merging the replicate

reads from different libraries with samtools. 

SNPs were called from the mapped reads of all individuals using the SABD reference genome in a

two-part  process using bcftools.  This involved generating genotype probabilities at  each genomic
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position before calling the SNPs. SNPs were then filtered with vcftools  (Danecek et al. 2011) and

using parameters described in Brauer et al. (2016). In short, reads with a minor allele frequency <3%

and genotyped in <80% of the samples were excluded. Indels were removed and only SNPs with a

quality and depth ratio of 2%, mapping quality >30 and mean depth <12 were retained, while SNPs

not matching Hardy-Weinberg equilibrium expectations were excluded. Finally, SNPs were called

altogether, including from available whole genomes of Delphinus delphis and T. truncatus (data not

presented here), but as this study focused on T. aduncus from southern Australia, only SNPs that are

unique to this lineage were retained (see Table S3 for SNPs retained at each step).  

2.4 Whole genome association study

2.4a Potential effects of inbreeding, relatedness, sex, and age-classes.

As inbreeding can reduce disease resistance due to the loss of genetic diversity (Acevedo-Whitehouse

et  al.  2003),  levels  of  inbreeding  were  calculated to  test  for  potential  effects  of  inbreeding.  The

inbreeding  coefficient,  F,  was  calculated  within  and  between  cases and  controls using  the  het

command in Plink v1.9, based on an unlinked SNP dataset (189,178 SNPs). The mean F of each

group was compared using an independent samples t-test.  

Levels  of  relatedness  within  and  between  cases and  controls as  well  as  differences  in  the

representation of sexes and age classes between groups were also calculated to assess the potential

influence of these factors on the outcome of an individual. Pairwise relatedness between individuals

based on the unadjusted Ajk statistic method of  Yang et al. (2010) was estimated using VCFtools.

Pairwise relatedness within and between groups, as well as the mean number of individuals of each

sex and age class between groups were then compared using an independent sample t-test. 

2.4b Identifying SNPs under selection

Allele frequency differences between the two groups were calculated to identify SNPs potentially

involved in resistance or susceptibility. This analysis used 7,720,686 SNPs and was based on two
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association tests implemented in Plink v1.9; the chi-square test and Fisher’s exact test. SNPs with a

highly significant P-value (p ≤ 0.001) were selected as outlier SNPs, as per Batley et al. (2019). These

two tests were complemented by the Weir and Cockerham’s FST (Weir and Cockerham 1984), which

estimates differentiation between groups based on allele frequency shifts. FST was calculated between

cases and  controls using the --weir-fst-pop command in VCFtools. SNPs with an FST value greater

than five standard deviations from the mean (0.0019 ± 5SD) were selected as outlier SNPs (Axelsson

et al. 2013, Kardos et al. 2015). Outlier SNPs from each of the three tests were compared, and those

identified as outliers in at least two tests were selected as candidate SNPs to reduce selecting false

positives. The two tests implemented in Plink also output Odds Ratios (OR), which were used to test

the odds of the minor allele being in association with an outcome (i.e. non-survival).  

2.4c Annotation of candidate SNPs

To annotate and explore the function of candidate SNPs, 600 bp flanking regions of the candidate

SNPs were aligned to  T. truncatus proteins (GCF_001922835.1) using blastx v2.2.28. This used an

alignment length of above 30 amino acids, similarity above 50%, and an e-value threshold of 8e-07.

Although the similarity cutoff was low, all alignments were validated using SnpEff (Cingolani et al.

2012) and with  the  SABD reference  genome  annotation.  For  all  alignments  to  the  proteins,  the

genomic region of the SNP (intronic or exonic) and their predicted functional effect (missense vs

synonymous changes) were investigated using SnpEff. Specifically, a VCF file of all candidate SNPs

with flanking regions that aligned to the protein database was generated and the SNPs were annotated

against  the  SABD reference genome. All  SNP annotations  were cross-checked against  the  blastx

sequence annotations to ensure annotations were correct between the two genome annotations. This

was done as all SNPs were called from the SABD reference genome; however, the annotation of this

genome is in its draft stages. Therefore, genes that were annotated against the T. truncatus proteins

and not the SABD annotation were searched for within the SABD genome. If the gene was present

but in a different location, the annotation was ignored. If, however, the gene was not present in the

SABD genome, it was included as a correct annotation. Functions of the putative candidate genes
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were explored using Gene Ontology (GO) terms provided by UniProtKB (UniProt 2019), and their

involvement  in  immune  pathways  and  gene  interactions  were  explored  with  human  Ensembl

identifiers and Reactome (Fabregat et al. 2018).

2.4d Candidate immune gene approach

Several candidate genes for variation in CeMV immune responses have been previously proposed

(Hashiguchi et al. 2011, McCarthy et al. 2011, Haralambieva et al. 2015, Stejskalova et al. 2017), yet

some of these genes were not initially identified as candidate genes in this dataset. To investigate

whether SNPs within these genes are in fact neutral between cases and controls, or alternatively are

under selection but did not align to the protein coding regions, the allele frequency and genotype

counts for each SNP within each gene were compared between cases and controls. To achieve this,

each gene location was extracted from the SABD reference genome and SNPs within the specified

regions were extracted using VCFtools. To confirm the gene regions from the SABD annotations

were  correct,  gene  sequences  from  either  the  T.  truncatus (GCF_001922835.1) genome  were

downloaded  from  NCBI  and  mapped  to  the  SABD reference  genome  using  blast  v2.2.28.  All

alignments  from both algorithms were compared to  ensure  accurate  alignments.  Allele  frequency

differences were calculated using a chi-square test, and genotypes of the top performing SNP within

each gene (i.e. SNP with the greatest differentiation between cases and controls) were counted using

Plink. 

3. Results

Whole genome sequencing produced a total of  4,274,472,237  reads for 53  T. aduncus individuals

from South Australia (Figure 1). After quality filtering, 3,310,493,013 reads (mean = 31,231,066 ±

13,586,174)  remained,  of  which an  average of  96.81% of  reads  mapped to  the  SABD reference

genome. Calling SNPs from the genome resulted in a total of 33,386,256 SNPs, of which 16,658,049

remained after  quality filtering (Table  S3).  Of these SNPs,  7,720,686 (on 23 chromosome-length

scaffolds and 77 smaller scaffolds, Figure S1) were unique to T. aduncus. The final dataset available
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for analysis therefore,  consisted of 7,720,686 SNPs for 53 individuals with an average of 1.22%

missing data (SD ± 1.55%). Missing data did not differ  significantly between  cases and  controls

(cases = 1.15% ± 0.81%; controls = 1.25% ± 1.84%). 

3.1 Potential effects of inbreeding, relatedness, sex, and age-classes.

There was no significant difference in the mean inbreeding coefficient between the two groups (cases

= 0.0574 ± 0.049;  controls = 0.0289 ± 0.061,  P = 0.087), suggesting that genome-wide levels of

inbreeding did not influence susceptibility of case dolphins to CeMV during the outbreak. 

The  mean  relatedness  of  pairs  of  individuals  within  and  between  groups  was  not  significantly

different (cases = -0.0185 ± 0.056; controls = -0.0184 ± 0.051; case-control = -0.0226 0.036; all P >

0.05). Likewise, there was no significant difference between the sex composition between groups

(cases:  M = 10,  F = 9; controls:  M = 21,  F = 9;  P = 0.527). There was,  however,  a significant

difference between the representation of different age classes in the two groups, but due to the limited

number of adult case samples (n = 2), the influence of age could not be accounted for in the analysis. 

3.2 Identifying SNPs under selection and annotation of candidate SNPs

Methods to detect SNPs under selection between case and control individuals identified outlier SNPs

in all three tests, with the number of outlier SNPs ranging between 9,122 and 22,636 (Figure 2). Of

these outliers, 3,870 SNPs were present in at least two tests, and a further 7,139 SNPs were present in

all three tests (Figure 3). A total of 11,009 SNPs (< 0.15% of all SNPs) found on 22 chromosome-

length scaffolds showed putative signatures of selection between  case and  control individuals and

were considered candidate SNPs. 

Of the 11,009 candidate SNPs and associated flanking regions, 498 aligned and annotated to the  T.

truncatus protein dataset and/or the SABD annotation. These SNPs annotated to 220 protein coding

genes and seven uncharacterised proteins (Table S4). Investigation of all candidate genes and their

involvement  in  different  pathways  found that  117 candidate  genes  were  related  to  654 different
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biological  sub-pathways  that  can  be  grouped into  23  pathways  (Table  S5).  The  key  pathway of

interest is the immune system (28 genes) (Figure 4, Table S6), however other pathways of interest

include disease (15 genes),  signal  transduction (28 genes),  and cell-cell  communication (5 genes)

(Table  S5).  The  remaining  103  genes  either  did  not  have  Ensembl  identifiers  or  could  not  be

characterised into pathways. However, inspection of GO terms suggests that a further eight genes

could be involved in immune system pathways (Figure 4, Table S6). 

Within the immune system pathways, Fc receptor proteins (FcRs) were well  characterised with 7

genes (DOCK1, MHY9, ACTR3, GRB2, NFATC2,  CARD11 and CALM1), while F-box proteins that

have previously been proposed to be involved in CeMV susceptibility and resistance  (Batley et al.

2019) were also identified (LMO7,  FBXL7,  FBX10 and FBXW11  [identified through the candidate

gene approach]). Likewise, of the signaling pathway, the MAPK cascade was well characterised with

three candidate genes (FGF2,  GRB2 and CALM1) and a further six genes with GO terms relating to

the MAPK cascades (PDE6H, NTRK2, KIDINS220, INHBA, NPSH1, PLCE1). Finally, pathways and

GO terms highlighted the importance of the regulation and expression of interleukins and T cells (see

Table S7 for all pathways and sub-pathways). 

Further inspection of the annotated SNPs and the gene regions they fall within revealed that majority

of the SNPs fell within introns (n = 362), while a further 42 SNPs were intergenic. In total, 48 SNPs

were found in exonic regions,  in which 18 caused a missense mutation and 22 SNPs resulted in

synonymous substitutions (Table S8). Of the SNPs that annotated to immune genes, ten SNPs were

found within exons, however just six of these within three genes (CD300LF, NFATC2 and NFKBIZ)

caused a missense change,  while  four  SNPs within four genes resulted in no amino acid change

(DOCK1,  FBXW10,  MASP1,  MHY9) (Figure 4). The odds-ratio (OR) suggest that for the SNPs that

caused a missense change, the minor allele increased the odds of succumbing to CeMV (Figure 4).

Other genes of interest that were annotated include IL4α, which had an OR of 16.25 (Figure 4) and

PATJ, both of which have been previously identified as potentially important in immune responses to

morbilliviruses (McCarthy et al. 2011, Haralambieva et al. 2015, Batley et al. 2019).
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2.3. Candidate immune genes

At least 29 genes have been previously identified as potentially playing a role in immune responses to

morbilliviruses in general  (Hashiguchi et al. 2011, McCarthy et al. 2011, Haralambieva et al. 2015,

Stejskalova et al. 2017), but only two of these (PATJ  and  IL4α) were found to be under putative

selection between  cases and  controls in this study. For the remaining 27 genes, 23 aligned to the

SABD reference genome. Within the aligned genes, 7,271 SNPs were extracted, of which 29 SNPs on

five  genes  (RARb,  MAPK8,  FBXW11,  ANK3  and ACOX3)  show  significant  allele  frequency

differences (P < 0.001) between cases and controls. These SNPs were identified as outliers in the tests

for selection but did not align to the T. truncatus proteins and are therefore considered to be located

within intronic regions of the genes. The majority of the 23 genes were highly polymorphic (Table 1),

however inspection of genotype counts for the top performing SNP within each gene (i.e. SNP with

greatest allele frequency differences between cases and controls) highlighted a lack of heterozygosity

within 11 of the immune genes across all samples (Table 1). For these 11 SNPs, at least 84% of all

samples were homozygotes. For TLR8 and TLR3, all case samples were homozygotes, while only four

control samples were heterozygotes. The genes DQα,  BSG and SLC11A1 also showed low levels of

variation, with only four samples being heterozygotes. 

4. Discussion

We  used  whole  genome  datasets  to  characterise  genomic  regions  underlying  resistance  and

susceptibility of dolphins to a highly contagious and fatal virus, CeMV. We found strong evidence of

selection across the genome in comparisons between  case (non-survivors)  and  control (survivors)

bottlenose  dolphins  from the  largest  CeMV related  outbreak  in  Australia  (Kemper  et  al.  2016).

Significant allele frequency differences between case and control  samples were identified in 11,009

SNPs, with a minimum of 36 immune-related genes apparently involved in CeMV resistance and

susceptibility. 
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Host genetic factors play an important role in mobilising immune responses to invading pathogens,

and  may  influence  the  outcome  of  an  individual;  yet  relatively  few  studies  have  assessed  the

importance of these factors and immunogenetic diversity in wildlife disease risk (Smith et al. 2009,

Bossart et al. 2019). Here, we not only uncovered host genetic variants and genes involved in CeMV

susceptibility and resistance but provide additional support for previously proposed candidate genes

associated with morbilliviruses. We also identified a lack of immunogenetic diversity in the studied

dolphin  population  within  immune-related  genes  previously  recognised  as  important  in  the  fight

against  pathogens  more  broadly.  CeMV  is  of  growing  concern  given  ongoing  climate  change

threatening to lead to more stressful environments for populations and species, and altering host and

virus distributions  (Burge et  al.  2014). Since its  discovery,  CeMV has shown a rapid geographic

expansion and an increase in the number of host species and viral strains (Di Guardo and Mazzariol

2014,  Van Bressem et  al.  2014),  which appears  to  be  exacerbated  by  climate  change associated

events. Through the identification of genes potentially involved in CeMV immune responses, our

work clarifies how host genetic factors drive CeMV outcomes and provides knowledge about the

diversity of immune responses, their interactions, and pathways in dolphins. 

4.1 Impact of inbreeding

Levels  of  inbreeding  within  wildlife  populations  have  been  associated  with  disease  emergence,

immunocompetence and increased disease susceptibility and severity  (Smith et al. 2009). This has

been observed in several marine mammal populations. For example, high levels of inbreeding within

a  population  of  Mediterranean  striped  dolphins  (Stenella  coeruleoalba)  was  correlated  with

susceptibility and the outcome of individuals, with those stranded earlier in the outbreak exhibiting

higher levels of inbreeding than those that stranded later  (Valsecchi et al.  2004). While the GSV

bottlenose dolphin population exhibits relatively low genetic diversity, it does not appear to exhibit

significant levels of inbreeding (Pratt et al. 2018). At the whole genome level, estimates of inbreeding

were not elevated in  case samples compared to  controls,  supporting previous suggestions that the
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outcome of an individual during this mortality event was not influenced by inbreeding (Batley et al.

2019). 

4.2. Gene functions and immune system pathways 

Gene annotations and investigation of associated gene pathways suggested that genes involved in the

immune system, signal transduction, disease and cell-cell communication are likely to be involved in

the  susceptibility  or  resistance  of  dolphins  to  CeMV.  Here,  we  focus  on  pathways  and  genes

associated to immune functions, however, other pathways and gene functions were also disclosed (see

Table S4 and S5 for details). A wide range of well characterised immune related pathways were found

to  be  putatively  under  selection,  including  a  similar  number  of  genes  from both  the  innate  and

adaptive immune systems, as well as cytokine signalling pathways. These pathways are distinct, but

interconnected  (Gelain  and  Bonsembiante  2019),  reflecting  the  highly  complex  interactions  and

networks of the mammalian immune system. 

Innate immune system

The innate  immune system is  rapid and non-specific  in  its  response  to  pathogens,  involving  the

interplay of the complement system, pattern recognition receptors (PRRs), cytokines and a diverse

range of immune cells that detect and remove pathogens (Ohishi et al. 2011, Gui et al. 2013). Within

this system, candidate genes identified were characterised into PRRs and toll-like receptor (TLR)

cascades, the complement cascade, DAP12 interactions and neutrophil granulation (Table S7).  

We found five candidate genes belonging to different PRR pathways (ATF1, BCL2, MASP1, NFATC2

and  CARD11).  The  PRRs  are  important  in  recognising  Pathogen-Associated  Molecular  Patterns

(PAMPs) to initiate a variety of different immune responses and inflammatory mediators (Amarante-

Mendes et  al.  2018,  Gelain and Bonsembiante 2019).  Interactions between the measles virus and

PRRs, and in particular,  TLRs, have been reported for humans  (Bieback et  al.  2002), and within

cetaceans particular polymorphisms have been proposed to be of functional  importance in CeMV
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resistance  (Stejskalova et al. 2017). This supports that TLRs and PRRs likely represent important

genes and molecules for immune defence (McCarthy et al. 2011, Stejskalova et al. 2017). 

The Fc receptor proteins (FcRs) are immunoglobulin receptors that have important functions in the

activation and down-regulation of immune responses through their ability to bind to antibodies and

stimulate cellular and humoral immune responses (Takai 2002, 2005). Morbilliviruses are known to

cause immunosuppression that may last for long periods of time, leading to increased susceptibility to

secondary infections (Kerdiles et al. 2006, Di Guardo and Mazzariol 2016). In humans, measles virus

proteins have been reported to interact with FcRs on dentritic cells to generate immunosuppression

through  impairment  of  the  cells’  function,  decreased  production  of  interleukins,  and  the  loss  of

antigen specific T cell proliferation  (Marie et al. 2001). In this study, seven candidate genes were

found in pathways relating to FcRs. In particular, DOCK1, MHY9, ACTR3, GRB2 are part of the Fc

gamma receptor dependent phagocytosis pathway, which recognise foreign pathogens and stimulate

phagocytosis to engulf and eliminate infectious agents (Acevedo-Whitehouse and Cunningham 2006).

Another  three  candidate  genes,  NFATC2,  CARD11 and  CALM1 are  involved  in  the  Fc-epsilon

receptor (FcERI) signalling pathway, which is important for the activation of mast cells and basophils,

and  the  release  of  inflammatory  mediators  (Turner  and  Kinet  1999).  The  NFAT is  a  family  of

transcription factors that appear to be key mediators of immune responses, specifically interleukin

production (Fric et al. 2014). Within this pathway, it is thought that calcium in mast cells triggers the

translocation of NFAT to the nucleus,  where NFAT regulates the transcription of cytokine genes

(Turner et al. 1998). NFATC2 specifically is thought to regulate the expression of TNF-a and IL-13

(Klein et al. 2006).  TNF-a and interleukins are key cell signalling proteins and cytokines that fight

infection,  and  their  encoding genes  have  been  associated  with  defence against  the  measles  virus

(Haralambieva et al. 2015). While these genes (TNF-a and interleukins) are known to be important for

morbilliviruses’  host  defence,  this  finding  highlights  the  need  to  look  beyond  these  cytokine

receptors, at  activators and initiators of these proteins, as they may play a role in an individuals’

outcome.   Activation  of  FcERI  also  contributes  to  the  recruitment  of  CARD11,  which  forms  a

signalling  complex  to  activate  NF-kB  (Thome  2004).  NF-kB  is  a  transcription  factor  that  is
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responsible for the induction of cytokines and chemokines, which can initiate inflammation (Liu et al.

2017). CARD11 is critical for the activation of NF-kB, with the inactivation of CARD11 in mutant

mice resulting in the block of cytokine production in T and B cells (Hara et al. 2003). Therefore, this

gene may have been important in the activation of NF-kB and cytokine production, playing a role in

susceptibility to CeMV. In summary, FcRs are important for the functioning of the innate immune

system, and through the release of cytokines and phagocytes are essential for mounting an immune

response to infection and preventing inflammation (Ben Mkaddem et al. 2019). 

Neutrophils are among some of the most common white blood cells that circulate in the human body,

participating  in  the  inflammatory  responses  by  releasing  cytotoxic  proteins  during  degranulation

(Lacy 2006, Naegelen et al. 2015). They may also allow the presentation of antigens via MHC Class

II, activating T cell proliferation  (Wright et al. 2010). The presence of neutrophils in morbillivirus

infected  individuals  are  common  signs  of  an  acute  inflammatory  response  and  are  commonly

observed in CeMV cases (Duignan et al. 1992, Diaz-Delgado et al. 2017, Diaz-Delgado et al. 2019).

Here, we found evidence of selection within three genes (ADA2, RAB37 and VAT1) that are involved

in neutrophil degranulation. These results suggest that variation within these three genes may play an

important role in the release of cytotoxic proteins during neutrophil degranulation, and may be key

contributors in the coordination of  an inflammatory response, activating MHC or combating foreign

pathogens, and thus influencing susceptibility or resistance to CeMV.   

Adaptive immune system

The adaptive immune system, also known as the specific and non-rapid system, is mediated by B and

T lymphocytes, and recognises pathogens by high affinity receptors (Werling and Jungi 2003). Within

the  adaptive  immune  system,  seven  of  the  candidate  genes  (PDIA3,  FBXW10,  FBXL7,  UBA5,

SEC31A,  AREL1,  LMO7) are known to be involved in the MHC class I pathway, which generally

fight against intracellular pathogens such as viruses. Three other genes (DCTN6, KIF5B, SEC31A) are

involved in the MHC class II pathways that fight against extracellular parasites and bacteria.  The

MHC complex is of known immune importance, being involved in resistance and susceptibility to
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disease through antigen processing and presentation (de Sa et al. 2019). Specifically, five candidate

genes (LMO7, AREL1, FBXL7, FBXL10, UBA5) implicated in antigen processing of the MHC class I

pathway  were  found  here.  This  process  involves  the  ubiquitination  and  proteasome  degradation,

whereby foreign proteins are degraded into short peptides for presentation to the MHC class I system

(Strehl et al. 2005). F-box proteins, in particular, are involved in the Skp, Cullin, F-box containing

complex (SCF complex) that catalyses the ubiquitination of proteins prior to proteasome degradation

(Kipreos and Pagano 2000). F-box proteins were previously suggested to be involved in the immune

response of bottlenose dolphins to CeMV  (Batley et al. 2019), and likewise in this whole genome

study,  allele  frequency differences  between  cases and  controls were  observed at  three  additional

genes that encode F-box proteins (LMO7,  FBXL7 and FBX10). These results suggest that several F-

box proteins are likely to be important in host immune responses to CeMV, and genetic variants at

these genes may impact the likelihood of survival of an infected individual.

PDIA3 and  SEC31A are  involved  in  antigen  presentation,  folding,  and  loading  of  MHC class  I

receptors.  PDIA3  is  an  integral  part  of  the  peptide-loading  complex  (Santos  et  al.  2007) that

coordinates  the  movement  of  high-affinity  peptides  to  MHC class  I  molecules,  and  is  therefore

involved in the regulation of antigen presentation  (Santos et al. 2007, Scholz and Tampe 2009). In

PDIA3  deficient  mice,  the  MHC class  I  complex,  and  specifically  the  presentation  of  antigenic

peptides,  was  impaired,  which  may  benefit  pathogens  survival  and  spread  (Garbi  et  al.  2006,

Pressinotti  et  al.  2009).  Another  three  candidate  genes  (DCTN6,  KIF5B  and  SEC31A) were

characterised into antigen presentation of the MHC Class II pathway, while NFX1 may be involved in

MHC Class II processes. It is within this Class II complex that cell surface glycoproteins recognise

and bind antigens,  presenting them to T-lymphocytes that  initiate  an immune response  (Moreno-

Santillan et al. 2016). 

Across vertebrates, the MHC complex is one of the most well studied immune-related regions. It has

been implicated in responses to measles vaccination (Haralambieva et al. 2015), and suggested to be

functionally important in CeMV infection (Stejskalova et al. 2017). Although we found no evidence
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of selection within key MHC genes (e.g. DQA, DQB), variation in several downstream genes suggests

that the MHC Class I and II pathways may be involved in a dolphin’s ability to fight CeMV infection.

Some cell  receptors may also play a role in modifying the response of immune cells.  We found

significant variation between cases and controls within two genes (ITGA4 and CD300LF) that may be

involved in  the  regulation of  immune functions.  The CD300 family contains  both inhibiting and

activating receptors. The gene CD300LF, found to contain four SNPs that cause a missense mutation,

may act  as a negative regulator of TLR signalling and the FcR-mediated activation of mast  cells

(Izawa  et  al.  2014).  By  contrast,  CD300LF may  positively  regulate  the  IL4-mediated  signalling

pathway by acting as a coreceptor for IL-4 (Moshkovits et al. 2015); a cytokine signalling gene that

has been previously implicated in morbillivirus immune responses, and found to be putatively under

selection in this study.  ITGA4 may also promote viral  resistance by permitting T-lymphocytes to

migrate to sites of inflammation. In particular, increased expression of  ITGA4 has been associated

with elevated T-lymphocyte immune activity (Dedrick 2007). 

In addition, several of the genes that were found to be putatively under selection here may also be

involved in other adaptive pathways that relate to the signalling and differentiation of T and B cells.

These pathways include TCR signalling (CARD11), co-stimulation by the CD28 family (GRB2) and

signalling  by  B  cell  receptors  (NFAT,  CARD11,  GRB2).  The  candidate  gene  NFKBIZ,  which

contained a SNP that caused a missense mutation, is also involved in the T cell receptor signalling

pathway and the regulation of inflammatory responses. In regards to measles, TCR-mediated signals

combined with the ligation of SLAM may trigger the downstream signalling of T helper 2 (Th2) cells,

as well as key cytokines (IL-4 and IL-13) to fight infection (Sato et al. 2012). The co-stimulation of

CD28 is also critical for T cell differentiation, with increased ligation of CD28 generally resulting in

an increased production of  IL-4  (Rulifson et  al.  1997).  A major  immune response of  humans to

measles is controlled by T-lymphocytes that recognise measles antigens (Haralambieva et al. 2015).

These  T-lymphocytes  also  play  a  key  role  in  immune  responses  of  dolphins  to  CeMV,  with

seropositive dolphins showing a reduction in T cell proliferation in comparison to healthy dolphins
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(Bossart et  al.  2011, Bossart et  al.  2019, Diaz-Delgado et al.  2019). Throughout the outbreak, all

stranded dolphins showed clinical signs of lymphoid depletion (Kemper et al. 2016), suggesting that T

cell proliferation may have been reduced, hampering the ability of an individual to fight the infection.

Altogether,  these  results  highlight  the  importance of  T-lymphocytes  in  the  ability  of  dolphins  to

mount an immune response to fight CeMV. 

Cytokine signalling in the immune system

Cytokines and their receptors are very important in the modulation of immune responses and are key

components of host defence. Given their role in combating pathogens, cytokines have been the focus

of several vaccination efforts against measles (Haralambieva et al. 2015), and are proposed candidate

genes for morbillivirus resistance and susceptibility. One of these cytokine signalling receptor genes,

IL4a,  was found to be under selection in this  study.  Likewise,  McCarthy et  al.  (2011) identified

variation within IL4 of European harbour seals (Phoca vitulina) from populations exposed to phocine

distemper virus. In our study, the importance of IL4 has also been highlighted through its link to other

immune pathways (i.e. TCR signalling, co-stimulation of CD28, and the regulation by  CD300LF).

These  findings  provide  further  support  that  variation  within  cytokine  signalling  genes  such  as

interleukins, and particularly IL4a, play an important role in host immune responses to morbilliviruses

in general. Four other candidate genes were found to be involved in the cytokine signalling pathway,

including  CNTF,  ATF1,  GRB2 and  FGF2. The ciliary neutrophic factor (CNTF) is a cytokine with

immunomodulatory functions, and has been observed to increase the number of interferon gamma

cytokines, resulting in the production of T cells  (Tormo et al. 2012). These candidate genes further

emphasise the importance of cytokines in mediating and regulating immune responses to morbillivirus

infection. 

4.4. Other pathways

Other candidate genes found under putative selection in dolphins are involved in multiple pathways

that may indirectly be linked to immune responses. For example, signal transduction is an important
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process  where extracellular  signals,  such as  hormones or  growth factors  change the cell  state  or

activity (Nair et al. 2019). Here, three candidate genes (FGF2, GRB2 and CALM1) are involved in the

MAPK family signalling pathway, and another six (PDE6H, NTRK2, KIDINS220, INHBA, NPSH1,

PLCE1) were associated to the MAPK cascades. These are involved in the initiation of the innate

immune system, activation of the adaptive immune system, and cell death after infection (Dong et al.

2002).  MAPK8 was previously suggested to be involved in dolphin susceptibility and resistance to

CeMV, and was related to a response to heat stress (Batley et al. 2019). Likewise, it was found to be

under selection in this whole genome study (intron region, discussed in immune genes section). The

MAPK signalling pathway has been suggested to be involved in functional changes of dendritic cells

following contact with measles-hemagglutinin, and may be important in the immunosuppression of

this virus  (Romanets-Korbut et al. 2016). This suggests that MAPKs may be important not only in

responses to stress, but also in immune responses to CeMV. Two other genes (INHBA and BMPR1B)

are involved in  signalling by the transforming growth factor  (TGF) family members.  TGFs  have

important  functions  in  the  regulation  of  inflammatory  responses  and  in  T  cell  regulation  and

differentiation  (Li  et al.  2006). TGFs have been associated with immune responses to a range of

diseases  (Akdis et al. 2016), but to the best of our knowledge, TGFs have not been implicated in

immune responses to morbilliviruses. 

4.5. Candidate immune genes

Numerous  genes  have  been  proposed  to  be  involved  in  immune  responses  to  morbilliviruses,

including  binding  genes,  pathogen-associated  molecular  pattern  sensing  genes,  cytokine-cytokine

receptor  genes,  antiviral  genes,  and  vitamin  A  and  D  receptor  genes  (McCarthy  et  al.  2011,

Haralambieva et al. 2015, Stejskalova et al. 2017). Due to the high number of gene annotations, we

mainly focused on SNPs that annotated to protein coding regions and therefore may have missed

variation between cases and  controls in intronic regions of important immune genes. To counteract

this,  we  assessed  genetic  variation  and  investigated  putative  signatures  of  selection  in  23  genes

previously proposed to be important  in resistance and susceptibility to morbilliviruses.  We found
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significant  differentiation  in  intronic  regions  in  five  of  such  candidate  genes  (RARb,  MAPK8,

FBXW11, ANK3 and ACOX3). While the identified SNPs are within non-coding regions, the potential

role of these genes in fighting CeMV should not be discarded. A large proportion of the mammalian

genome is made up of introns (Chorev et al. 2017), and in the SABD reference genome less than 0.6%

of SNPs are within exons (Batley et al. unpublished data). While many introns act in a neutral manner

with apparently no function,  intronic SNPs might  indirectly influence gene function and immune

response genes through the alteration of splicing (Dhiman et al. 2008, Seoighe and Korir 2011, Singh

et al.  2018,  Guigó and Ullrich 2020). Regarding measles, 18 intronic SNPs within TLRs, NFkB,

TRAF6 and IkK have been associated with measles-specific humoral and cellular immunity (Dhiman

et  al.  2008).  By  contrast,  inspection  of  the  genotype  counts  highlighted  a  remarkable  lack  of

heterozygosity in important immune genes.

Genetic diversity is essential for natural populations to adapt to rapid and ongoing changes to their

environment  (Manlik  et  al.  2019).  Maintaining  genetic  diversity  is  particularly  important  for

populations to recognise and fight  infectious diseases  (Hendricks et  al.  2017).  Immune genes are

considered amongst some of the most polymorphic genes in wildlife populations (Morris et al. 2015,

Ruan et al. 2016, Dooley et al. 2018), with diversity suggested to be maintained through pathogen-

host balancing selection (Morris et al. 2015), and  an excess of homozygous alleles likely impairing

an  individual’s  ability  to  successfully  fight  pathogens  (Smith  et  al.  2009,  Shafer  et  al.  2012,

Blanchong et al.  2016). The dolphin population studied here has relatively low levels of standing

genetic variation compared to neighbouring populations (Pratt et al. 2018, Pratt et al. in prep), and this

may have negatively influenced their susceptibility to CeMV. While we observed a high level of

polymorphism in many immune genes, we found a lack of heterozygosity in some that are thought to

be functionally important. This lack of diversity was observed across case and control samples, and

therefore  may  not  have  led  to  case dolphins  being  more  likely  to  succumb  to  CeMV,  but  the

population  being  more  susceptible.  Within  the  GSV,  T.  aduncus and  D.  delphis are  considered

resident species  (Kemper et al. 2008).  D. delphis are very gregarious and form a larger population

(Zanardo et al. 2016a, Parra et al. in review) and although a small number of D. delphis cases were
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recorded during the outbreak, the virus did not  seem to have a similar  impact  in this population

(Kemper et al. 2016).  D. delphis from GSV are more genetically diverse than  T. aduncus from the

same bioregion  (Bilgmann et al. 2014, Pratt et al. 2018), and this difference in diversity may have

influenced their ability to fight and survive CeMV infection.  

5. Conclusions

This whole-genome association study disclosed the importance of key immune response genes and

pathways in the susceptibility and resistance of dolphins to the highly infectious and fatal CeMV. We

have uncovered novel genes and pathways that have not previously been the target of morbillivirus

immune response studies. In particular, the genes CD300LF, NFATC2 and NFKBIZ may be important

in the regulation and expression of interleukins and T cells, while the gene pathways FcRs and MAPK

cascade  may  be  important  for  recognising  pathogens  and  activating  immune  responses,  and  the

initiation and activation  of  the  immune system,  respectively.  In  addition,  we  found evidence for

putative selection in genes previously suggested to be involved in responses to morbilliviruses, adding

evidence that knowledge gained on immune responses by one species can be more broadly applied to

other morbilliviruses. The results highlighted the importance of cytokines, T cells (particularly Th2)

and IL4, in fighting infection by these viruses. Overall, our work highlights the complex interactions

between the innate, adaptive, and signalling processes of the mammalian immune system in fighting

infection by viruses and adds to our understanding of major marine mammal immune responses. The

unravelled interactions of the immune systems emphasise the significance of whole genome studies to

characterise  the  interplay  of  immune  responses  and  genes  involved  in  combating  infections.

Additional whole genome studies of larger CeMV outbreaks should clarify the role of these genes and

pathways across virus strains, and cetacean populations and species. These results add weight that

knowledge gained on immune responses by one species may be more broadly applied to other species

of morbilliviruses.
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Tables and Figures
Table 1: Genotype counts for the most differentiated SNP between case and control bottlenose dolphins for 23
previously identified genes as being involved in morbillivirus immune responses.

   Case Control All samples

Gene
#

SNPs
SNP AA AB BB AA AB BB AA AB BB

TLR3 23 chr_unlocalized.8:21644753 0 0 19 0 4 30 0 4 49

BSG 37 chr_unlocalized.3:129929304 1 3 15 0 1 33 1 4 48

DQa 319 chr_unlocalized.10:24317329 1 3 15 0 1 33 1 4 48

SLC11A1 12 chr_unlocalized.13:19817092 1 2 16 0 2 32 1 4 48

TLR8 18 chr_unlocalized.3:10277523 0 0 18 0 4 28 0 4 46

TLR7 10 chr_unlocalized.3:10232052 0 5 14 0 1 32 0 6 46

DRb 146 chr_unlocalized.10:24261165 2 2 15 0 4 29 2 6 44

SLAMF1 45 chr_unlocalized.8:49373642 0 0 18 2 6 25 2 6 43

CD209 10 chr_unlocalized.3:124318575 0 5 14 0 2 31 0 7 45

IL10 13 chr_unlocalized.10:97296013 1 4 14 0 4 30 1 8 44

NCR1 55 chr_unlocalized.1:55733562 2 4 12 0 4 30 2 8 42

TRIM6 9 chr_unlocalized.2:60993451 0 2 17 2 11 21 2 13 38

DRa 68 chr_unlocalized.10:24244730 2 5 12 3 12 19 5 17 31

ADAR 20 chr_unlocalized.8:44739127 5 5 9 1 12 21 6 17 30

IL2 3 chr_unlocalized.7:19991473 1 6 12 4 12 18 5 18 30

MAPK8 230 chr_unlocalized.20:20510091 1 2 16 8 16 10 9 18 26

RARb 1160 chr_unlocalized.4:147546454 9 8 2 5 11 18 14 19 20

TNFa 2 chr_unlocalized.10:23544844 4 4 11 5 16 13 9 20 24

MX2 109 chr_unlocalized.4:4369741 8 5 6 4 15 15 12 20 21

FBXW11 2688 chr_unlocalized.11:3389906 10 7 2 3 16 15 13 23 17

NECTIN4 32 chr_unlocalized.6:87201732 6 9 4 5 16 13 11 25 17

ACOX3 837 chr_unlocalized.7:3120566 5 6 8 0 7 26 5 34 13

ANK3 1425 chr_unlocalized.11:3626693 0 0 19 2 14 17 2 36 14
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Figure 1: Sampling locations of southern Australian bottlenose dolphins, Tursiops aduncus. case (n=
19) are non-survivors and control (n= 34) are survivors from the 2013, Gulf St. Vincent outbreak used
in the whole-genome association study of resistance and susceptibility to CeMV.
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Figure 2:  Manhattan plot of the Chi-square test for differences in allele frequencies of 7,720,686
SNPs between case and control bottlenose dolphins. SNPs above the blue line (P < 0.001) represent
candidate SNPs putatively associated with cetacean morbillivirus resistance and susceptibility. 

Figure 3: Comparison of the number of candidate SNPs identified in three tests of differentiation
between case and control bottlenose dolphins. Chi-square test (n = 12,625), Fisher’s exact test (n =
9,122) and Weir and Cockerham’s FST (n = 22,636). 
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Figure 4: 36 immune-related genes putatively associated with cetacean morbillivirus resistance and
susceptibility;  a) allele  frequency  differences  between  case and  control individuals  and  their
corresponding odds ratio. Blue odds ratios represent non-applicable odds ratios (as allele frequency in
controls = 0); b) Immune sub-pathways of the candidate immune-related genes. Other immune refer
to the genes that had GO terms relating to immune functions. Stars represent the seven genes that
include exonic SNPs (filled = missense change; non-filled = synonymous change). 
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