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Abstract 

Little is known about the genetic and molecular mechanisms responsible for the great differences in 

mammalian longevity and life history. One potential source of novel insights is based on comparative 

analyses of the genomes of species which exhibit extreme longevity and an extended life history. As 

such, this work describes the results obtained from the analysis of the bowhead whale, naked mole 

rat (NMR) and human genomes, each of which are exceptionally long-lived compared to closely-

related species.  

The bowhead whale genome was analysed with a focus on identifying genes with evidence of 

positive selection and proteins with unique amino acid residues when compared with other 

mammals. A number of genes that have previously been associated with cancer and ageing were 

found to exhibit evidence of positive selection on the bowhead lineage. In addition, bowhead-

specific alterations in proteins linked to sensory perception of sound and size and development were 

also identified which are of potential relevance due to the phenotypic divergence of the bowhead 

whale associated with these traits. 

The analysis of the NMR assembly attempted to identify genes with a signal of positive selection by 

comparing synonymous and non-synonymous substitution rates. While positive selection on NMR 

genes has previously been analysed, we found additional signals of selection in several which have 

not previously been reported, including in regions of p53 and the hyaluronan receptors CD44 and 

HMMR.  

Finally, while the previous analyses focused on coding sequences, it is also likely that much of the 

genetic basis for the variation in longevity is to be found in non-coding regions of the genome. In 

order to assess this hypothesis, human data from both genome wide association studies (GWAS) and 

annotated 3’UTR sequences was analysed in order to identify genes with signals of molecular 

adaptation which correlate with trait divergence. The GWAS meta-analysis identified genes from a 

specific pathway which has previously been shown to regulate the timing of growth and 

development. The genes identified in the 3’UTR analysis were slightly below the level of statistical 

significance indicating that greater statistical power, most likely in the form of including sequences 

from addition species, is necessary. 

Overall, the results obtained offer novel insights regarding the molecular adaptations by which 

longevity and life history evolve and identify numerous genes which could be prioritised for future 

studies including potential functional characterisation. Furthermore, all the data and results 
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generated have been made available on customised online portals in order to allow easy access to 

the scientific community and facilitate further research into these long-lived species. 
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1. Introduction and aims 

 

1.1 Mammalian life history 

There is enormous variation in mammalian life history (the sequence of events related to survival 

and reproduction that occur from inception to death) and longevity (herein defined as maximum 

lifespan), even in relatively closely related species (de Magalhães et al., 2007). By way of illustration, 

mice (Mus musculus) reach maturity at 42 days and can live for 4 years, compared with 228 days and 

31 years respectively for the naked mole rat (Heterocephalus glaber), a rodent of similar size, and 

great variation in lifespan is evident even among a subset of species for which genome sequences 

are available (Table 1.1). 
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Table 1.1: maximum lifespans of selected mammalian species with sequenced genomes 

(http://genomics.senescence.info/species/).  

Species Name Maximum lifespan (years) 

Human Homo sapiens 122.5 

Chimpanzee Pan troglodytes 59 

Gorilla Gorilla gorilla 55.4 

Orangutan Pongo pygmaeus 59 

Rhesus monkey Macaca mulatta 40 

Marmoset Callithrix jacchus 16.5 

Tarsier Tarsius syrichta 16 

Bushbaby Otolemur garnettii 18.3 

Mouse lemur Microcebus murinus 18.2 

Mouse Mus musculus 4 

Rat Rattus norvegicus 5 

Guinea pig Cavia porcellus 12 

Squirrel Spermophilus tridecemlineatus 7.9 

Kangaroo rat Dipodomys ordii 9.9 

Naked mole rat Heterocephalus glaber 31 

Cow Bos Taurus 20 

Dolphin Tursiops truncates 51.6 

Orca Orcinus orca 90 

Minke whale Balaenoptera acutorostrata 50 

Bowhead whale Balaena mysticetus 211 

7



It is important to take account of potential ascertainment biases in relation to maximum lifespan as 

presented above. For example, there is significant variation in sample sizes across species which 

could contribute to inaccurate estimation. In particular, the sample size for human vastly exceeds 

that of any other species and as such, human maximum longevity relative to other species is most 

likely significantly overstated. An additional issue is that for some species, it is difficult or impossible 

to measure longevity directly. This particularly applies to species such as the bowhead whale, for 

which it is necessary to estimate longevity indirectly using a method known as aspartic acid 

racemization (Garde et al., 2007), which cannot be expected to have the same accuracy as direct 

observation. 
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1.2 Maximum lifespan 

Maximum lifespan strongly correlates with a number of factors, most notably body mass (Figure 

1.1), with larger species living longer than smaller species on average (Promislow, 1993). 

 

Figure 1.1: plot of the ln-transformed relationship between body mass (M) and maximum longevity 

(tmax) across vertebrates (de Magalhães et al., 2007). A, Grey circles: all mammal, bird, reptile and 

amphibian species (n = 1456) in AnAge (de Magalhães et al., 2005). B, Grey line: avian regression 

curve; black line: mammalian regression curve minus bats and cetaceans. Closed circles: primates (n 

= 137); grey squares: bats (n = 73), the two longest-lived mammalian orders for their body size. 
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However there are several exceptions to this tendency, in particular birds and bats (Austad and 

Fischer, 1991). Ecological constraints offer a plausible explanation reconciling these observations. 

Flight and increased body size contribute to a reduced risk of predation, leading to a lower mortality 

rate, higher maximum lifespan and reduced rate of aging, influencing the evolution of life history 

and longevity (Stearns, 1992). 
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1.3 Adaptation 

When considering the evolution of any phenotypic trait, a clear understanding of the concept of 

adaptation is essential. Adaptation is defined as the evolutionary process by which organisms 

become better suited to life in their habitat or habitats (Dobzhansky et al., 1968). The prevailing 

view had originally been that natural selection (Darwin, 1859), or the differential inheritance of 

alleles associated with beneficial phenotypic variation, was the dominant mechanism underlying 

adaptation at the molecular level. However this was challenged by the neutral theory of molecular 

evolution (Kimura, 1968), which posits that the majority of the molecular variation within and 

between species is caused not by natural selection, but by random genetic drift of neutral alleles. 

 

1.4 Genetic drift 

This sparked an extended debate regarding the relative influence of natural selection and genetic 

drift (Wright, 1929), which is the change in the frequency of a gene variant in a population due to 

random sampling, on molecular evolution. A number of mathematical models have been created to 

describe changes in allele frequency in an idealised population, which support the Hardy-Weinberg 

principle (Hardy, 1908; Weinberg, 1908). This states that within sufficiently large populations, the 

allele frequencies remain constant from one generation to the next unless the equilibrium is 

disturbed by external influences such as migration, mutation or selection. As such, the effective 

population size would be expected to have a significant impact on the influence of genetic drift 

relative to natural selection. As a simple illustration, whereas in an infinite hypothetical population 

fixation of a specific allele would be impossible, as effective population size decreases, sampling 

error can result in significant alteration of allele frequencies. 
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1.5 Genetic basis of longevity 

Although there is clearly a genetic effect in terms of variation in lifespan, little is currently known 

about the genomic elements responsible (Finch, 1990). It has been proposed that Apolipoprotein E 

(APOE), involved in age-related diseases and associated with human longevity, is a meat-adaptive 

protein that contributed to the evolution of human lifespan (Finch and Stanford, 2004). Specifically, 

carriers of the ε4 allele of the APOE gene (responsible for lipid transport) have higher levels of total 

cholesterol and accumulation of atherosclerotic plaques in arteries, leading to increased risks of 

cardiovascular disease and stroke, as well as dementia and AD (Fullerton et al., 2000). The APOE ε2 

and ε3 alleles confer reduced risks of these diseases of aging relative to the ε4 allele and are 

relatively recent additions to the human genome, with the ε3 and ε2 allele clade having evolved by 

200,000 years ago (Fullerton et al., 2000). Today, prevalence of these alleles varies around the world 

but in most populations, ε3 is found in the highest frequency (mean = 78.3%; range: 8.5–98.0%), 

followed by ε4 (mean = 14.5%; range: 0-49%) and ε2 (mean = 6.4%; range: 0–37.5%) (Eisenberg et 

al., 2010). Therefore it was proposed that humans’ exceptionally long lifespans are a product, in 

part, of the evolution of the ε3 allele, especially because diets shifted to include more meat and 

increased dietary fat and cholesterol later during our evolutionary history (Finch and Stanford, 

2004). 

A small number of studies have attempted to identify coding genes associated with the evolution of 

mammalian longevity. The first searched for codons and genes showing a stronger level of amino 

acid conservation in long-lived than in short-lived lineages (Jobson et al., 2010), however this 

approach appears counter-intuitive if longevity increased as mammals evolved from the ancestral 

lineage. Another analysis scanned for longevity-selected positions in the mammalian proteome, and 

reported several proteins that interact in inflammation and other aging-related processes, as well as 

in organismal development (Semeiks and Grishin, 2012). A third study identified proteins which had 

evolved faster on long-lived lineages (Li and de Magalhães, 2013), however it is based on numerous 

assumptions about the branches of the mammalian phylogeny on which longevity increased, which 

may require justification. In spite of this work, to date there is no example of a functionally validated 

gene associated with variation in mammalian longevity. 
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1.6 Comparative genomics 

One potential means of attempting to isolate the molecular basis of such complex traits is to 

compare and analyse the genomes of closely-related species and identify genetic differences which 

could plausibly be responsible. Such comparative genomics approaches exploit the trait divergence 

between species to find correlated genomic differences. The opportunities to apply comparative 

methods continue to grow as the list of species with sequenced genomes has expanded greatly in 

recent years, primarily due to the continuously declining cost of sequencing, and now includes bat 

(Zhang et al., 2013), pigeon (Shapiro et al., 2013), turtle (Shaffer et al., 2013), cobra (Vonk et al., 

2013), camel (Jirimutu et al., 2012), tiger (Cho et al., 2013), orca (Foote et al., 2015), minke whale 

(Yim et al., 2014) and bowhead whale (Keane et al., 2015). 

A number of intriguing results have already been reported following the comparative analyses of 

these genomes. For example, it was reported in the analysis of two bat genomes that a high 

proportion of genes in the DNA damage checkpoint–DNA repair pathway, including ATM, TP53, 

RAD50 and KU80, are under selection (Zhang et al., 2013). This is notable because these genes have 

been directly associated with ageing in model systems and therefore, it points towards a potential 

role for averting DNA damage in longevity assurance mechanisms; a notion dating back several 

decades that remains contentious. The analysis of the pigeon genome identified the gene EphB2 as a 

strong candidate for the derived head crest phenotype shared by numerous breeds, an important 

trait in mate selection in many avian species (Shapiro et al., 2013). Rapidly evolving genes in the 

camel lineage are significantly enriched in metabolic pathways, which may underlie the insulin 

resistance typically observed in these animals (Jirimutu et al., 2012). Finally, the comparative 

analysis of the genomes of the killer whale and other marine mammals found that convergent amino 

acid substitutions were widespread throughout the genome and that a subset of these substitutions 

were in genes evolving under positive selection and putatively associated with a marine phenotype 

(Foote et al., 2015). 

These analyses did not however extend beyond the examination of protein-coding sequences, which 

it should be borne in mind constitute only a minority of the constrained sequence in the genome 

(Rands et al., 2014). While regulatory sequences are more difficult both to identify and analyse, 

significant progress has also been made in this area. Early studies identified hundreds of so-called 

ultra-conserved elements—elements several hundred bases long and almost identical across 

mammals (Bejerano et al., 2004)—and functional studies demonstrated that some of these had a 

role as enhancers (Woolfe et al., 2005). Comparison of human, mouse, rat and dog identified several 

hundreds of thousands of conserved non-coding elements that cluster near developmental genes 
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(Lindblad-Toh et al., 2005), suggesting the importance of gene regulation for determining body plan 

and neurological development. More recently, an analysis of 29 mammalian genomes identified 3.6 

million constrained elements encompassing 4.2% of the human genome (Lindblad-Toh et al., 2011). 

A lineage-specific alteration in an otherwise well-conserved element is an important indication of 

innovation and as such, the identification of a set of elements that are highly-conserved across 

vertebrates but exhibit accelerated evolution in humans (Pollard et al., 2006) was of particular 

significance. In addition, conserved non-coding elements in mammals may also be deleted in 

humans and close relatives (McLean et al., 2011). Further studies of natural selection, notably in 

sticklebacks (Jones et al., 2012), clearly demonstrate the contribution of regulatory innovation to 

phenotypic evolution. 
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1.7 Detection of positive selection 

In the context of the comparative analysis of selective forces, a very commonly-used approach 

involves comparing the rate of non-synonymous (dN) to synonymous (dS) substitutions per 

respective site in protein-coding genes. Non-synonymous mutations result in changes in the amino 

acid sequence of the protein while synonymous mutations do not. This method has been frequently 

applied to detect selective pressure acting on genes in genome-wide surveys (Chimpanzee 

Sequencing and Analysis Consortium, 2005). 

In the classical test, dN/dS < 1 indicates purifying selection, dN/dS = 1 is indicative of neutral 

selection and dN/dS > 1 is suggestive, but not necessarily proof, of positive selection. There are some 

obvious issues with this simple approach. Firstly, it is possible for dN/dS to exceed 1 purely by 

chance as a result of random fluctuations in dN and/or dS. Therefore it is essential to also estimate 

the statistical significance of the dN/dS values calculated and only predict positive selection when 

dN/dS > 1 with a significant p-value. In addition, positive selection may only act on a small number of 

sites over a short period of evolutionary time, resulting in any signal being swamped by the 

ubiquitous purifying selection on protein-coding genes. A branch-site method was therefore 

developed in order to detect positive selection on individual codons along specific lineages (Yang 

and Nielsen, 2002), which addresses these issues and allows an assessment of the statistical 

significance. 

Using this method, branches of the phylogenetic tree are divided a priori into foreground and 

background lineages, and a likelihood ratio test is constructed by comparing a model that allows 

positive selection on the foreground lineages with a model that does not allow such positive 

selection. However this test was found to generate an excessive level of false positives if some sites 

evolve under negative selection on the background lineages, but experience a relaxation of 

constraints on the foreground lineages (Zhang 2004). To address this issue, a slightly modified 

version was introduced which used a Bayesian approach and assigned a prior to the model 

parameters, which in comparison with the original method was found to alleviate the problem of 

false positives (Yang et al., 2005). 

When considering the results of any genome-wide survey of positive selection, there are a number 

of issues that should be borne in mind in relation to confounding factors which could affect the 

accuracy of predictions. In particular, sequencing, annotation and alignment errors (Schneider et al., 

2009) as well as recombination (Anisimova et al., 2003) have significant potential to inflate estimates 

of selective pressure. Using the human genome as a point of reference, published estimates of the 

proportion of positively selected genes (PSGs) range between 0.02% (Gibbs et al., 2007) and 8.7% 
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(Clark et al., 2003). It is plausible that a proportion of the enormous variation between these 

estimates is due to errors in the methodologies used. In addition, there have been some surprising 

and potentially dubious claims regarding variation in the extent of positive selection between close 

relatives, including that the proportion of PSGs in human is only half the number in chimpanzee 

(Bakewell et al., 2007). 

To assess the effect of errors, almost 3,000 orthologous protein-coding genes were used to infer the 

fraction of PSGs in seven terminal mammalian branches (Schneider et al., 2009). It was observed 

that the quality of the sequence, the degree of mis-annotation and ambiguities in the multiple 

sequence alignment had a significant impact on the proportion of genes exhibiting signals of positive 

selection. In particular, the inferred fraction of PSGs in sequences that were deficient in each of 

coverage, annotation and alignment was 7.2 times higher than that in genes with high trace 

sequencing coverage, “known” annotation status and perfect alignment scores. Of these three 

issues, sequence quality had the greatest impact, with the proportion of PSGs in low coverage 

sequences found to be 3.3 times that in high coverage sequences. 
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1.8 Genome sequencing and assembly 

Sequence coverage refers to the average number of reads per locus and is of great significance as an 

indicator of genome sequence quality. To illustrate, in a genome sequencing project in which 

shotgun sequencing strategy is used, genomic DNA is firstly sheared into small random fragments. 

Depending on the sequencing platform used, these fragments are then sequenced independently to 

a given length. Commonly used platforms at present include short-read technologies such as 

Illumina HiSeq (typically 150 bp) and SOLiD (typically 50 bp), which have become popular 

alternatives to traditional Sanger sequencing (~1 kb) and Roche 454 sequencing (up to 800 bp). 

Whole genome sequencing using these platforms requires a significant amount of high-quality, non-

degraded DNA (Wong et al., 2012), which can be a significant issue for species with conservation 

concerns. 

The resulting sequence reads are then assembled back together into longer continuous stretches of 

sequence known as contigs by powerful computer software. ALLPATHS-LG (Gnerre et al., 2011) and 

SOAPdenovo (Luo et al., 2012) are two commonly-used software applications employed for this 

purpose, which is known as de novo genome assembly. After the initial assembly, contigs are 

typically joined to form longer stretches of sequence known as scaffolds. To do so, paired-end 

libraries of long DNA fragments are prepared and their endpoints sequenced. The endpoint 

sequences of independent fragments which lie on two different contigs are joined into a scaffold. 

There are a number of confounding issues that can arise during this process. Firstly, if there is not 

sufficient overlap between the sequence reads at each position on the genome, difficulties can arise 

in relation to the assembly of the reads into contigs at these locations. Higher sequence coverage or 

longer sequence reads are possible means by which this issue can be addressed. In addition, de novo 

assemblies generated using short sequence reads encounter significant issues with both repetitive 

and duplicate sequences. This is because the reads typically do not extend beyond the repeat and 

duplicate regions, with the result that the assembly software cannot distinguish between them 

(Alkan et al., 2011). To illustrate the magnitude of this issue, it was reported that de novo assemblies 

were 16.2% shorter than the reference genome, with 420.2 megabase pairs of common repeats, 

99.1% of validated duplicate sequences and over 2,377 coding exons missing from the genome 

(Alkan et al., 2011). 
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1.9 Gene prediction and annotation 

Genome annotation and gene prediction is the process of identifying genes and their intron–exon 

structures in a genome assembly. Therefore the first step in this process is clearly identifying 

whether a genome assembly is suitable for annotation. A commonly-used statistic for this purpose is 

N50. Given a set of scaffolds, each with its own length, the N50 is the length for which the collection 

of all scaffolds of that length or longer contains at least half of the sum of the lengths of all scaffolds, 

and for which the collection of all scaffolds of that length or shorter also contains at least half of the 

sum of the lengths of all scaffolds. Although there is no agreed standard, an assembly with an N50 

equal to or greater than the median gene length is typically regarded as a good candidate for 

annotation (Cantarel et al., 2008; Ye et al., 2011). Because N50 is calculated in the context of the 

assembly size rather than the genome size, comparisons of N50 values derived from assemblies of 

significantly different lengths are usually not informative, even for the same genome. To address this 

issue, an alternative statistic known as the NG50 can be used. This is identical to the N50 except that 

it is 50% of the known or estimated genome size that must be of the NG50 length or longer, which 

allows for meaningful comparisons between different assemblies. 

CEGMA (Parra et al., 2007) provides an additional means of estimating the completeness and 

contiguity of an assembly. This tool screens an assembly against a collection of essentially universal 

eukaryotic single-copy genes and also determines the percentage of each gene lying on a single 

scaffold. If an assembly is incomplete or if its N50 scaffold length is too short, it is advisable to 

complete additional shotgun sequencing, as tools are available for the incremental improvement of 

draft assemblies (Tsai et al., 2010; Assefa et al., 2009; Husemann and Stoye, 2010). 

The next step is to actually annotate the assembly, which is done using software known as genome 

annotation pipelines. Although there are details specific to each pipeline, they share a core set of 

features. Generally, genome-wide annotation of gene structures is divided into two distinct phases. 

In the first, the ‘computation’ phase, evidence such as expressed sequence tags (ESTs), proteins and 

RNA-seq data are aligned to the genome and ab initio and/or evidence-driven gene predictions are 

generated. In the second or ‘annotation’ phase, these data are synthesized into gene annotations. 

Because this process is intrinsically complicated and involves many different tools, the programs that 

assemble the data and use it to create genome annotations are generally referred to as annotation 

pipelines. Current pipelines are focused on the annotation of protein-coding genes, although 

Ensembl (Flicek et al., 2013) also has some capabilities for annotating non-coding RNAs (ncRNAs). 

The computation phase typically involves repeat identification, evidence alignment and gene 

prediction. Eukaryotic genomes can contain large amounts of repetitive sequence with 47% of the 
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human genome for example estimated to consist of repeats (Lander et al., 2001). Furthermore, 

repeats are often poorly conserved and therefore creation of a repeat library for the genome of 

interest is advisable, which can be used with a tool such as RepeatMasker (Smit and Hubley, 2011) to 

identify blocks of sequence in a target genome that are homologous to known repeats. Following 

repeat masking, most pipelines align evidence such as proteins, ESTs and RNA-seq data to the 

genome assembly. Because proteins retain substantial sequence similarity over far greater spans of 

evolutionary time than nucleotide sequences, proteins from other species are generally included 

also. UniProtKB/SwissProt (Bairoch et al., 2004) is an example of an excellent resource for protein 

sequences to be used in this process. The alignments generated are then generally ‘polished’ using 

tools such as Exonerate (Slater and Birney, 2005) in order to precisely define splice sites and exon 

boundaries, which allows the genes in the assembly to be predicted. 

The annotation phase takes the results of these computations and attempts to synthesise them into 

gene annotations. Traditionally this was done by manual human review of the evidence for each 

gene to decide on the intron-exon boundaries, however this is so labour-intensive that genome 

projects generally rely on automated annotations. One approach is to feed the alignment evidence 

to gene predictors at run time (evidence-driven prediction) in order to improve the accuracy of the 

prediction process, and then identify the most representative prediction. This is the process used by 

MAKER (Holt and Yandell, 2011), which combines ab initio and homology-based methods to derive 

gene models also incorporating de novo prediction tools including BLASTX, Exonerate, SNAP, 

Genemark and Augustus. 

Following completion of the process of annotation, it is critical to be aware of the obvious potential 

for poor quality annotation and gene prediction to seriously confound any downstream comparative 

genomics analysis. In this regard, it is interesting to note that even as the cost of genome sequencing 

has continued to fall, gene prediction has perhaps become more challenging. Indeed, it is rare for 

the accuracies of even the best genome annotation pipelines to exceed 80% at the exon level (Reese 

and Guigo, 2006). There are a number of confounding issues that contribute to explain this. Firstly, 

many recent sequencing projects focus on relatively exotic genomes without the availability of a 

high-quality annotation from a closely-related species, resulting in significant potential for poor-

quality gene predictions. In addition, there is the increasing quantity, complexity and variety of data 

that must be merged into a single gene model, including protein, expressed sequence tag (EST) and 

more recently RNA-seq data both from the species of interest and related species. Another 

significant issue is that mis-annotations in any of these datasets, which can be quite common, have 

the obvious potential to confound gene predictions. Finally, the shorter read lengths generated by 

19



current sequencing techniques can result in significantly decreased contiguity relative to traditional 

shotgun methods, increasing the complexity of generating gene models. 
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1.10 Biased gene conversion 

In addition to sequencing and annotation errors, biased gene conversion (BGC) is another factor that 

has significant potential to contribute to inflated estimates of positive selection. BGC is a neutral 

recombination-associated process caused by the GC-biased repair of A:C and G:T mismatches in 

heteroduplexed recombination intermediates, which from a population genetics perspective 

appears equivalent to directional selection (Nagylaki, 1983). BGC results in highly recombining 

chromosomes and regions becoming rapidly GC-enriched (Galtier et al., 2001) to the extent that 

purifying selection can be overpowered, a spectacular example of which is provided by the Mid1 

gene in the mouse (Perry and Ashworth, 1999). This gene is X-linked in human, rat and short-tailed 

mouse Mus spretus but is translocated in Mus musculus, overlapping the boundary between the X-

specific region and the pseudoautosomal region (PAR) such that the 5’ end (exons 1-3) is in the X-

specific region while the 3’ end (exons 4-10) is within the PAR (Perry and Ashworth, 1999). The PAR 

is a short, highly recombining region of homology between the X and Y chromosomes (Soriano et al., 

1987). 

Therefore as a consequence of this translocation, the 3’ Mid1 sequence experienced a huge increase 

in recombination rate in Mus musculus. This resulted in a dramatic increase in GC content and 

substitution rate at third codon positions and introns at the 3’ but not the 5’ end of the gene (Perry 

and Ashworth, 1999). The Mid1 protein is highly conserved with the human and Mus spretus 

sequences differing by only six amino acids. Remarkably however, there are 28 differences between 

the Mus musculus and Mus spretus proteins, all of which are due to AT -> GC substitutions located in 

the 3’ end of the gene. Clearly this cannot be explained by adaptation, as third codon positions and 

introns should then have been relatively unaffected. It is theoretically possible that it could be the 

result of selection favouring increased GC content to modulate gene stability (Jabbari and Bernardi, 

2004) or expression level (Kudla et al., 2006), however in this case both the 5’ and 3’ ends of the 

gene should have been affected equally. This suggests that the accelerated evolution of Mid1 in Mus 

musculus is the result of BGC and clearly illustrates how it can result in inflated estimates of positive 

selection. 

Taken together, these findings indicate that computational analyses of selection should be 

stringently assessed for confounding factors before they are regarded with confidence. 
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1.11 Evolution of protein sequences 

In relation to the evolution of protein sequences, it is possible to identify highly conserved amino 

acid residues that are uniquely altered in a species of interest (Kim et al., 2011), which has been 

shown to be indicative of alterations in protein function (Tian et al., 2013). Identification of gene 

duplications can also be of relevance in terms of phenotypic variation (Holland et al., 1994). These 

techniques were employed in this work for the analysis of the genomes of the bowhead whale 

(Chapter 2) and naked mole rat (Chapter 3). 
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1.12 Genome-wide association study design 

It is generally accepted that variation between species emerges from variation within a species. 

While the methods discussed thus far have been used to analyse molecular evolution between 

species, genome-wide association studies (GWAS), which use genetic variation across the genome to 

associate genetic variation with phenotypic divergence (Hunter et al., 2008), have been widely 

applied using within-species data, human in particular. 

In terms of study design, the most commonly used approach, known as case-control, is based on 

identifying genomic loci containing single nucleotide polymorphisms (SNPs) which are significantly 

enriched in a case cohort exhibiting a specific phenotype, for example a disease, relative to a control 

cohort. A fundamental concept in the context of GWAS is linkage disequilibrium, which is the non-

random association of alleles at linked loci. This allows the genotyping of only a subset of the known 

SNPs, which can be used to impute SNPs that were not genotyped (Marchini et al., 2007). An odds 

ratio and p-value are then computed for each SNP. The odds ratio quantifies the extent to which a 

specific allele is present or absent in the case relative to the control cohort, and a chi-squared test is 

typically used to calculate the p-value for the significance of the odds ratio. A Manhattan plot can be 

generated using these results, illustrating the negative logarithm of the p-value as a function of 

genomic location. Because of the very large number of SNPs tested in a GWAS, the p-value must be 

corrected for multiple testing issues. As a result, the threshold for significance is often in the region 

of p < 5e-8. The GWAS approach has already been used to study genetic variation associated with 

human longevity, but unfortunately this high-profile study was subsequently retracted due to 

technical errors and an inadequate quality control procedure (Sebastiani et al., 2011), and the only 

high-confidence finding in the republished analysis (Sebastiani et al., 2012) was APOE, which is 

already known. However the results of a large number of GWAS on longevity and other traits have 

now been catalogued, which creates the opportunity for meta-analysis of traits related to life history 

and potentially longevity (Chapter 4). 
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1.13 The regulatory landscape of genes 

Even though typically only coding sequences are annotated for a newly sequenced genome, it should 

be borne in mind that significantly more detail is required before a gene annotation can be 

considered complete. In particular, the regulatory context of the gene should also be considered. In 

the first instance this is in reference to proximal regulatory elements, such as untranslated regions 

(UTRs) and promoters. The promoter is located upstream of the transcription start site and is 

primarily responsible for initiation of gene transcription (Smale and Kadonaga, 2003). Promoters 

contain binding sites for RNA polymerase and transcription factors that play a regulatory role during 

transcription. The 5’ UTR immediately precedes the initiation codon and following transcription into 

mRNA, plays an important role in the regulation of translation by differing mechanisms in eukaryotes 

and prokaryotes (Bannerjee, 1980). The 3’ UTR lies directly downstream of the termination codon 

and typically contains regulatory elements that modulate gene expression levels and in particular, 

binding sites for microRNAs (miRNAs) and regulatory proteins (Hesketh, 2004). Decreased 

expression of mRNAs can be effected by miRNAs binding to complementary sites in the 3’ UTR, 

causing degradation or reduced translation of the transcript (Barrett et al., 2012). 3’ UTRs can also 

contain AU-rich elements (AREs), which are typically 50 to 150 bases in length and can alter 

expression levels when bound by ARE binding proteins. There are also longer-range regulatory 

elements that can allow activation or inhibition of transcription, including enhancers, insulators and 

silencers (Barrett et al., 2012). Enhancers contain binding sites which when bound by the 

complementary transcription factors serve to activate transcription of a gene by interaction with the 

promoter, whereas insulators block this interaction and have an inhibitory effect on transcription. 

Finally transcription can also be inhibited by repressors which by binding to silencers prevent RNA 

polymerase from binding to the promoter. 
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Figure 1.2: Regulatory elements in noncoding gene regions (Barrett et al., 2012). The centre image 

shows a typical gene, with exons indicated in grey. The orange rectangles indicate intronic enhancer 

elements. a. Promoter region regulatory elements. Upstream and downstream promoter elements 

situated outside of the core promoter region are indicated by the arrows. b. Regulatory elements in 

the 5′UTR. c. Regulatory elements in the 3′UTR. 
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1.14 Selection on proximal non-coding sequence 

Although there have been many analyses of positive selection on coding genes, these have thus far 

failed to identify the genomic basis of the most complex and interesting trait adaptations, including 

encephalisation, skeletal morphology and longevity in the case of human evolution (Varki et al., 

2008). By contrast, little is known of the extent of selection on functional non-coding sequence 

(Carroll, 2005). While a small number of studies have identified conserved non-coding regions 

displaying accelerated rates of evolution on the human lineage (Pollard et al., 2006; Lindblad-Toh et 

al., 2011), it is unclear which genes are subject to regulation by these elements. This is not surprising 

given that the regulatory targets of the vast majority of conserved non-coding sequences, in 

particular developmental enhancers, are unknown (Lettice et al., 2003). This limitation could 

potentially be avoided by focusing on proximal non-coding DNA, i.e. UTRs and promoters, as the 

regulated genes are evident. To assess the efficacy of this hypothesis, an exploratory analysis of 

selection on human 3’ UTRs was completed (Chapter 5). 
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1.15 Aims 

The genomic adaptations responsible for variation in life history, longevity and resistance to age-

related diseases in mammals are largely unknown. Some progress has been made in model 

organisms, most notably C. elegans, in which hundreds of genes associated with the modulation of 

longevity are now known (http://genomics.senescence.info), and a network of transcription factors 

and microRNAs regulating the progression through the stages of its life history, including LIN-28 and 

let-7, has been characterised (Ambros, 2011). However the extent to which findings in relatively 

short-lived model organisms are applicable to long-lived mammals, and humans in particular, is 

debateable. Indeed, there has to date been little research focus on molecular evolution in 

particularly long-lived mammals. As such, the primary aim is to apply comparative genomic methods, 

as outlined above, to genomic data from species which exhibit exceptional longevity in order to 

derive insights into the molecular adaptations responsible for the evolution of an extended life 

history and longevity in mammalia. 

In addition, because cancer has been investigated to a significantly greater degree than longevity 

and a large number of genes have been associated, a secondary objective is to assess the degree of 

molecular adaptation in cancer-associated genes. Although larger species paradoxically tend to 

experience lower cancer incidence compared to smaller species despite having a greater cell count, 

the molecular basis of this observation remains unknown (Caulin and Maley, 2011). It should be 

borne in mind however that an animal’s cell count is a function not just of the rate of cell division, 

but also cell death. It is thus the combination of these factors that ultimately determines body mass. 

In this context, it is clear that species differences in the rates and distribution of programmed cell 

death may also have a significant effect, however this has not yet been systematically assessed 

(Kuida et al., 1998). 

The following chapters therefore describe the application of a number of comparative genomics 

methods to genomic data from notably long-lived mammalian species, specifically bowhead whale 

(Chapter 2), naked mole rat (Chapter 3) and human (Chapters 4 and 5). 
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2. Annotation and analysis of the bowhead whale genome 

 

Introduction 

The lifespan of some animals, including quahogs, tortoises, and certain whale species, is far greater 

than that of humans (Austad, 2010; Finch, 1990). It is remarkable that a warm-blooded species such 

as the bowhead whale (Balaena mysticetus) has not only been estimated to live over 200 years (the 

estimated age of one specimen was 211 with SE of 35 years), suggesting that it is the longest-lived 

mammal, but also exhibits very low disease incidence until an advanced age compared to humans 

(George et al., 1999; Philo et al., 1993). As in humans, the evolution of longevity in whales was 

accompanied by low fecundity and longer developmental time (Tacutu et al., 2013), as predicted by 

evolutionary theory. The cellular, molecular, and genetic mechanisms underlying longevity and 

resistance to age-related diseases in bowhead whales are unknown, but it is clear that in order to 

live so long, these animals must possess preventative mechanisms against cancer, 

immunosenescence and neurodegenerative, cardiovascular and metabolic diseases. In the context 

of cancer, whales, and bowhead whales in particular, must possess effective antitumor mechanisms. 

Indeed, given their large size (in extreme cases adult bowhead whales can weigh up to 100 tons and 

are therefore among the largest whales) and exceptional longevity, bowhead whale cells must have 

a significantly lower probability of neoplastic transformation relative to humans (Caulin and Maley, 

2011; de Magalhães, 2013). Therefore, studying species such as bowhead whales that have greater 

natural longevity and resistance to age-related diseases than humans may lead to insights on the 

fundamental mechanisms of disease-resistance and aging. 

As such, the results presented here are based on the annotation and genome-wide analysis of 

molecular evolution in protein-coding sequences of the bowhead whale following the sequencing 

and assembly of the genome (Keane et al., 2015). 
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Figure 2.1: workflow of the bowhead whale genome sequencing project (Keane et al., 2015). 

 

My contribution to this publication included assessing the completeness of the assembly, 

identification of orthologs, calculation of dN/dS values, analysis of positive selection, identification of 

unique amino acid residues, manual annotation of genes, formatting of the data and results to be 

made available on the web portal and writing of the manuscript. 

Gene annotation is acknowledged to be a challenging process and at the time of publication, it was 

appreciated that there were data-quality concerns with the results, relating in particular to the 

annotation. As a result, I subsequently undertook to re-annotate the bowhead genome in an 

attempt to generate an improved gene annotation, the results of which are also described herein. 
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Methods 

Completeness of the assembly was assayed with CEGMA which screens an assembly against a set of 

248 core eukaryotic genes that are present in a wide range of taxa (Parra et al., 2007). 

Putative genes were located in the assembly using the MAKER2 (Holt and Yandell, 2011) automated 

annotation pipeline, which used comparative and de novo prediction methods including BLASTX, 

Exonerate, SNAP, Genemark and Augustus. In addition to the cow, dolphin and human proteomes, 

two transcriptome assemblies, generated from specimens from Greenland and Alaska, were used as 

inputs to the comparative methods. Although an organism-specific repeat library should ideally be 

used also, unfortunately this was not available so the default provided with MAKER2 was instead 

employed. Repetitive elements were found with RepeatMasker (http://www.repeatmasker.org/). 

The annotation described in the published manuscript was generated using a single MAKER2 

iteration. However, the recommended procedure is to employ the RNA-seq and protein data for the 

initial run and then use the output to iteratively train a gene predictor such as SNAP. Therefore I 

subsequently generated another annotation using a total of three iterative runs of MAKER2. The 

parameters used differed significantly from those employed in generating the published annotation. 

For the initial run, SNAP was disabled and the parameters to infer gene predictions directly from the 

RNA-seq and protein data (est2genome and protein2genome, respectively) were set. For the 

subsequent iterations, a SNAP HMM training file was generated and SNAP was enabled, with 

est2genome and protein2genome disabled. The commands and parameters used to generate the 

SNAP HMM training file were as specified in the MAKER tutorial 

(http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/MAKER_Tutorial). 

To allow the identification of orthologous relationships with bowhead proteins, all cow protein 

sequences were downloaded from Ensembl (Flicek et al., 2013). Cow was used because it is the 

closest relative to the bowhead with a high-quality annotated genome available. First, BLASTp was 

used to find the best hit in the cow proteome for every predicted bowhead protein, and then the 

reciprocal best hit for each cow protein was defined as an ortholog. 

To facilitate further studies of these animals, an online genome portal was constructed: The 

Bowhead Whale Genome Resource (http://www.bowhead-whale.org/). Its database structure, 

interface and functionality were adapted from our existing Naked Mole Rat Genome Resource 

(Keane et al., 2014). All data and results are available from the portal and supplemental methods 

and data files are also available on GitHub (https://github.com/maglab/bowhead-whale-

supplementary/). My contribution to this resource was in relation to the preparation and formatting 

of the data and results that have been made available. 
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The CodeML program from the PAML package was used to calculate pairwise dN/dS ratios (Yang, 

2007) using the ratio of nonsynonymous substitutions per nonsynonymous site (dN) to synonymous 

substitutions per synonymous site (dS), dN/dS (Yang, 2007). Specifically, these pairwise dN/dS ratios 

were calculated for bowhead coding sequences and orthologous sequences from minke, cow and 

dolphin, excluding coding sequences that were less than 50% of the length of the orthologous 

sequence. The results were then ranked by decreasing dN/dS and are available on the Bowhead 

Whale Genome Resource. In addition, the ratio of the bowhead-minke dN/dS value to the higher of 

the dN/dS values for minke-cow and minke-dolphin was calculated to identify genes that evolved 

more rapidly on the bowhead lineage. 

An in-house Perl pipeline was used to align each bowhead protein with orthologs from nine other 

mammals: human (Homo sapiens), dog (Canis familiaris), mouse (Mus musculus), rat (Rattus 

norvegicus), minke whale (Balaenoptera acutorostrata), cow (Bos taurus), dolphin (Tursiops 

truncatus), horse (Equus caballus) and elephant (Loxodonta africana), and then identify the unique 

bowhead amino acid residues. Gaps were excluded from the analysis, and a maximum of one 

unknown residue was allowed in species other than the bowhead. The results were ranked by the 

number of unique residues normalized by the protein length. 

Manual annotation was attempted for a number of bowhead genes. In each case, the relevant 

bowhead scaffold was aligned with the orthologous cow sequence in addition to the human and 

mouse consensus coding sequences (Pruitt et al., 2009). Novel bowhead sequence was filtered 

unless supported by at least one transcript from the bowhead RNA-seq data. 
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Results 

The full and partial completeness of the bowhead whale draft genome assembly was evaluated as 

93.15% and 97.18%, respectively, by the CEGMA pipeline (Parra et al., 2007), which is comparable to 

the minke whale genome assembly (Yim et al., 2014). Full completeness requires an alignment at 

least 70% of the protein length and partial completeness requires that a pre-computed minimum 

alignment score is exceeded. 

The published annotation generated by MAKER2 contains 22,672 predicted protein-coding genes 

with an average length of 417 (median 307) amino acid residues. Orthologs with cow, human and 

mouse genes/proteins were identified based on similarity which allowed predicted gene symbols to 

be assigned to 15,831 bowhead genes. 

As an initial assessment of coding genes that could be responsible for bowhead whale adaptations, 

bowhead coding sequences were used to calculate pairwise dN/dS ratios for 9,682, 12,685 and 

11,158 orthologous coding sequences from minke whale (Balaenoptera acutorostrata), cow (Bos 

taurus) and dolphin (Tursiops truncatus), respectively. There are high levels of sequence 

conservation in the protein coding regions between bowhead and these species: 96% (minke), 92% 

(dolphin) and 91% (cow). This is unsurprising, however, given the long generation time of cetaceans 

and of the bowhead whale, in particular, with animals only reaching sexual maturity at >20 years 

(Tacutu et al., 2013). Because the minke whale is the closest relative to the bowhead (divergence 

time 25–30 million years ago) (Gatesy et al., 2013) with a sequenced genome and is smaller (<10 

tons) and probably much shorter lived (maximum lifespan ~ 50 years) (Tacutu et al., 2013), 

comparisons between the bowhead and minke whale genomes may provide insights on the 

evolution of bowhead traits and of longevity, in particular. A number of aging and cancer-associated 

genes were observed among the 420 predicted bowhead-minke orthologs with dN/dS exceeding 1, 

including suppressor of cytokine signaling 2 (SOCS2), aprataxin (APTX), noggin (NOG), and leptin 

(LEP). In addition, the top 5% genes with high dN/dS values for bowhead-minke relative to the values 

for minke-cow and minke-dolphin orthologs included forkhead box O3 (FOXO3), excision repair 

cross-complementing rodent repair deficiency, complementation group 3 (ERCC3), and fibroblast 

growth factor receptor 1 (FGFR1). The data on dN/dS ratios are available on the genome portal to 

allow other researchers to do their own analysis and quickly retrieve gene(s) of interest. 

In addition to codon-based models of evolution, bowhead whale specific amino acid substitutions 

were also identified. Specifically, orthologous sequences between the bowhead whale and nine 

other mammals were generated - a total of 4,358 alignments. Lineage-specific residues identified in 

this way have previously been shown to be indicative of significant changes in protein function (Tian 
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et al., 2013). This analysis revealed several proteins associated with aging and cancer among the top 

5% of unique bowhead residues by concentration (i.e. normalized by protein length), including 

ERCC1 (excision repair cross-complementing rodent repair deficiency, complementation group 1), 

HDAC1 (histone deacetylase 1) and HDAC2 (Figure 2.2). 

 

Figure 2.2: Partial alignment of bowhead HDAC2 with mammalian orthologs. Unique bowhead 

residues are highlighted at human positions 68, 95, and 133.

 

 

Histone deacetylases play an important role in the regulation of chromatin structure and 

transcription (Lee et al., 1993) and have been associated with longevity in Drosophila (Rogina et al., 

2002). ERCC1 is a member of the nucleotide excision repair pathway (Gillet and Scharer, 2006), and 

disruption results in greatly reduced lifespan in mice and accelerated aging (Weeda et al., 1997). As 

such, these represent candidates for involvement in adaptive genetic changes conferring disease 

resistance in the bowhead whale. 

In addition to genes related to longevity, several interesting candidate genes emerged from the 

analysis of lineage-specific residues of potential relevance to other bowhead traits. Of note, a 

number of proteins related to sensory perception of sound were also identified with bowhead-

specific mutations, including otoraplin (OTOR) and cholinergic receptor, nicotinic, alpha 10 

(CHRNA10), which could be relevant in the context of the bowhead’s ability to produce high- and 

low-frequency tones simultaneously (Tervo et al., 2011). In addition, many proteins must play roles 

in the large differences in size and development between the bowhead and related species and the 

results reveal possible candidates for further functional studies; for example, in the top ten proteins, 

SNX3 (sorting nexin 3) has been associated in one patient with eye formation defects and 

microcephaly (Vervoort et al., 2002) and WDR5 (WD repeat-containing protein 5) has been 

associated with osteoblast differentiation and bone development (Gori et al., 2006). 
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The results described thus far were based on the published gene annotation which was generated 

using a single iteration of MAKER2, however there were indications that the quality of this 

annotation was questionable. Specifically, visual inspection of a number of the alignments generated 

for genes initially identified as positively selected revealed some probable annotation errors, which 

were subsequently confirmed following manual annotation incorporating the transcriptome data 

(see Methods). For example, the ERCC1 gene was incorrectly annotated as starting upstream of 

orthologs in other species in addition to containing an erroneous read-through first intron (Figure 

2.3). 

 

Figure 2.3: Partial alignment of the ERCC1 protein in mouse, human, cow, minke and bowhead 

(published and manual annotations). 

 

The level of annotation errors observed necessitated the introduction of stringent filtering of 

candidate genes in order to remove spurious results. As a direct consequence, ultimately only 14 

bowhead and 10 minke genes were found to exhibit evidence of positive selection using codon-

based models of evolution (Figure 2.4), which is far fewer than typically reported in genome-wide 

analyses. 
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Figure 2.4: Phylogeny of mammals used in comparison of selective pressure variation (Keane et al., 

2015). The number of candidate genes under positive selection on each lineage is indicated. 

 

 

By contrast, the analysis of the minke whale genome reported 279 positively selected genes by 

comparison with cow and pig using the branch-site likelihood ratio test (Yim et al., 2014). 

In an attempt to address these annotation issues, subsequent to publication I generated another 

gene annotation using multiple iterations of MAKER2 (see Methods). As an initial assessment of 

annotation quality, I examined the Hox gene cluster as it is well-conserved and characterised in 

other vertebrates (Zákány et al., 2004). In addition, several of these genes (HOXA5, HOXB1, HOXB2, 

HOXB5, HOXD12 and HOXD13) were reported to have been positively selected on the whale lineage 

compared to terrestrial mammals in the analysis of the minke whale genome (Yim et al., 2014). As 
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such, I used the protein lengths (Table 2.1) and alignments (Figures 2.5 – 2.10) of these genes in 

order to assess the quality of the annotations generated. 

 

Table 2.1: proteins lengths of six annotated Hox genes in human, mouse, cow, minke and bowhead. 

The results of three bowhead annotations are included: the published annotation and also both the 

initial and final iterations of the MAKER2 annotation which I subsequently generated. 

 Protein length 

 Human Mouse Cow Minke Published Initial Final 

HOXA5 270aa 270aa 270aa 381aa 661aa 270aa 1270aa 

HOXB1 301aa 297aa 302aa 298aa 299aa 298aa 335aa 

HOXB2 356aa 354aa 354aa ? 787aa 492aa 751aa 

HOXB5 269aa 269aa 251aa 269aa 269aa 269aa 181aa 

HOXD12 270aa 268aa 271aa 270aa 321aa 270aa 1530aa 

HOXD13 343aa 339aa 327aa 264aa 205aa 204aa 1530aa 
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Figure 2.5: Partial alignment of the HOXA5 protein in human, mouse, cow, minke and bowhead (published, initial and final annotations). 
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Figure 2.6: Full alignment of the HOXB1 protein in human, mouse, cow, minke and bowhead (published, initial and final annotations). 
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Figure 2.7: Partial alignment of the HOXB2 protein in human, mouse, cow and bowhead (published, initial and final annotations). 
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Figure 2.8: Full alignment of the HOXB5 protein in human, mouse, cow, minke and bowhead (published, initial and final annotations). 
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Figure 2.9: Partial alignment of the HOXD12 protein in human, mouse, cow, minke and bowhead (published, initial and final annotations). 
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Figure 2.10: Partial alignment of the HOXD13 protein in human, mouse, cow, minke and bowhead (published, initial and final annotations). 
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From the results presented in Table 2.1, it is clear that the human and mouse proteins are all 

practically identical in length, which provides a useful indication of the expected protein length for 

the remaining annotations. Four of the six cow protein lengths are very similar to human and mouse, 

however HOXB5 and HOXD13 are significantly shorter indicating potential issues with these 

annotations. There appears to be more serious issues with the minke annotations as the lengths of 

the HOXA5 and HOXD13 proteins are very different. In addition, there is no available annotation for 

HOXB2, which raises a fundamental question in relation to whether it is possible to regard a 

prediction of positive selection for this gene with confidence. 

The published bowhead annotation seems to have further serious issues, with only HOXB1 and 

HOXB5 not exhibiting large differences in protein length. Therefore it is encouraging that the initial 

annotation I subsequently generated appears to have resulted in an improvement. Specifically, four 

of the annotated proteins (HOXA5, HOXB1, HOXB5 and HOXD12) now have a length close to that 

which would be expected. However it is disappointing to note that the subsequent SNAP iterations, 

far from incrementally improving annotations, have apparently had exactly the opposite effect. In 

particular, a large amount of spurious sequence appears to have been added to several genes, 

particularly HOXA5, HOXB2, HOXD12 and HOXD13. Given that the results of the initial annotation 

look promising, this suggests that a confounding factor such as attempting to incorporate numerous 

splice variants into a single gene model may have contributed to the issues observed with the results 

of the SNAP iterations. The lack of a bowhead-specific repeat library could also provide an 

explanation for this issue. Many transposon open reading frames can look like true host genes to 

tools such as SNAP, resulting in portions being erroneously added as additional exons to gene 

annotations thereby corrupting the results. Therefore it would be extremely interesting to assess the 

effect of incorporating a bowhead-specific repeat library into the annotation process. 

The alignments generated allow this to be examined in more detail. In the HOXA5 alignment (Figure 

2.5), the human, mouse, cow and initial bowhead sequences exhibit a consistent start codon. 

However the published and final bowhead annotations in addition to the minke annotation contain a 

large amount of presumably spurious upstream sequence, amounting to approximately 400 and 

1,000 bases in the cases of the bowhead annotations. A similar pattern can be observed in the 

alignments generated for HOXB2 (Figure 2.7) and HOXD12 (Figure 2.9). In each case, one or more of 

the bowhead annotations contain significant amounts of spurious upstream sequence with a 

premature start codon and occasionally additional exon sequence also. The situation with HOXD13 

(Figure 2.10) appears somewhat more complex with apparent issues relating to all annotations with 

the notable exceptions of human and mouse. It is particularly significant that the cow sequence is 
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annotated as starting downstream of the consensus human and mouse start codon and has an 

invalid start codon. The minke and bowhead sequences also start significantly downstream of the 

human and mouse sequences and some contain an invalid start codon. 
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Discussion 

The genetic and molecular mechanisms by which longevity evolves remain largely unexplained. 

Given the declining costs of DNA sequencing, de novo genome sequencing is rapidly becoming 

affordable. The sequencing of genomes of long-lived species allows comparative genomics to be 

employed to study the evolution of longevity and has already provided candidate genes for further 

functional studies (de Magalhães and Keane, 2013). Nonetheless, deciphering the genetic basis of 

species differences in longevity has major intrinsic challenges (de Magalhães and Keane, 2013), and 

much work remains to uncover the underlying mechanisms by which some species live much longer 

than others. In this context, studying a species as long-lived and with such an extraordinary 

resistance to age-related diseases as the bowhead whale will help elucidate mechanisms and genes 

conferring longevity and disease resistance in mammals. Remarkably, large whales with over 1,000 

times more cells than humans do not exhibit an increased cancer risk (Caulin and Maley, 2011), 

suggesting the existence of natural mechanisms that can suppress cancer more effectively in these 

animals. Having the genome sequence of the bowhead whale will allow researchers to study basic 

molecular processes and identify maintenance mechanisms that help preserve life, avoid entropy, 

and repair molecular damage. When compared to transcriptome data (Seim et al., 2014), the 

genome’s greater completeness and quality permits additional (e.g. gene loss and duplication) and 

more thorough analyses. Besides, whereas the genomes of many commercially important 

agricultural species have been reported, the bowhead genome sequence is the first for a species key 

to a subsistence diet of indigenous communities. One of the outputs of this project will be to 

facilitate and drive research in this long-lived species. As such, the data are freely available to the 

scientific community on an online portal (http://www.bowhead-whale.org/), including the genome 

sequence, assembly, annotation and dN/dS results. 

When considering the dN/dS results generated, it is necessary to be cognisant that some of the 

genes identified with dN/dS values exceeding 1 may not have experienced positive selection, as this 

could simply be due to chance fluctuations in dN and/or dS. Therefore both the statistical 

significance of these results and the substantial number of statistical tests employed would need to 

be accounted for before positive selection could be predicted with confidence. Similarly in the 

context of the analysis of unique bowhead residues, it is important to note that unique substitutions 

can be due simply to genetic drift and neutral changes, and are not necessarily indicative of positive 

selection. Furthermore, given that this analysis is preliminary, it would be necessary to verify any 

predictions using either data from either the transcriptome or from another closely-related whale 

species before they could be regarded with high confidence. 
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It is also important to take account of additional issues which can potentially confound the results of 

a genome sequencing project, including inaccurate annotation, genome sequence error and 

incompleteness. For example, an analysis of almost 3,000 orthologous protein-coding genes in seven 

terminal mammalian branches found that the inferred fraction of positively selected genes in 

sequences that were deficient in each of coverage, annotation and alignment was 7.2 times higher 

than that in genes with high trace sequencing coverage, “known” annotation status and perfect 

alignment scores (Schneider et al., 2009). The total sequence coverage for the bowhead genome is 

154.3x with completeness of over 97%, which should result in minimal issues due to sequence errors 

and incompleteness. 

However there did appear to be a large proportion of annotation errors in the published bowhead 

annotation, with ERCC1 (see Results) being a representative example. Furthermore, when the 

alignments of a number of additional genes which were initially identified in the analysis of positive 

selection were visually inspected, all contained suspicious novel bowhead sequence which proved 

spurious following manual annotation. This clearly indicates that without an accurate annotation, a 

genome-wide scan for selection degenerates into a scan for mis-annotation. In general, the 

annotation issues encountered primarily related to premature upstream start codons and intron-

exon boundaries. It seems likely that these issues were at least in part the result of the settings used 

in MAKER2 and also the lack of training iterations using an ab initio gene predictor such as SNAP. In 

addition, it must be noted that a bowhead repeat library was not available which also could clearly 

have had a confounding effect on the results generated. 

To explore this further, subsequent to publication I generated a new bowhead annotation. The initial 

run of MAKER2 used an altered configuration compared to the published version, with the settings 

to allow generation of annotations from the RNA-seq and protein data both enabled. I then used the 

protein lengths (Table 2.1) and alignments (Figures 2.5 – 2.10) of a set of 6 Hox genes to assess the 

extent to which this new annotation was superior to that published. 

A very large number of genome-wide analyses of molecular evolution have now been reported in 

the literature, and the models typically employed to assess selective pressure are sensitive to errors 

on both foreground and background lineages. During the visual inspection of alignments generated 

for this project, suspicious gene annotations were observed for many species used in the analysis 

with the notable exceptions of human and mouse. As many species in addition to human and mouse 

are typically used in studies of molecular evolution, the accuracy and legitimacy of the results 

reported would therefore appear to be potentially questionable. 

46



Furthermore, the fact that only coding sequences are usually assessed for evidence of selection 

raises a more fundamental question regarding the extent to which variation in highly complex traits 

such as longevity and cancer-resistance is due to selection on coding sequences. To illustrate, a 

recent study analysed correlations between gene functions and evidence for positive selection using 

a common statistical framework across several large surveys of coding and noncoding sequences 

throughout the human genome (Haygood et al., 2010). It was found that adaptation via coding 

changes was dominated by genes associated with immunity, olfaction, and male reproduction, 

whereas neutral development and function adapted mainly through noncoding changes. Indeed 

these associations have consistently dominated the large number of studies examining selection on 

coding sequences, which vastly exceed the number analysing non-coding sequences. In addition, it 

was observed that genes with highly tissue-specific expression underwent more adaptive coding 

changes, unlike adaptive noncoding changes, suggesting that pleiotropic constraints may inhibit such 

changes in broadly expressed genes. Regarding the evolution of longevity in particular, it appears 

implausible that it would be regulated by tissue-specific genes, which casts doubt on the relevance 

of analysing selection on coding sequences in this context. Given the difficulties associated with 

annotation of non-coding sequence however, it unfortunately does not appear feasible to pursue an 

analysis of selection at present, with the possible exception of proximal regions such as UTRs and 

promoters. 

In conclusion, this project resulted in the genome sequence of the bowhead whale and the results of 

an annotation and comparative genome analysis being made available to the scientific community 

via an online portal. Although the genome sequence is high-coverage, the comparative analysis was 

confounded primarily by issues encountered during gene annotation. While the additional work on 

annotation which I undertook appears to have resulted in an improvement, however it is still clearly 

not at a level that would permit a robust and high-quality comparative analysis of selection to be 

completed. In terms of future work therefore, an obvious option would be annotate the assembly 

again using a higher-quality pipeline. Ideally this would be accomplished using either the Ensembl 

(Flicek et al., 2013) or NCBI (http://www.ncbi.nlm.nih.gov/books/NBK169439/) annotation 

frameworks, although considerable patience may be required before this can be completed. It would 

also be important to include a bowhead-specific repeat library in this process. However as already 

stated, it is important to be aware that many gene annotations in various species which were 

generated by these pipelines were also observed to contain suspicious sequence during visual 

inspection of alignments. Indeed, human and mouse were the only species for which no suspicious 

annotations were noted. This is likely because these are the only two species which are currently 

included in the consensus coding sequence (CCDS) project (Pruitt et al., 2009). Therefore if a further 
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effort is undertaken to improve the bowhead (or indeed any) annotation for the purpose of 

subsequently completing a high-quality comparative genomics analysis, it should also be borne in 

mind that considerable work on the annotations of many of the other species used may likewise be 

necessary in order to generate high-confidence results. Given the amount of work that this would 

require, a collaborative effort by the entire community could possibly be the most realistic means of 

compiling a centralised database of manually validated gene annotations for as wide a range of 

species as possible. 
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SUMMARY

The bowhead whale (Balaena mysticetus) is esti-
mated to live over 200 years and is possibly
the longest-living mammal. These animals should
possess protective molecular adaptations relevant
to age-related diseases, particularly cancer. Here,
we report the sequencing and comparative analysis
of the bowhead whale genome and two transcrip-
tomes from different populations. Our analysis
identifies genes under positive selection and bow-
head-specific mutations in genes linked to cancer
and aging. In addition, we identify gene gain and
loss involving genes associated with DNA repair,
cell-cycle regulation, cancer, and aging. Our results
expand our understanding of the evolution of
mammalian longevity and suggest possible players
involved in adaptive genetic changes conferring can-
cer resistance. We also found potentially relevant
changes in genes related to additional processes,
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including thermoregulation, sensory perception,
dietary adaptations, and immune response. Our
data are made available online (http://www.
bowhead-whale.org) to facilitate research in this
long-lived species.

INTRODUCTION

The lifespan of some animals, including quahogs, tortoises, and

certain whale species, is far greater than that of humans (Austad,

2010; Finch, 1990). It is remarkable that a warm-blooded species

such as the bowhead whale (Balaena mysticetus) has not only

been estimated to live over 200 years (estimated age of one

specimen 211 SE 35 years), suggesting it is the longest-lived

mammal, but also exhibits very low disease incidence until an

advanced age compared to humans (George et al., 1999; Philo

et al., 1993). As in humans, the evolution of longevity in whales

was accompanied by low fecundity and longer developmental

time (Tacutu et al., 2013), as predicted by evolutionary theory.

The cellular, molecular, and genetic mechanisms underlying

longevity and resistance to age-related diseases in bowhead
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Table 1. Statistics of the Bowhead Whale Genome Sequencing

Sequence Data Generated

Libraries Total Data (Gb)

Sequence Coverage

(for 2.91 Gb)

200 bp paired-end 149.1 51.23

500 bp paired-end 141.7 48.73

3 kb mate-paired 57.3 19.73

5 kb mate-paired 72.5 24.93

10 kb mate-paired 28.5 9.83

Total 449.1 154.33

Genome Assembly Statistics

Assembly N50 (kb) Number Total Size (Gb)

Contigs 34.8 113,673 2.1

Scaffolds 877 7,227 2.3

See also Figures S1 and S2.
whales are unknown, but it is clear that, in order to live so long,

these animals must possess preventative mechanisms against

cancer, immunosenescence, and neurodegenerative, cardio-

vascular, and metabolic diseases. In the context of cancer,

whales, and bowhead whales, in particular, must possess effec-

tive antitumor mechanisms. Indeed, given their large size (in

extreme cases adult bowhead whales can weigh up to 100

tons and are therefore among the largest whales) and excep-

tional longevity, bowhead whale cells must have a significantly

lower probability of neoplastic transformation relative to humans

(Caulin andMaley, 2011; deMagãlhaes, 2013). Therefore, study-

ing species such as bowhead whales that have greater natural

longevity and resistance to age-related diseases than humans

may lead to insights on the fundamental mechanisms of aging.

Here, we report the sequencing and analysis of the genome of

the bowhead whale, a species of the right whale family Balaeni-

dae that lives in Arctic and sub-Arctic waters. This work provides

clues regarding mechanisms underlying mammalian longevity

and will be a valuable resource for researchers studying the evo-

lution of longevity, disease resistance, and basic bowheadwhale

biology.

RESULTS

Sequencing and Annotation of the Bowhead Whale
Genome
We sequenced the nuclear genome of a female bowhead whale

(Balaenamysticetus) using the Illumina HiSeq platform at�1503
coverage. We followed established standards in the field in

terms of sequencing paired-end libraries at high coverage

plus mate-paired libraries of varying (3, 5, and 10 kb) insert

sizes (Table 1). Contigs and scaffolds were assembled with

ALLPATHS-LG (Gnerre et al., 2011). In line with other genomes

sequenced with second-generation sequencing platforms, the

contig N50 was 34.8 kb and scaffold N50 was 877 kb (Table 1);

the longest scaffold in our assembly was 5,861 kb. In total, our

assembly is �2.3 Gb long. Genome size was estimated experi-

mentally to be 2.91 Gb in another female and 2.87 Gb averaged

with onemale (see Supplemental Results and Figure S1), but this
C
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discrepancy likely reflects highly repetitive regions, as observed

for the genomes of other species with similar reported sizes such

as the minke whale (Yim et al., 2014).

The full and partial completeness of the bowhead whale draft

genome assembly was evaluated as 93.15% and 97.18%,

respectively, by the CEGMA pipeline (Parra et al., 2007), which

is comparable to the minke whale genome assembly (Yim

et al., 2014). We also generated RNA sequencing (RNA-seq)

data from seven adult bowhead whale tissues (cerebellum, kid-

ney, muscle, heart, retina, liver, and testis) from specimens

from Greenland and Alaska, resulting in two transcriptome as-

semblies (see Experimental Procedures) and annotated the

genome using MAKER2, which combines ab initio methods, ho-

mology-based methods, and transcriptome data to derive gene

models (Holt and Yandell, 2011). Our annotation contains 22,672

predicted protein-coding genes with an average length of 417

(median 307) amino acid residues. In addition, based on tran-

scriptome data from two Alaskan individuals (Table S1), we esti-

mated 0.5–0.6 SNPs per kilobase of RNA (Table S2). To begin

annotation of the bowhead genome, we identified orthologs

based on similarity with cow, human, and mouse genes/proteins

(see Experimental Procedures), which allowed us to assign pre-

dicted gene symbols to 15,831 bowhead genes.

Moreover, to annotate microRNAs in the bowhead genome,

we sequenced small RNA libraries prepared from kidney and

skeletal muscle. The miRDeep algorithm (Friedländer et al.,

2008, 2012) was used to integrate the sequencing data into a

model of microRNA biogenesis by Dicer processing of predicted

precursor hairpin structures in the genome, thus identifying 546

candidate microRNA genes. Of the 546 candidate miRNAs iden-

tified in the bowhead, 395 had seed sequences previously iden-

tified in miRNAs from human, cow, or mouse, whereas 151 did

not. All of our data are available online from our Bowhead Whale

Genome Resource portal (http://www.bowhead-whale.org).

Analysis of the Draft Bowhead Whale Genome
Repeat sequences make up 41% of the bowhead genome

assembly, most of which (78%) belong to the group of transpos-

able elements (TEs). Although long interspersed nuclear ele-

ments (LINEs), such as L1, and short interspersed nuclear

elements (SINEs) are widespread TEs in most mammalian

lineages, the bowhead genome, similar to other cetacean ge-

nomes—minke, orca, and common bottlenose dolphin—is virtu-

ally devoid of SINEs (Supplemental Folder 1). LINE-1 (L1) is the

most abundant TE, particularly in orca (90%) and minke whale

(89%) (Figure S2). In comparison, TE diversity (measured with

Shannon’s index) in the bowhead genome (0.947) is higher

than in orca (0.469) and minke whale (0.515) but lower than in

dolphin (1.389) and cow (Bovine Genome Sequencing and Anal-

ysis Consortium et al., 2009) (1.534).

As a first assessment of coding genes that could be respon-

sible for bowhead whale adaptations, we used bowhead coding

sequences to calculate pairwise dN/dS ratios for 9,682, 12,685,

and 11,158 orthologous coding sequences from minke whale

(Balaenoptera acutorostrata), cow (Bos taurus), and dolphin (Tur-

siops truncatus), respectively. It is interesting to note that there

are high levels of sequence conservation in the protein coding

regions between bowhead and these species: 96% (minke),
ell Reports 10, 112–122, January 6, 2015 ª2015 The Authors 113
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Figure 1. Phylogeny of Mammals Used in

Codon-Based Maximum Likelihood Com-

parison of Selective Pressure Variation

The number of candidate genes under positive

selection on each lineage is indicated.
92% (dolphin), and 91% (cow). This is not surprising, however,

given the long generation time of cetaceans and of the bowhead

whale, in particular, with animals only reaching sexual maturity

at >20 years (Tacutu et al., 2013).

Because the minke whale is the closest relative to the bow-

head (divergence time 25–30 million years ago [Gatesy et al.,

2013]) with a sequenced genome and is smaller (<10 tons) and

probably much shorter lived (maximum lifespan �50 years)

(Tacutu et al., 2013), comparisons between the bowhead and

minke whale genomes may provide insights on the evolution of

bowhead traits and of longevity, in particular. A number of aging-

and cancer-associated genes were observed among the 420

predicted bowhead-minke orthologs with dN/dS exceeding 1,

including suppressor of cytokine signaling 2 (SOCS2), aprataxin

(APTX), noggin (NOG), and leptin (LEP). In addition, the top 5%

genes with high dN/dS values for bowhead-minke relative to

the values for minke-cow and minke-dolphin orthologs included

forkhead box O3 (FOXO3), excision repair cross-complementing

rodent repair deficiency, complementation group 3 (ERCC3),

and fibroblast growth factor receptor 1 (FGFR1). The data on

dN/dS ratios are also available on our portal to allow researchers

to do their own analysis and quickly retrieve gene(s) of interest.

In a complementary and more detailed analysis of selective

pressure variation, we used codon-based models of evolution

(Yang, 2007) to identify candidate genes with evidence of line-

age-specific positive selection (see Experimental Procedures).

Using bowhead, minke, and orca protein-coding data along

with a variety of available high-quality completed genomes

from Laurasiatheria, Euarchontoglires, marsupial, and mono-

treme species, we identified a total of 866 single-gene ortholog

families (SGOs) (i.e., these gene families have no more than
114 Cell Reports 10, 112–122, January 6, 2015 ª2015 The Authors
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one copy in each species). We tested

each of the extant whale lineages, the

ancestral baleen whale, and the most

recent common ancestor (MRCA) of

bowhead, minke, and orca, a total of

five lineages (Figure 1), for evidence

of lineage-specific positive selection.

Of the two extant whales analyzed, the

number of SGOs exhibiting signatures of

lineage-specific positive selection were

as follows: bowhead (15 gene families)

and minke (ten gene families). The small

number of candidates under positive se-

lection likely reflects the high level of pro-

tein conservation between bowhead and

other cetaceans as well as the stringent

filtering of candidates due to data-quality

concerns; all results and alignments are

provided in Supplemental Folder 1. A

few genes associated with disease were
identified, including BMP and activin membrane-bound inhibitor

(BAMBI), which has been associated with various pathologies,

including cancer, and also poorly studied genes of potential

interest like GRB2-binding adaptor protein, transmembrane

(GAPT).

In addition to the codon-based models of evolution, we

wished to identify bowhead whale specific amino acid replace-

ment substitutions. To this end, we aligned orthologous

sequences between the bowhead whale and nine other mam-

mals—a total of 4,358 alignments (see Experimental Proce-

dures). Lineage-specific residues identified in this way have

previously been shown to be indicative of significant changes

in protein function (Tian et al., 2013). Our analysis revealed

several proteins associated with aging and cancer among the

top 5% of unique bowhead residues by concentration (i.e.,

normalized by protein length), including ERCC1 (excision repair

cross-complementing rodent repair deficiency, complementa-

tion group 1), HDAC1 (histone deacetylase 1), and HDAC2 (Fig-

ure 2A). ERCC1 is a member of the nucleotide excision repair

pathway (Gillet and Schärer, 2006), and disruption results in

greatly reduced lifespan in mice and accelerated aging (Weeda

et al., 1997). Histone deacetylases play an important role in the

regulation of chromatin structure and transcription (Lee et al.,

1993) and have been associated with longevity in Drosophila

(Rogina et al., 2002). As such, these represent candidates

involved in adaptive genetic changes conferring disease resis-

tance in the bowhead whale. The full results are available in Sup-

plemental Folder 1.

In addition to genes related to longevity, several interesting

candidate genes emerged from our analysis of lineage-specific

residues of potential relevance to other bowhead traits. Of



Figure 2. Multiple Protein Sequence Alignments of HDAC2 and UCP1

(A) Partial alignment of bowhead HDAC2 with mammalian orthologs. Unique bowhead residues are highlighted at human positions 68, 95, and 133.

(B) Partial alignment of whale UCP1 with mammalian orthologs. Conserved regions involved in UCP1 are marked in red.
note, a number of proteins related to sensory perception of

sound were also identified with bowhead-specific mutations,

including otoraplin (OTOR) and cholinergic receptor, nicotinic,

alpha 10 (CHRNA10), which could be relevant in the context of

the bowhead’s ability to produce high- and low-frequency tones

simultaneously (Tervo et al., 2011). In addition, many proteins

must play roles in the large differences in size and development

between the bowhead and related species and our results reveal

possible candidates for further functional studies; for example, in

the top ten proteins, SNX3 (sorting nexin 3) has been associated

in one patient with eye formation defects and microcephaly (Ver-

voort et al., 2002), and WDR5 (WD repeat-containing protein 5)
C
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has been associated with osteoblast differentiation and bone

development (Gori et al., 2006).

In the naked mole rat, a poikilotherm with a low metabolic rate

and body temperature when compared to other mammals,

unique changes in uncoupling protein 1 (UCP1), which is used

to generate heat, have been previously found (Kim et al.,

2011). Because the specific metabolic power output of cells

in vivo for large whales must be much less than for smaller mam-

mals (West et al., 2002), it is interesting to note that UCP1 of

whales has a premature stop codon in C-terminal region, which

is functionally important and conserved in other mammals (Fig-

ure 2B). It is tempting to speculate that these changes are related
ell Reports 10, 112–122, January 6, 2015 ª2015 The Authors 115
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Figure 3. Gene Family Expansion and PCNA

(A) Gene family expansion. Numbers in red correspond to the predicted number of gene expansion events during mammalian evolution. Mean divergence time

estimates were used from TimeTree (Hedges et al., 2006) for scaling.

(B) Multiple sequence alignment of PCNA residues 28–107, showing bowhead whale-specific duplication (gene IDs: bmy 16007 and bmy 21945). Lineage-specic

amino acids in the duplicated PCNA of bowhead whales are highlighted in red.

(C) Crystal structure of the PCNA (green) and FEN-1 (yellow) complex. Lineage-specific residues on the PCNA structure are colored in red. A zoom in on the

structures reveals a putative interaction between two b sheets, one within PCNA and another within FEN-1. This interaction may be altered through a second

interaction between the PCNA b sheet and a lineage-specic change from glutamine to histidine within PCNA. Distancemeasurements between pairs of atoms are

marked in black. PDB accession number: 1UL1.

See also Table S3 and Figure S3.
to differences in thermoregulation between whales and smaller

mammals.

Potential Gene Duplications and Gene Losses
Gene duplication is a major mechanism through which pheno-

typic innovations can evolve (Holland et al., 1994; Kaessmann,

2010). Examples of mammalian phenotypic innovations associ-

ated to gene duplication include duplication of RNASE1, a

pancreatic ribonuclease gene, in leaf-eating monkeys that

contributed to adaptative changes in diet and digestive physi-

ology (Zhang et al., 2002), a duplication of GLUD1 in hominoids

that subsequently acquired brain-specific functions (Burki and

Kaessmann, 2004), and domestication of two syncytin gene

copies that contributed to the emergence of placental develop-

ment in mammals (Dupressoir et al., 2009). We surveyed the

bowhead whale genome for expanded gene families that may

reflect lineage-specific phenotypic adaptations and traits.

In the bowhead whale lineage, 575 gene families were pre-

dicted to have expanded (Figure 3). However, because gene

expansion predictions are susceptible to false-positives owing

to pseudogenes and annotation artifacts among other biases,
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we applied a stringent filter based on percentage of identity

(Experimental Procedures) that reduced the number of candi-

date expansions to 41 (see Supplemental Folder 1 for the

complete list). A functional enrichment analysis of these gene

families, using default parameters in DAVID (Huang et al.,

2009), only revealed a statistically significant enrichment (after

correction for multiple hypothesis testing; Bonferroni <0.001)

for genes associated with translation/ribosome. Given the asso-

ciation between translation and aging, for instance, in the

context of loss of proteostasis (López-Otı́n et al., 2013), it is

possible that these results reflect relevant adaptations in the

bowhead whale.

Upon manual inspection of the gene expansion results, we

found several duplicates of note. For instance, proliferating cell

nuclear antigen (PCNA) is duplicated in bowhead whales with

one copy harboring four lineage-specific residue changes (Fig-

ure 3B). Based on our RNA-seq data mapped to the genome

(see Experimental Procedures and full results in Supplemental

Folder 1), both PCNA copies are expressed in bowhead whale

muscle, kidney, retina, and testis. By mapping the lineage-

specific residues onto the structure of PCNA in complex with



FEN-1, we uncovered one amino acid substitution (Q38H), which

may affect the interaction between PCNA and FEN-1 (Figure 3C).

A subsequent branch-site test for selective pressure variation

(see Experimental Procedures and Table S3) revealed that one

substitution, D58S, may have undergone positive selection in

the bowhead-whale lineage (with a posterior probability score

of 0.983). The duplication of PCNA during bowhead-whale evo-

lution is of particular interest due to its involvement in DNA dam-

age repair (Hoege et al., 2002) and association with aging in that

its levels in aged rat liver seem to relate to the decrease in the

rate of cell proliferation (Tanno et al., 1996).

Another notable duplicated gene is late endosomal/lysosomal

adaptor, MAPK and MTOR activator 1 (LAMTOR1), in which six

bowhead-specific amino acid changes were identified (Fig-

ure S3). LAMTOR1 is involved in amino acid sensing and activa-

tion of mTORC1, a gene strongly associated with aging and

cancer (Cornu et al., 2013). The original LAMTOR1 copy was ex-

pressed in all bowhead whale adult tissues for which we have

data, with the duplicate having much lower (but detectable)

expression in heart and retina. Also of note, putative duplications

of 26S proteasome non-ATPase regulatory subunit 4 (PSMD4)

and ubiquitin carboxyl-terminal esterase L3 (UCHL3) were iden-

tifiedwith evidence of expression, which is intriguing considering

the known involvement of the proteasome-ubiquitin system in

aging (López-Otı́n et al., 2013) and given previous evidence

that this system is under selection specific to lineages where

longevity increased (Li and de Magalhães, 2013); UCHL3 has

also been involved in neurodegeneration (Kurihara et al., 2001).

Other gene duplications of potential interest for their role in

mitosis, cancer, and stress response include cAMP-regulated

phosphoprotein 19 (ARPP19), which has three copies even

though we only detected expression of two copies, stomatin-

like 2 (STOML2), heat shock factor binding protein 1 (HSBP1)

with four copies of which two appear to be expressed, spermine

synthase (SMS) and suppression of tumorigenicity 13 (ST13).

Similar to previous genome characterizations, we chose the

complete set of known protease genes for a detailed supervised

analysis of gene loss (Quesada et al., 2009). This procedure high-

lighted multiple gene loss events potentially related to the evolu-

tion of several cetacean traits, including adaptations affecting

the immune system, blood homeostasis, digestive system, and

dentition (Figure S4). Thus, the cysteine protease CASP12, a

modulator of the activity of inflammatory caspases, has at least

one conserved premature stop codon in bowhead and minke

whales. Interestingly, whereas this protease is conserved and

functional in almost all of the terrestrial mammals, most human

populations display different deleterious variants (Fischer et al.,

2002), presumably with the same functional consequences as

the premature stop codons in whales. Likewise, two paralogues

of carboxypeptidase A (CPA2 and CPA3) have been pseudogen-

ized in bowhead and minke whales. Notably, CPA variants have

been associated with increased risk for prostate cancer in hu-

mans (Ross et al., 2009), which could be of interest in the context

of reduced cancer susceptibility in whales compared with hu-

mans (de Magalhães, 2013).

Additionally, we found that multiple coagulation factors have

been lost in bowhead andminke whales. The finding of bowhead

whale-specific changes is also noteworthy because it could be
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related to the special characteristics of this mammal. For

example, OTUD6A, a cysteine protease with a putative role in

the innate immune system (Kayagaki et al., 2007), is specifically

lacking in the assembled genome and expressed sequences of

the bowheadwhale. In addition, whereas the enamel metallopro-

tease MMP20 has been lost in bowhead and minke whales (Yim

et al., 2014), our analysis suggests that these genomic events

happened independently (see alignments in Supplemental

Folder 1). Finally, as aforementioned, the cysteine protease

UCHL3 seems to have been duplicated through a retrotranscrip-

tion-mediated event in a common ancestor to bowhead and

minke whales, although only the genome of the bowhead whale

shows a complete, putatively functional open reading frame for

this extra copy of the gene. UCHL3 may play a role in adipogen-

esis (van Beekum et al., 2012), which indicates that this duplica-

tion might be related to the adaptation of the bowhead whale to

the challenging arctic environment. These results suggest

specific scenarios for the role of proteolysis in the evolution of

Mysticetes. Specifically, given the relationship between immu-

nity and aging (López-Otı́n et al., 2013), some of these findings

might open new approaches for the study of this outstanding

cetacean.

DISCUSSION

The genetic and molecular mechanisms by which longevity

evolves remain largely unexplained. Given the declining costs

of DNA sequencing, de novo genome sequencing is rapidly

becoming affordable. The sequencing of genomes of long-lived

species allows comparative genomics to be employed to study

the evolution of longevity and has already provided candidate

genes for further functional studies (de Magalhães and Keane,

2013). Nonetheless, deciphering the genetic basis of species dif-

ferences in longevity has major intrinsic challenges (de Magal-

hães and Keane, 2013), and much work remains to uncover

the underlying mechanisms by which some species live much

longer than others. In this context, studying a species so long

lived and with such an extraordinary resistance to age-related

diseases as the bowhead whale will help elucidate mechanisms

and genes conferring longevity and disease resistance in mam-

mals. Remarkably, large whales with over 1,000 times more cells

than humans do not exhibit an increased cancer risk (Caulin and

Maley, 2011), suggesting the existence of natural mechanisms

that can suppress cancer more effectively in these animals. Hav-

ing the genome sequence of the bowhead whale will allow

researchers to study basic molecular processes and identify

maintenance mechanisms that help preserve life, avoid entropy,

and repair molecular damage. When compared to transcriptome

data (Seim et al., 2014), the genome’s greater completeness and

quality permits additional (e.g., gene loss and duplication) and

more thorough analyses. Besides, whereas the genomes of

many commercially important agricultural species have been re-

ported, the bowhead genome sequence is the first for a species

key to a subsistence diet of indigenous communities. One of the

outputs of this project will be to facilitate and drive research in

this long-lived species. Data and results from this project are

thus made freely available to the scientific community on an

online portal (http://www.bowhead-whale.org/). We provide
ell Reports 10, 112–122, January 6, 2015 ª2015 The Authors 117
5

http://www.bowhead-whale.org/


this key resource for studying the bowhead whale and its various

traits, including its exceptional longevity and resistance to

diseases.

EXPERIMENTAL PROCEDURES

DNA and RNA Sampling in Greenland

Bowhead (Balaena mysticetus) DNA used for genome sequencing was iso-

lated from muscle tissue sampled from a 51-year-old female (ID no. 325)

caught in the Disko Bay, West Greenland in 2009 (Heide-Jørgensen et al.,

2012). Tissue samples were stored at –20�C immediately after collection.

Age estimation was performed using the aspartic acid racemization technique

(Garde et al., 2007). CITES no. 12GL1003387 was used for transfer of biolog-

ical material. Bowhead RNA used for RNA-seq and small RNA analysis

was isolated from two different individuals: kidney samples were from a

44-year-old female (ID no. 500) and muscle samples were isolated from a

44-year-old male (ID no. 322). For more details of the individual whales, see

Heide-Jørgensen et al. (2012).

Genome Sequencing

DNA was extracted following standard protocols, quantified using Qubit and

run on an agarose gel to ensure no degradation had occurred. We then gener-

ated �1503 coverage of the genome using the Illumina HiSeq 2000 platform

with 100 bp reads, sequencing paired-end libraries, and mate-paired libraries

with insert sizes of 3, 5, and 10 kb (Table 1). Sequencing was performed at

the Liverpool Centre for Genomic Research (CGR; http://www.liv.ac.uk/

genomic-research/).

Genome Assembly

Libraries were preprocessed in-house by the CGR to remove adaptor se-

quences. The raw fastq files were trimmed for the presence of the Illumina

adaptor sequence using Cutadapt and then subjected to window-based qual-

ity trimming using Sickle with a minimum window quality score of 20. A mini-

mum read-length filter of 10 bp was also applied. Libraries were then assem-

bled with ALLPATHS-LG (Gnerre et al., 2011), which performed all assembly

steps including read error correction, initial read alignment, and scaffolding.

ALLPATHS-LG build 43762 was used with the default input parameters,

including K = 96. Several build parameters were automatically determined by

the software at run time per its standard algorithm. Of 2.88 3 109 paired frag-

ment reads and 1.87 3 109 paired jumping reads, 0.015% were removed as

poly(A) and 1.5%were removed due to low-frequency kmers; 54% of jumping

read pairs were error-corrected, and overall 33% of jumping pairs were redun-

dant. In total, weused 216Gbp for the 2.3Gbassembly,meaning that coverage

retained for the assembly was �953. Full assembly and read usage data are

shown in Supplemental Folder 2. Assembly completeness was assayed with

CEGMA by searching for 248 core eukaryotic genes (Parra et al., 2007).

Genome Size Determination

To determine the genome size for bowhead whale, spleen tissues were

acquired from one male (10B17) and one female (10B18). Both whales were

harvested in 2010 as part of the native subsistence hunt in Barrow, Alaska.

Sample processing and staining followed the methods of Vindeløv and Chris-

tensen (1994). Instrument description and additional methodological details

are provided in Oziolor et al. (2014). Briefly, flow cytometric genome size deter-

mination is based on propidium iodide fluorescent staining of nuclear DNA.

Mean fluorescence is calculated for cells in the G0 and G1 phases of the cell

cycle. This method requires direct comparison to known standards to convert

measured fluorescence to pg of DNA. The primary standard used in this study

was the domestic chicken (Gallus gallus domesticus). Chicken red blood cells

are widely used as a genome size standard, with an accepted genome size of

C = 1.25 pg. Chicken whole blood was purchased from Innovative Research.

Mouse (Mus musculus) and rat (Rattus norvegicus) were included as internal

checks, with estimates for both falling within 3% of previously published

genome size estimates (Vinogradov, 1998). Spleen tissues from three male

129/SvEvTac laboratory mice and a single male Harlan SD Sprague-Dawley

laboratory rat were used.
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Transcriptome Sequencing and Assembly: Greenland Samples

Total RNA was extracted from the kidney and muscle employing the

mirVanaTM RNA extraction kit (Ambion). RNA integrity of the individual RNA

samples was assessed on a 1%agarose gel using an Agilent 2100 Bioanalyzer

(Agilent Technologies). Library preparation was performed using the

ScriptSeqTM mRNA-seq library preparation kit from Epicenter according to

the manufacturer’s protocol (Epicenter) and sequenced (100 bp paired end)

as multiplexed samples using the Illumina HiSeq 2000 analyzer. Fastq gener-

ation and demultiplexing were performed using the CASAVA 1.8.2 package

(Illumina). The fastq files were filtered for adapters, quality, and length using

Trimmomatic (v.0.27), with a window size of 4, a base quality cutoff of 20,

and a minimum length of 60 (Lohse et al., 2012). De novo transcriptome as-

sembly was performed using the short read assembler software Trinity (release

2013-02-25), which is based on the de Bruijn graph method for assembly, with

default settings (Grabherr et al., 2011).

Transcriptome Sequencing and Assembly: Alaskan Samples

Tissue biopsies were obtained from two male bowhead whales harvested by

Inupiat hunters at Barrow, Alaska during the Fall hunt of 2010; heart, cere-

bellum, liver, and testes were biopsied from male bowhead number 10B16,

and retina from male bowhead 10B20. Samples were immediately placed in

liquid nitrogen and transported in a dry shipper to Purdue University. RNA

was extracted using TRIZOL reagent (Invitrogen) following the manufacturer’s

protocol. RNA was purified using an Invitrogen PureLink Micro-to-Midi col-

umns from the Total RNA Purification System using the standard protocol.

RNA quantity and quality was estimated with a spectrophotometer (Nanodrop)

and by gel electrophoresis using an Agilent model 2100 Bioanalyzer. cDNA

libraries were constructed by random priming of chemically sheared poly A

captured RNA. Randomly primed DNA products were blunt ended. Products

from 450–650 bp were then isolated using a PippenPrep. After the addition

of an adenine to the fragments, a Y primer amplification was used to produce

properly tailed products. Paired-end sequences of 100 bp per endwere gener-

ated using the Illumina HiScan platform. Sequences with primer concatamers,

weak signal, and/or poly A/T tails were culled. The Trinity software package for

de novo assembly (Grabherr et al., 2011) was used for transcript reconstruc-

tion (Table S1).

Small RNA Sequencing and Annotation

To annotate microRNA genes in the bowhead genome, we conducted deep

sequencing of two small RNA libraries prepared from muscle and kidney tis-

sues (Greenland samples). Total RNA was isolated using mirVana miRNA

Isolation Kit (Ambion). Small RNA in the 15-40 nucleotides range was gel pu-

rified and small RNA libraries were prepared for next-generation sequencing

using the ScriptMiner Small RNA-Seq Library Preparation Kit (Epicenter). The

two libraries were sequenced on an Illumina Hi-Seq 2000 instrument to

generate single end sequences of 50 nucleotides. Primary data analysis

was done using the Illumina CASAVA Pipeline software v.1.8.2, and the

sequence reads were further processed by trimming for adapters and

filtering for low quality using Trimmomatic (Lohse et al., 2012). Identification

of conserved and novel candidate microRNA genes in the bowhead genome

was accomplished by applying the miRDeep2 algorithm (Friedländer et al.,

2008, 2012).

Evaluation of Repeat Elements

To evaluate the percentage of repeat elements, RepeatMasker (v.4.0.3; http://

www.repeatmasker.org/) was used to identify repeat elements, with parame-

ters set as ‘‘-s -species mammal.’’ RMBlast was used as a sequence search

engine to list out all types of repeats. Percentage of repeat elements was

calculated as the total number of repeat region divided by the total length of

the genome, excluding the N-region. Genomes of minke whale (Balaenoptera

acutorostrata), orca (Orcinus orca), commonbottlenose dolphin (Tursiops trun-

cates), and cow (Bos taurus) were downloaded from NCBI and run in parallel

for comparison with the bowhead genome.

Genome Annotation

Putative genes were located in the assembly by structural annotation with

MAKER2 (Holt and Yandell, 2011), which combined both bowhead
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transcriptomes with comparative and de novo prediction methods including

BLASTX, Exonerate, SNAP, Genemark, and Augustus. In addition to the

RNA-seq data, the entire SwissProt database and the draft proteome of dol-

phin were used as input to the comparative methods. Repetitive elements

were found with RepeatMasker (http://www.repeatmasker.org/). The com-

plete set of MAKER input parameters, including training sets used for the

de novo prediction methods, are listed in Supplemental Folder 2. In total,

22,672 protein-coding genes were predicted with an average length of 417

(median 307) amino acid residues.

The RNA-seq data from seven adult bowhead tissues described above

were then mapped to the genome: FastQC (http://www.bioinformatics.

babraham.ac.uk/projects/fastqc/) was used for quality control to make sure

that data of all seven samples was of acceptable quality. STAR (Dobin

et al., 2013) was used to generate genome files from the bowhead assembly

and to map the reads to the bowhead genome with 70.3% of reads mapping,

which is in line with other results including those in the minke whale (Yim

et al., 2014). To count the reads overlapping genes, we used ReadCounter

(van Dam et al., 2015). The results obtained from all seven samples were

combined into a single file describing the number of nonambiguously map-

ping reads for each gene (full results in Supplemental Folder 1). Of the

22,672 predicted protein-coding genes, 89.5% had at least ten reads map-

ping and 97.5% of predicted genes had at least one read mapping to them,

which is again comparable to other genomes like the minke whale genome

(Yim et al., 2014).

To allow the identification of orthologous relationships with bowhead pro-

teins, all cow protein sequences were downloaded from Ensembl (Flicek

et al., 2013). Cowwas initially used because it is the closest relative to the bow-

head with a high-quality annotated genome available. First, BLASTP (10�5)

was used to find the best hit in the cow proteome for every predicted bowhead

protein, and then the reciprocal best hit for each cow protein was defined as an

ortholog. In addition, human and mouse orthologs from the OPTIC pipeline

(see below) were used to assign predicted gene symbols to genes and pro-

teins. A total of 15,831 bowhead genes have a putative gene symbol based

on these predictions. Homologs in minke whale and dolphin were also derived

and are available on our bowhead genome portal.

Genome Portal

To facilitate further studies of these animals, we constructed an online genome

portal: The Bowhead Whale Genome Resource (http://www.bowhead-whale.

org/). Its database structure, interface, and functionality were adapted from

our existing Naked Mole Rat Genome Resource (Keane et al., 2014). Our

data and results are available from the portal, and supplemental methods

and data files are also available on GitHub (https://github.com/maglab/

bowhead-whale-supplementary).

Pairwise dN/dS Analysis

The CodeML program from the PAML package was used to calculate

pairwise dN/dS ratios (Yang, 2007). This is done using the ratio of nonsynon-

ymous substitutions per nonsynonymous site (dN) to synonymous substitu-

tions per synonymous site (dS), dN/dS, or u (Yang, 2007). Specifically, these

pairwise dN/dS ratios were calculated for bowhead coding sequences and

orthologous sequences from minke, cow, and dolphin, excluding coding se-

quences that were less than 50% of the length of the orthologous sequence.

The results were then ranked by decreasing dN/dS and are available on our

bowhead genome portal. In addition, the ratio of the bowhead-minke dN/dS

value to the higher of the dN/dS values for minke-cow and minke-dolphin

was calculated to identify genes that evolved more rapidly on the bowhead

lineage.

Assessment of Selective Pressure Variation across Single-Gene

Orthologous Families Using Codon-Based Models of Evolution

To accurately assess variation in selective pressure on the bowhead, minke,

and orca lineages in comparison to extant terrestrial mammals, we created

a protein-coding database spanning the placental mammals. Along with the

orca (http://www.ncbi.nlm.nih.gov/bioproject/189949), minke (Yim et al.,

2014), and bowhead data described above, we extracted protein coding

sequences from Ensembl Biomart v.73 (Flicek et al., 2013) for the following
C
5

18 genomes: chimpanzee, cow, dog, elephant, gibbon (5.63 coverage),

gorilla, guinea pig, horse, human, macaque, marmoset, microbat, mouse,

opossum, orangutan, platypus, rabbit, and rat. These genomes were all high

coverage (mostly >63 coverage) with the exception of gibbon (Supplemental

Folder 2). Sequence similarity searches were performed using mpi-BLAST

(v 1.6.0) (Altschul et al., 1990) (http://www.mpiblast.org/) on all proteins using

a threshold of 10�7. Gene families were identified using in-house software that

clusters genes based on reciprocal BLAST hits (Altschul et al., 1990). We iden-

tified a total of 6,630 gene families from which we extracted the single-gene

orthologous families (SGOs). Families were considered SGOs if we identified

a single-gene representative in each species (one-to-one orthologs), and to

account for lower coverage genomes and missing data we also considered

cases where a specific gene was not present in a species, i.e., one-to-zero or-

thology. SGOs were only considered for subsequent analysis if they contained

more than seven species in total and if they contained no internal stop codons

(indicative of sequencing errors). In total, we retained 866 SGOs for further

analysis. Multiple sequence alignments (MSAs) were generated using default

parameters in PRANK (v.100802) (Löytynoja and Goldman, 2008). To minimize

potential false-positives due to poor sequence quality, the MSAs of the 866

SGOs underwent strict data-quality filtering. The first filter prohibited the

presence of gaps in the MSA if created by unique insertions (>12 bp) in either

bowhead or minke sequences. The second filter required unaligned bowhead

or minke sequences to be at least half the length of their respective MSA.

These two filters refined the number of testable SGOs to 319. The gene phy-

logeny of each SGO was inferred from the species phylogeny (Morgan et al.,

2013). CodeML from the PAML software package (v.4.4e) (Yang, 2007) was

employed for our selective pressure variation analyses. We analyzed each of

the 319 refined SGOs using the nested codon-based models of evolution un-

der a maximum likelihood framework. We employed the likelihood ratio test

(LRT) using nested models of sequence evolution to evaluate a variety of

models of codon sequence evolution (Yang, 2007). In general, these codon

models allow for variable dN/dS ratios (referred to as u throughout) among

sites in the alignment, along different lineages on our phylogenetic tree, or a

combination of both variations across lineages and sites. To assess the signif-

icance of fit of each model to the data, we used the recommended LRTs

in CodeML (Yang, 2007) for comparing nested models (see Supplemental

Folder 2). The LRT test statistic approximates the chi-square (c2) distribution

critical value with degrees of freedom equal to the number of additional free

parameters in the alternative model. The goal of the codon-based modeling

is to determine the selective pressures at work in a lineage and site-specific

manner.

The models applied follow the standard nomenclature (i.e., model M1, M2,

A, and A null) (Yang, 2007). Model M1 assumes that there are two classes of

sites—those with an u value of zero and those with an u value of 1. Model

M2 allows for three classes of sites—one with an u value of zero, one with

an u value of one and one with an u value that is not fixed to any value. Given

the relationship between M1 andM2, they can be tested for the significance of

the difference of the fit of these twomodels using an LRTwith df = 2. Finally, we

used model A that allows the u value to vary across sites and across different

lineages in combination. With model A, we can estimate the proportion of sites

and the dN/dS ratio in the foreground lineage of interest in comparison to the

background lineages and the estimated dN/dS ratio is free to vary above 1 (i.e.,

positive selection). Model A can be compared with its site-specific counterpart

(model M1) using the LRT with df = 2. In addition, the lineage and site-specific

model model A null was applied as a second LRTwith model A. In model A null,

the additional site category is fixed at neutral rather than being estimated from

the data, and this LRT provides an additional test for model A (Zhang et al.,

2005). In this way, we performed independent tests on each of the extant ceta-

cean lineages (orca, minke, and bowhead), as well as testing each ancestral

cetacean branch (the MRCA of the two baleen whales and the MRCA of all

three cetaceans), to determine if there were signatures of positive selection

that are unique to each lineage (Yang and dos Reis, 2011). Using empirical

Bayesian estimations, we identified the specific residues that are positively

selected in each lineage tested. Positive selection was inferred if all of the

following criteria were met: (1) if the LRT was significant, (2) if the parameters

estimated under that model were concurrent with positive selection, and (3) if

the alignment in that region was of high quality (as judged by alignment
ell Reports 10, 112–122, January 6, 2015 ª2015 The Authors 119
7

http://www.repeatmasker.org/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bowhead-whale.org/
http://www.bowhead-whale.org/
https://github.com/maglab/bowhead-whale-supplementary
https://github.com/maglab/bowhead-whale-supplementary
http://www.ncbi.nlm.nih.gov/bioproject/189949
http://www.mpiblast.org/


completeness and quality in that region). The posterior probability (PP) of a

positively selected site is estimated using two calculations: Naive Empirical

Bayes (NEB) or Bayes Empirical Bayes (BEB) (Yang, 2007). If both NEB and

BEB are predicted, we reported the BEB results as they have been shown to

be more robust under certain conditions (Yang et al., 2005). For all models

used in the analysis where u is estimated from the data, a variety of starting

u values was used for the calculation of likelihood estimates. This ensures

that the global minimum is reached.

Identification of Proteins with Bowhead-Unique Residues

An in-house Perl pipeline was used to align each bowhead protein with ortho-

logs from nine other mammals: human (Homo sapiens), dog (Canis familiaris),

mouse (Mus musculus), rat (Rattus norvegicus), minke whale (Balaenoptera

acutorostrata), cow (Bos taurus), dolphin (Tursiops truncatus), horse (Equus

caballus), and elephant (Loxodonta africana) and then identify the unique bow-

head amino acid residues. Gaps were excluded from the analysis, and a

maximum of one unknown residue was allowed in species other than the bow-

head. The results were ranked by the number of unique residues normalized by

the protein length (full results in Supplemental Folder 1).

Gene Expansion Analysis, Filtering, and Expression

Human, mouse, dog, cow, dolphin, and platypus genomes and gene annota-

tions were obtained from Ensembl (Flicek et al., 2013), the genome and gene

annotation of minke whale were obtained from Yim et al. (2014). In total,

21,069, 22,275, 19,292, 19,988, 15,769, 17,936, 20,496, and 22,733 human,

mouse, dog, cow, dolphin, platypus, minke whale, and bowhead whale genes,

respectively, were used to construct orthology mappings using OPTIC (Heger

and Ponting, 2007). Briefly, OPTIC builds phylogenetic trees for gene families

by first assigning orthology relationships based on pairwise orthologs

computed using PhyOP (Goodstadt and Ponting, 2006). Then, a tree-based

method, PhyOP, is used to cluster genes into orthologous groups, and, last,

gene members are aligned and phylogenetic trees built with TreeBeST (Vilella

et al., 2009). Further details are available in the OPTIC paper (Heger and Pont-

ing, 2007). Predicted orthology groups can be accessed at http://genserv.

anat.ox.ac.uk/clades/vertebrates_bowhead.

To identify gene families that underwent expansion, gene trees were

reconciled with the consensus species tree, and duplicated nodes were

identified. The tree used, derived from TimeTree (Hedges et al., 2006), was:

(mm_oanatinus5, ((mm_cfamiliaris3, (mm_btaurus, (mm_ttruncatus, (mm_

balaenoptera, mm_bmysticetus)))), (mm_hsapiens10, mm_mmusculus5))).

The following algorithm was used to reconcile gene and species trees.

A stringent filter was applied to the data so that gene duplicates in bow-

head whales were required to differ by at most 10% in protein sequence

from a cognate copy but were also required to differ by at least 1% to avoid

assembly artifacts and to remove recently duplicated copies with no func-

tion. Further manual inspection of the alignments was performed. Gene

expression inferred from our RNA-seq data was used to check the expres-

sion of duplicates.

An in-house peptide-sensitive approach was used to align the PCNA cDNA

into codons, and CodeML/PAML was used to test M0, a one-rate model that

assumes the same rate of evolution in all branches against M2^a, a branch site

test with one rate for the background and one rate for the bowhead whale

branch (Yang, 2007).

ACCESSION NUMBERS

Our data and results can be downloaded from the Bowhead Whale Genome

Resource (http://www.bowhead-whale.org/downloads/). In addition, data

are available at the NCBI BioProject PRJNA194091with raw sequencing reads

in the Sequence Read Archive (SRP050351).
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3. The Naked Mole Rat Genome Resource: facilitating analyses of 

cancer and longevity-related adaptations 

 

Introduction 

The naked mole rat (NMR) is of great research interest due to its exceptional longevity and 

resistance to cancer. Although the NMR genome sequence has previously been published, a higher 

quality assembly (sequenced by the Broad Institute) and annotation was subsequently generated 

but not analysed or published. We therefore completed an analysis of this annotation to investigate 

if there were further genes with evidence of positive selection that had not been identified in the 

published study. We also created an online web portal from which all the data and results of our 

analysis can be freely downloaded. 

 

For this work, I downloaded the assembly and annotation, calculated the dN/dS ratios, completed 

the analysis of positive selection, formatted the results to be made available on the portal and wrote 

the paper. When considering the dN/dS ratios as provided on the portal, it should be borne in mind 

that a value exceeding 1 is not necessarily indicative of positive selection as it could simply be due to 

chance fluctuations in dN and/or dS. Therefore account would need to be taken of both the p-value 

and the substantial number of statistical tests employed before positive selection could be predicted 

with confidence. 
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ABSTRACT

Motivation: The naked mole rat (Heterocephalus glaber) is an excep-

tionally long-lived and cancer-resistant rodent native to East Africa.

Although its genome was previously sequenced, here we report a

new assembly sequenced by us with substantially higher N50 values

for scaffolds and contigs.

Results: We analyzed the annotation of this new improved assembly

and identified candidate genomic adaptations which may have

contributed to the evolution of the naked mole rat’s extraordinary

traits, including in regions of p53, and the hyaluronan receptors CD44

and HMMR (RHAMM). Furthermore, we developed a freely available

web portal, the Naked Mole Rat Genome Resource (http://www.naked-

mole-rat.org), featuring the data and results of our analysis, to assist

researchers interested in the genome and genes of the naked mole rat,

and also to facilitate further studies on this fascinating species.

Availability and implementation: The Naked Mole Rat Genome

Resource is freely available online at http://www.naked-mole-rat.org.

This resource is open source and the source code is available at

https://github.com/maglab/naked-mole-rat-portal.

Contact: jp@senescence.info

Received on April 18, 2014; revised on August 8, 2014; accepted on

August 21, 2014

1 INTRODUCTION

The naked mole rat (NMR;Heterocephalus glaber) is a long-lived

subterranean rodent native to the Horn of Africa. It can not only

live to430 years, making it the longest-lived rodent, but is also

extremely resistant to neoplasia (Buffenstein, 2008; Tian et al.,

2013), and as a result is an ideal model for research on longevity,

cancer and disease resistance. The NMR genome was sequenced

at the BGI in 2011 to 92-fold coverage with a contig N50 of

19.3 kb and scaffold N50 of 1.6Mb (Kim et al., 2011). Here we

describe a higher quality assembly (HetGla_female_1.0), which

has subsequently been sequenced by us at the Broad Institute,

its analysis and availability on a purpose-built portal, the Naked

Mole Rat Genome Resource (http://www.naked-mole-rat.org).

2 METHODS

Briefly, high molecular weight DNAwas extracted from tissues of a single

partially inbred female adult NMR obtained from the colony established

by Vera Gorbunova at the University of Rochester, USA. The founder

animals originated from the colony of J.U. Jarvis, at the University of

Cape Town, South Africa. The Heterocephalus glaber assembly,

HetGla_female_1.0, was constructed from 180bp paired end fragment

libraries (45� coverage), 3 kb jumping libraries (42� coverage), 6–14kb

sheared jumping libraries (2� coverage) and 40kb FOSILLs (Williams

et al., 2012) (1� coverage). All libraries were sequenced by Hi-Seq

Illumina machines, producing 101bp paired-end reads. Assembly of the

NMR genome was carried out using the software program

ALLPATHS-LG (Gnerre et al., 2011) version R38830 with default

parameters.

3 RESULTS

HetGla_female_1.0 has substantially higher N50 for contigs

(47.8kb) and scaffolds (20.5Mb) when compared with the Kim

et al. assembly (Table 1). NG50 values, based on a C-value of 2.9

pg (source: http://www.genomesize.com/result_species.php?

id=4474), are also considerably higher for HetGla_female_1.0:

35.3kb for contigs (versus 18.1kb for the Kim et al. assembly)

and 20.0Mb for scaffolds (versus 1.5Mb).

To assist researchers in studying the genome and genes of the

NMR to improve understanding of its extraordinary traits, and

also to foster further studies employing this fascinating species,

we developed a freely available web portal, the Naked Mole Rat

Genome Resource (http://www.naked-mole-rat.org). Our portal

features an annotation of the HetGla_female_1.0 assembly

generated by the NCBI using the NCBI Eukaryotic Genome

Annotation Pipeline (http://www.ncbi.nlm.nih.gov/books/NBK

169439/). To assess the accuracy of this annotation, 4578

proteins were identified which exhibit at least 99% length

conservation between human, mouse, rat and guinea pig ortho-

logs. Of these, 3413 exceed the same 99% length threshold using

*To whom correspondence should be addressed.
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the annotation of the HetGla_female_1.0 assembly, compared

with 2158 using the annotation of Kim et al.

All annotated NMR sequences derived from the NCBI anno-

tation of HetGla_female_1.0 are available on our portal: 42 117

coding sequences, 1779 non-coding sequences and 41963 pro-

teins. The 12 837 best-match NMR transcripts were identified

based on coding sequence length similarity with the guinea pig

ortholog, for which protein alignments and Ka/Ks ratios, calcu-

lated with the CodeML program of the PAML package v3.14

(Yang, 2007) using default parameters and guinea pig, mouse, rat

and human orthologs, are also included on the portal. Genes that

have been associated with longevity are cross-linked with the

GenAge database (http://www.naked-mole-rat.org/annotations/

results/genage/) (Tacutu et al., 2013). A BLAST interface is

also provided to allow users to quickly and easily search for

sequences of interest (including coding and non-coding se-

quences, proteins and scaffolds). We have previously also

sequenced the NMR transcriptome, which allowed us to com-

pare liver gene expression profiles between NMRs and wild-

derived mice (Yu et al., 2011). The data and results of this

work can also be downloaded (http://www.naked-mole-rat.org/

static/downloads/RNA_seq_supplements.zip). Moreover, an

additional �23-fold coverage assembly of the NMR genome

generated by The Genome Analysis Centre (TGAC) based on

two Illumina paired-end sequencing runs is available for down-

load (http://www.naked-mole-rat.org/static/downloads/naked_

mole_rat_contigs.zip).

Guinea pig genes were used to analyse NMR orthologs of

potential significance because it is the most closely related species

with a high coverage genome. Functionally enriched DAVID

(v6.7) clusters (using human/mouse orthologs and a background

of the 12 837 best-match transcripts; otherwise default param-

eters were used) with an enrichment score41.3, corresponding

to P50.05 (Huang et al., 2009), for the top 5% of NMR genes

by Ka/Ks included cytokine activity, signal peptide and defense

response (Table 2).
Given the higher quality of this more recent genome annota-

tion, we assessed whether we could identify novel candidate

genes in the NMR that were not detected by Kim et al. In par-

ticular, because p53 substitutions identical to those found in

human tumours have been identified in the related blind mole

rat Spalax ehrenbergi (Ashur-Fabian et al., 2004), it is relevant to

assess whether there is any evidence of adaptive evolution in

NMR p53. While the NMR p53 coding sequence is, not surpris-

ingly, subject to purifying selection (Ka/Ks=0.26), a window

from codons 41–80 was observed, encompassing transactivation

domain 2 (TADII) and most of the proline-rich domain (PRD),

which had a signature of positive selection (Ka/Ks=2.19). The

PRD is found between residues 58–98 and 55–95 of the human

and mouse proteins, respectively (Walker and Levine, 1996). The

human PRD contains numerous prolines including five PXXP

(P=proline, X=any amino acid) motifs, compared with only

two in mouse and one in rat (Toledo et al., 2007). Interestingly,

the NMR PRD substitutions include four proline residues, re-

sulting in an additional four PXXP motifs relative to the guinea

pig domain (Fig. 1).
This raises the possibility of convergent evolution of additional

prolines and PXXP motifs in the p53 PRDs of humans and

NMRs, two species which evolved an extended lifespan and con-

sequent requirement for an enhanced DNA damage response. In

addition, there are two NMR substitutions in the 9aaTADII,

which has been reported to mediate apoptosis by activating tar-

gets, including MDM2 and BAX (Zhu et al., 1998).

Numerous proteins have been shown to interact with p53,

including BRCA1 via a region from residues 224–500 (Zhang

et al., 1998). There is a strong signal of selection within this

region of NMR BRCA1, particularly from codons 430–470

(Ka/Ks410), which may influence the interaction with p53.
Early contact inhibition (ECI) has been identified as a novel

anti-cancer mechanism in the NMR (Seluanov et al., 2009), with

high-molecular mass hyaluronan as the extracellular signal,

which is partly transmitted via the CD44 receptor (Tian et al.,

2013). Interestingly, a signal of selection (Ka/Ks41) was

observed not only in CD44, from guinea pig codons 401–440,

501–540 and 661–700, but also in another hyaluronan receptor,

HMMR (RHAMM), from codons 321–360, 381–420 and

441–480, suggesting that it may also contribute to transmission

of the ECI signal.

Kim et al. reported that relative to mice, two early stop codons

in the NMR p16Ink4a transcript were predicted to produce a

truncated protein. There are no Cdkn2a transcripts in the

NCBI annotation; however, a predicted transcript was generated

based on alignments of the mouse and guinea pig exons with the

assembly and transcriptome. Although there are no significant

differences with the transcript predicted by Kim et al., it is im-

portant to note that the guinea pig protein is also of similar

length and shorter than in mice, indicating that this is not an

NMR-specific adaptation (Fig. 2).
In conclusion, we have developed a NMR portal using a

genome assembly of superior quality for the research community

to benefit from this data. Our portal is designed so it can be

easily updated if the NMR genome annotation is updated in

Table 1. Global statistics of the HetGla_female_1.0 (alias: hetGla2)

assembly in comparison with the Kim et al. assembly (HetGla_1.0)

Statistics hetGla2 HetGla_1.0

RefSeq Assembly ID GCF_000247695.1 GCF_000230445.1

Total sequence length 2 618 204639 2 643 961837

Number of scaffolds 4229 39 266

Scaffold N50 20 532749 1 603 177

Number of contigs 114 653 273 990

Contig N50 47 778 21 750

Table 2. DAVID clusters of the highest-ranked genes by Ka/Ks between

NMR and guinea pig

Cluster Enrich. Score No. genes No. annots.

Signal peptide 11.86 165 10

Cytokine 10.53 36 4

Defense response 9.87 50 3

Immunoglobin domain 6.35 34 7

Cell surface 6.19 28 3
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the future. We also performed a reanalysis of the NMR genome
using this improved assembly, which revealed further candidate
genes of potential relevance to adaptive changes in the context of

aging and cancer. We hope this research will facilitate and en-
courage studies in these amazing animals.
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4. MYCN/LIN28B/Let-7/HMGA2 pathway implicated by meta-analysis 

of GWAS in suppression of post-natal proliferation thereby potentially 

contributing to aging 

 

Introduction 

A notable feature of eutherians is that their progression through the life cycle is highly synchronised 

with relative variation only in timing, for example the aging pathologies of old mice are largely 

equivalent to those of old humans and other well-studied eutherian species (Finch, 1990). In 

addition, there is a strong and robust positive correlation in mammals between lifespan and time to 

reproductive maturity, and negative correlation between lifespan and growth rate (de Magalhães et 

al., 2007), suggesting the possibility of a genetic timing mechanism influencing the entire life history. 

In support of this hypothesis, it was found that in high-density conditions, red squirrels grow 

significantly faster and have a reduced adult life-span (Dantzer et al., 2013). Because intra-specific 

trait variation is a prerequisite for the subsequent evolution of inter-specific adaptation, genomic 

loci associated with this hypothesised mechanism should in theory be identifiable by meta-analysing 

GWAS of human life history and developmental traits. 

For this work, I conceived the study, downloaded the data, completed the analysis and wrote the 

paper. The GWAS data was obtained from the NHGRI GWAS Catalog, which is a quality controlled, 

manually curated, literature-derived collection of all published genome-wide association studies 

assaying at least 100,000 SNPs and all SNP-trait associations with p-values < 1.0 x 10-5 (Hindorff et 

al., 2009). 
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A B S T R A C T

Mammalian organ and body growth slows and finally terminates because of a progressive suppression of

cell proliferation, however little is known about the genetic regulatory mechanisms responsible. A meta-

analysis of genome-wide association studies using growth and development-related traits revealed that

two genes, HMGA2 and LIN28B, had multiple associations. Altered HMGA2 expression has been shown to

result in both overgrowth and pygmy phenotypes in mice and overgrowth in humans. These genes are

members of the MYCN/LIN28B/Let-7/HMGA2 pathway and homologs of LIN28B and let-7 are known to

regulate developmental timing in Caenorhabditis elegans. Strikingly, expression levels of let-7 and Hmga2

in murine stem cells continue to increase and decrease, respectively, after growth terminates, suggesting

that this pathway may contribute to regulating the pace of both development and age-related

degenerative phenotypes.

� 2013 Elsevier Ireland Ltd. All rights reserved.
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Mammalian somatic growth progressively slows postnatally
primarily due to a progressive decline in cell proliferation (Chang
et al., 2008), however the genetic regulatory mechanisms
responsible remain largely obscure (Kennedy and Norman,
2005). Consistent with the antagonistic pleiotropy theory (Wil-
liams, 1957), recent results suggest the existence of a multi-organ
genetic program suppressing proliferation (PSP) which progres-
sively down-regulates many growth-promoting genes (Lui et al.,
2010a) and persists into adulthood, thereby potentially contribut-
ing to aging (Lui et al., 2010b).

To identify potential regulatory components of the PSP, a meta-
analysis of genome-wide association studies (GWAS) from the
National Human Genome Research Institute GWAS catalog
(Hindorff et al., 2009) was performed. The 9217 SNPs in the
GWAS catalog were filtered for growth and development-related
traits resulting in a dataset with 428 SNPs from 45 studies
associated with 11 traits. Genes reported in the studies as
associated with the SNPs were employed.

Permutation testing is commonly used to determine signifi-
cance (Johnson et al., 2010) and was employed to estimate the
false-discovery rate. In each of 10,000 iterations, all SNPs were
randomly and independently assigned to the estimated 22,333
human protein-coding genes retrieved from NCBI Entrez (Pruitt
et al., 2009), and the gene with the maximum number of SNPs was
* Corresponding author.

E-mail addresses: jp@senescence.info, aging@liverpool.ac.uk (J.P. de Magalhães).

0047-6374/$ – see front matter � 2013 Elsevier Ireland Ltd. All rights reserved.
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identified. Genes with more than two SNPs occurred in 2.43% of the
iterations, establishing genes with three or more SNPs as
significant. Sixteen reported genes reached this threshold and
those with the most associations with multiple developmental
traits were HMGA2 and LIN28B with 14 and 7 associated SNPs,
respectively (Table 1). In an additional control analysis using 428
randomly selected SNPs, a gene with more than six SNPs was
observed in 1.9% of 10,000 iterations, confirming the significance of
these two genes.

HMGA2 is a member of the high-mobility group A family that
can modulate transcription by altering chromatin structure
(Reeves, 2001). Supporting the validity of the association with
postnatal proliferation and growth is the case of an individual with
a chromosomal inversion truncating this gene, resulting in slightly
elevated expression of 1.4 times that of a control (Ligon et al.,
2005). Notable phenotypes at 8 years of age were extreme
overgrowth in terms of height, weight and head circumference,
advanced bone age (�13.5 years) and arthritis. In addition, this
individual developed premature dentition, and a panoramic dental
X-ray at 4 years indicated advanced dental age. Similarly,
expression of a truncated Hmga2 induced gigantism in transgenic
mice (Battista et al., 1999). By contrast, Hmga2-null mice
demonstrate the ‘‘pygmy’’ phenotype characterized by dramatic
reductions in body fat and small stature (Zhou et al., 1995).

LIN28B is a homolog of the Caenorhabditis elegans lin-28 gene
(Guo et al., 2006) which controls developmental timing (Moss
et al., 1997). LIN28B negatively regulates let-7 (Piskounova et al.,
2011) which in turn is a negative regulator of HMGA2 (Lee and

http://dx.doi.org/10.1016/j.mad.2013.04.006
mailto:jp@senescence.info
mailto:aging@liverpool.ac.uk
http://www.sciencedirect.com/science/journal/00476374
http://dx.doi.org/10.1016/j.mad.2013.04.006


Table 1
The developmental traits used in the meta-analysis and results for the top two genes. The remaining statistically significant genes are: ADAMTSL3, CDK6, DLEU7, DYM, EFEMP1,

GNA12, GPR126, HHIP, HMGA1, LCORL, LTBP1, MSRB3, PLAG1 and ZBTB38.

Trait HMGA2 LIN28B

Number

of SNPs

Number

of studies

Context(s) Number

of SNPs

Number

of studies

Context(s)

Height 8 8 UTR-3 (6) Intergenic

Intron

2 2 Intron (2)

Head circumference (infant) 1 1 UTR-3 –

Brain structure 1 1 Intron –

Normalized brain volume – –

Hippocampal volume – –

Primary tooth development

(number of teeth)

1 1 Intergenic –

Primary tooth development

(time to first tooth eruption)

1 1 Intergenic –

Permanent tooth development 1 1 Intergenic –

Aortic root size 1 1 Intergenic –

Menarche (age at onset) – 4 4 Intron (2)

Intergenic (2)

Menarche and menopause (age at onset) – 1 1 Intron
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Dutta, 2007). Let-7 was the second microRNA discovered and has
also been shown to regulate developmental timing in C. elegans

(Reinhart et al., 2000). Furthermore, let-7 and the DAF-12 nuclear
hormone receptor engage in reciprocal direct feedback regulation
(Hammell et al., 2009), and it was recently shown that upon
induction by DAF-12, let-7 can stimulate DAF-16/FOXO signaling to
extend life by targeting lin-14 and akt-1 (Shen et al., 2012). This is
particularly significant because of the impact of daf-12 on insulin/
IGF-1 signaling (Cypser et al., 2006), which plays a well-established
regulatory role in both development and aging (Cohen and Dillin,
2008). In humans, LIN28B and HMGA2 are members of the
oncogenic MYCN/LIN28B/Let-7/HMGA2 pathway (Helland et al.,
2011).

It was recently observed that there are dramatic changes in the
expression of the Lin28/let-7 axis in the rat hypothalamus during
postnatal maturation (Sangiao-Alvarellos et al., 2013), and LIN28B

over-expression was also shown to increase MYCN levels and
induce neuroblastoma by suppressing let-7 (Molenaar et al., 2012).
Mycn was identified as a transcription factor that is consistently
down-regulated during development in multiple mouse and rat
organs (Lui et al., 2010a). Similarly, Hmga2 expression is
significantly higher in fetal than young–adult stem cells (Kiel
et al., 2005), and it is required to maintain stem cell self-renewal in
multiple tissues (Nishino et al., 2008). Furthermore, Hmga2 levels
inversely correlate with expression of let-7 (Mayr et al., 2007).
While it is possible that additional mechanisms influence
phenotypes, perhaps via early life effects, Hmga2 was not found
to be required for stem cell formation during embryonic
development (Nishino et al., 2008).

These findings indicate that the MYCN/LIN28B/Let-7/HMGA2

pathway may be an important regulatory component of the PSP.
Because body size is maintained following growth termination,

it might be expected that let-7 and Hmga2 levels in stem cells
would stabilize. Therefore it is particularly notable that, to the
contrary, they continue to increase and decrease in expression,
respectively, coinciding with increasing expression of p16Ink4a, a
potent tumor suppressor (Nishino et al., 2008). p16Ink4a and p19Arf

levels in stem cells are negatively regulated by Hmga2 (Nishino
et al., 2008) and over-expression of p16Ink4a with age has been
reported to decrease stem cell self-renewal in mice (Molofsky et al.,
2006). This suggests that the PSP continues to progress into
adulthood, which has been hypothesized to contribute to aging
(Lui et al., 2010b). Further supporting this hypothesis is gene
expression data showing that many of the changes that occur
during aging originate during development and that cell-cycle-
related genes are strongly over-represented among genes that
67
persistently decline in expression throughout postnatal life (Lui
et al., 2010b). In addition, increasing expression of let-7 has been
shown to contribute to declining germ-line stem cell self-renewal
in Drosophila (Toledano et al., 2012) and human neurodegenera-
tion (Lehmann et al., 2012). A QTL encompassing Hmga2 has also
been associated with longevity in mice (Klebanov et al., 2001).

Because continuation of the PSP after growth terminates will
ultimately cause deleterious degenerative phenotypes, it could be
assumed that it would have been strongly selected against. One
possibility is that it escaped further selective pressure once
manifestation of these phenotypes was delayed until the end of the
typical reproductive lifespan (de Magalhães, 2012), during which it
might also have a fitness-enhancing effect by slightly reducing
cancer risk and energy requirement. It could also be expected that
a steady decrease in body size would be observed due simply to net
cell loss, which clearly conflicts with reality. Conversely it has been
demonstrated that senescent cells accumulate in mammalian
tissue from early adulthood (Herbig et al., 2006). However not
enough is currently known to support firm conclusions about
mechanisms maintaining organ and body size.

Taken together, these results link this pathway to a growth-
regulation process potentially relevant to aging, hence it merits
further studies. Hmga2-null mice have been proposed as a model to
test if cell divisions contribute to aging (de Magalhães and
Faragher, 2008). While their increased suppression of stem cell
proliferation could in isolation be expected to decrease lifespan, a
probable confounding factor is their small body size which likely
results in reduced demand on stem cell pools. Indeed, these
opposing effects suggest a possible explanation for the puzzling
observation that the correlation of longevity with body size is
negative intra-species but positive inter-species (Miller et al.,
2002). In larger species such as humans relative to mice, the greatly
increased chronological delay in the induction of p16Ink4a (Kim and
Sharpless, 2006) suggests that the rate of change in expression of
its regulators HMGA2 and let-7 has correspondingly been
significantly reduced, with a positive effect on longevity. However
if this discount rate of stem cell self-renewal is intra-specifically
consistent, it appears plausible that smaller individuals would
experience a slower rate of tissue degeneration due simply to a
lower total cellularity representing a reduced cell replacement
burden on stem cell pools. Therefore while the net impact on the
lifespan of Hmga2-null mice is difficult to predict, it seems
improbable that no longevity effects would be observed. The
timing of growth termination in these animals relative to wild type
may indicate which effect is dominant. An alternative experiment
would be to maintain expression of one or more members of this
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pathway at growth termination levels, perhaps using transgenic
Drosophila and in particular the known orthologs lin-28 and let-7. It
could reasonably be anticipated that a modest increase in energy
requirement and hyperplasia together with a significant attenua-
tion of age-related degenerative phenotypes would be observed.
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de Magalhães, J.P., 2012. Programmatic features of aging originating in develop-
ment: aging mechanisms beyond molecular damage? FASEB Journal 26,
4821–4826.
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5. Systematic detection of positive selection on human 3’UTRs 

 

Introduction 

Although the most significant human adaptations include those related to skeletal morphology, 

encephalisation and longevity, their molecular basis remains largely unknown (Varki et al., 2008). 

Genes associated with these traits do not feature prominently in surveys of human coding 

sequences for evidence of positive selection, which have primarily identified genes associated with 

immune response, sensory perception and reproduction (Haygood et al., 2010). Although one study 

reported accelerated evolution of a set of human nervous system-related genes (Dorus et al., 2004), 

a subsequent analysis of a larger set of brain-specific genes found no evidence of acceleration on the 

human lineage, suggesting that the results of the previous study were based on a biased dataset (Shi 

et al., 2006). 

Recent results support the proposition that the genomic basis of adaptive evolution lies primarily in 

non-coding regulatory elements rather than coding sequences (Carroll, 2005). In relation to analysis 

of human data, over 80% of GWAS loci have non-coding variants as the likely causal association 

(Hindorff et al., 2009). In addition, a multiple-population genome-wide study of marine-to-

freshwater adaptation in stickleback fish reported that only 17% of loci bearing the genomic 

hallmarks of adaptive evolution were protein coding (Jones, 2012), with a similar estimate of 20% in 

mice (Halligan et al.,2013). Finally, a genome-wide survey found that 92% of human accelerated 

regions were non-coding (Lindblad-Toh et al., 2011). These results correlate well with a recent study 

which reported that approximately 8.2% of the human genome is presently subject to negative 

selection (Rands et al., 2014), of which over 80% must be non-coding. However, analysis of selection 

on regulatory sequences presents formidable difficulties relative to coding sequences, not least the 

lack of functional annotation. For example, although there are estimated to be hundreds of 

thousands of enhancers in the human genome, only a tiny fraction have been identified and 

functionally assayed to date (ENCODE Project Consortium, 2012). In addition, the target genes of 

regulatory elements are often not located nearby (Lettice et al., 2003) or even on the same 

chromosome (Spilianakis et al., 2005). Finally, there is not yet a consensus on the appropriate 

neutral rates to use when assessing substitution rates on non-coding sequences (Zhen and 

Andolfatto, 2012). 

However, one category of non-coding sequences that are well annotated in the human genome is 

untranslated regions (UTRs). In particular, 3’UTRs typically contain multiple binding sites for 
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regulatory proteins and microRNAs, and interestingly an analysis of these regions from a small set of 

human brain-expressed genes found no evidence of accelerated evolution (Li and Su, 2006). In 

contrast, it was shown that a significant proportion (~ 60%) of the nucleotide divergence in 

Drosophila UTRs was driven to fixation by positive selection (Andolfatto, 2005). However, the extent 

of selection on human 3’UTRs does not appear to have been systematically assessed to date, 

therefore to address this issue a genome-wide survey of these regions was performed. 
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Methods 

The following data were retrieved from Ensembl (www.ensembl.org): 

• Complete DNA sequences of the following mammalian genomes:  Homo sapiens, Pan 

troglodytes, Gorilla gorilla and Mus musculus. 

• Chimpanzee, gorilla and mouse orthologs for all human protein-coding genes. 

• Genomic co-ordinates of all human 3’UTRs. 

The mouse and gorilla genomes were included in order to allow identification of conserved regions 

and assignment of substitutions to the human or chimpanzee lineages respectively. All human genes 

with a 1:1 ortholog in both chimpanzee and gorilla were identified, and the longest 3’UTR starting 

after the final codon was analysed. The human sequence was aligned with the orthologous 

chimpanzee, gorilla and mouse chromosomes using the BLAST (Altschul et al, 1990) blastn program, 

which was used in order to exclude regions that align poorly. 

To identify elements of functional significance, the aligned chimpanzee, gorilla and mouse 

sequences were used to identify regions of greater than 90% identity over more than 30 base pairs. 

For each of these regions, the human-specific substitutions, defined as sites where the human base 

differed from the identical chimpanzee and gorilla base, were then identified. Analagous to the 

commonly used dN/dS test for protein coding sequences (The Chimpanzee Sequencing and Analysis 

Consortium, 2005), regions in which the human substitution rate exceeded the local 

intergenic/intronic substitution rate (The Chimpanzee Sequencing and Analysis Consortium, 2005) 

were identified as putatively positively selected. 

In addition, an empirical p-value was calculated for each region as the proportion of 10,000 

randomly-generated regions of identical length with a substitution rate equalling the local 

intergenic/intronic rate which had a greater or equal concentration of human-specific substitutions. 

For example, to test a region with a length of 30 bases and 3 substitutions, a sequence of 300,000 

bases was constructed and substitutions were randomly assigned until the substitution rate equalled 

the relevant local neutral rate. Each successive 30 base region in this sequence was then assessed to 

obtain the number of regions in which the number of substitutions was at least 3, which allowed the 

calculation of the empirical p-value. Benjamini-Hochberg correction was used to control the false-

discovery rate (FDR) using an FDR of 0.1. 

GC-biased gene conversion (gBGC) is a recombination-associated process that favours the fixation of 

G/C alleles over A/T alleles (W→S), and can contribute to a spurious signal of selection (Duret and 

Galtier, 2009). To assess the probability of gBGC, an empirical p-value was computed for every 
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human 3’UTR as the proportion of 10,000 instances of the orthologous chimpanzee sequence with 

an equivalent number of randomly-generated human-specific substitutions which had an equal or 

higher proportion of W→S substitutions. All human W→S substitutions were excluded for 3’UTRs 

with p < 0.05. 

Due to evidence that the proportion of simultaneous double-nucleotide substitutions in primate 

genomes is significant (Averof et al., 2000), all tandem-base substitutions were regarded as a single 

mutation event. 

The Database for Annotation, Visualization and Integrated Discovery (DAVID) (Huang et al., 2009) 

was used to identify functional groups with an enrichment score exceeding 1.3, corresponding to p < 

0.05 (Huang et al., 2009), with a background of all genes analysed. 
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Results and discussion 

 

A total of 33,864 conserved elements were identified in the 3’UTRs of 13,567 human genes, and the 

human substitution rates in 145 of these elements were found to exceed the local neutral rate. The 

corresponding genes exhibit a functional enrichment for neuron differentiation and limb 

development (Table 5.1). 

 

Table 5.1: top DAVID clusters of human genes with evidence of 3’UTR positive selection. 

Cluster Enrich. score No. of annot. No. of genes 

Neuron differentiation, developmental protein 2.92 14 12 

Limb development, embryonic morphogenesis 2.08 22 10 

Ion binding 1.88 8 46 

Pattern specification process 1.57 3 8 

 

However as a result of the large number of statistical tests employed, none of these regions survived 

Benjamini-Hochberg FDR correction at the 0.1 level. It is also important to note that neuron-

expressing transcripts tend to have longer 3’ UTRs (Zhang et al., 2005) and thus are more likely to 

contain conserved elements than randomly selected genes. As such, although the regions identified 

cannot be regarded with confidence as statistically significant, the list ranked in order of increasing 

p-value does at the very least provide a set of regions that may be worthy of further investigation. 

The reason that the method described here did not identify many conserved regions exhibiting 

significant evidence of accelerated evolution may be due at least in part to the minimum length of 

30 base pairs used. In particular, microRNAs are a vital component of gene control and primarily 

exert their effects by targeting short (average length of 8 bp) target sequences in 3’ UTRs (Xie et al., 

2005). A method which cannot detect conserved elements shorter than 30 bp will clearly miss 

selection on such short sequences. 

In addition, it may be necessary to employ genomes of more closely related species to human than 

mouse in order to more accurately identify conserved sequence and improve statistical power. In 
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particular, phylogenetic shadowing (Boffelli et al., 2003), where sequences from a large set of 

closely-related species are compared in order to identify conserved regulatory elements, may be a 

suitable method to improve the sensitivity of an analysis of selection on non-coding regions.  
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6. Discussion and conclusions 

 

The results presented herein were obtained from comparative analysis of annotated coding 

sequences of bowhead whale and naked mole rat (NMR), and human data related to genome wide 

association studies (GWAS) and 3’ UTRs. 

The analysis of bowhead whale genes identified several previously associated with cancer and 

ageing exhibiting evidence of positive selection. Gene duplications related to DNA repair, cell cycle 

regulation, cancer and ageing were also observed, and in addition alterations in genes linked to 

thermoregulation, sensory perception, dietary adaptations and immune response were identified. 

However there are some limitations that must be acknowledged. Firstly, significant issues were 

observed with the annotation that was generated for publication, which dramatically reduced the 

number of bowhead genes that could be analysed. Although the MAKER2 annotation which I 

subsequently generated seems to be superior, there are still significant issues which were observed 

with the results. This serves to illustrate the challenges inherent in the use of automated 

computational annotation pipelines, a fact which is also apparent in relation to issues with 

numerous annotated cow genes. In addition, the statistical significance of the comparative analyses 

of selection and the number of statistical tests used was not accounted for and as such, the results 

cannot be regarded as high-confidence instances of positive selection as they could also simply be 

neutral changes or the consequence of genetic drift. 

Evidence of positive selection was found in several NMR genes of interest which were not previously 

reported, including in regions of p53 and the hyaluronan receptors CD44 and HMMR. However it 

should be noted that a multiple testing correction was not applied, so these results should not be 

regarded as high-confidence. As such, future work should include assessment of the statistical 

significance of the dN/dS results in addition to accounting for the false discovery rate. Another 

suggestion would be to systematically assess the quality of the gene annotations in order to allow 

subsequent predictions of selection to be made with greater confidence. 

The meta-analysis of GWAS data found evidence that a conserved pathway regulated by Let-7 and 

LIN-28B is involved in the timing of multiple human developmental events. Intriguingly, LIN-28 and 

let-7 have been characterised in C. elegans and are known to regulate developmental progression 

(Ambros, 2011). The data used in this meta-analysis was obtained from the NHGRI GWAS Catalog, 

which is a quality controlled, manually curated, literature-derived collection of all published 

genome-wide association studies assaying at least 100,000 SNPs and all SNP-trait associations with 
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p-values < 1.0 x 10-5 (Hindorff et al., 2009). While there are several issues which can potentially 

confound the results of a GWAS analysis, linkage disequilibrium perhaps being the most obvious, it 

should be noted that numerous quality-control steps are included in the preparation of the GWAS 

catalog which greatly mitigate against this risk. Firstly, data extraction and curation for the GWAS 

Catalog is an expert activity; each step is performed manually by scientists supported by a web-

based tracking and data entry system which allows multiple curators to search, annotate, verify and 

publish the Catalog data. In addition, only the most significant SNP from each independent locus is 

included and for each SNP, an associated gene is only included if gene information was found and 

reported by the author(s). In addition, it is also confirmed that the reported SNP and gene are in the 

same chromosomal location. 

It has recently been demonstrated that convergent phenotypic evolution can be the result of 

genomic and molecular convergence (Parker et al., 2013). In this context, it is interesting that 

evidence of adaptive evolution has been observed in Uncoupling protein 1 (UCP1) from both naked 

mole rat (Kim et al., 2011) and bowhead whale (Keane et al., 2014), which may be a result of 

selection on thermoregulation in both species. Furthermore, this raises the intriguing question of the 

extent of convergent molecular evolution in these two species related to their exceptional cancer-

resistance and longevity, perhaps their most complex and interesting adaptations. 

Although the mechanisms underlying bowhead anti-cancer adaptations are currently unknown, 

significant progress has been made towards understanding the cancer-resistance of the NMR. In 

particular, it was shown that a unique sequence of Hyaluronan synthase 2 (HAS2) contributed to the 

mediation of early contact inhibition in this species (Tian et al., 2013). Interestingly, from the 

analyses of positive selection and unique residues that are available for NMR and bowhead whale, 

the only common gene is Apex nuclease 1 (APEX1), a DNA repair enzyme. 

Disruption of APEX1 in mice results in embryonic lethality (Xanthoudakis et al., 1996), and 

heterozygous mice exhibit an elevated spontaneous mutation frequency (Huamani et al., 2004). 

Unfortunately there is only a single unique residue in bowhead, therefore this cannot be regarded as 

a high-confidence result. The annotated bowhead gene also contained two indels which were found 

to be spurious following manual annotation. This did not result in the identification of any further 

unique residues, however. 

It is somewhat disappointing that there are not additional genes with evidence of molecular 

adaptation in both species. There are a number of potential explanations for this observation, the 

first and most obvious being that different genes and pathways were targeted during the evolution 
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of enhanced cancer-resistance and longevity in these species. Alternatively, if either sequencing or 

annotation is not of sufficiently high quality, a large proportion of genes may have to be filtered 

from the analysis in order to minimise false positives, thus severely limiting the power and value of 

the analysis. Accurately annotated coding sequences are clearly essential in particular to assess the 

evidence for positive selection, as otherwise incorrectly annotated regions can be mistaken for 

selection, resulting in a very high false positive rate. This is unfortunately of relevance in relation to 

the bowhead annotation, as many genes were found upon manual inspection to have suspicious 

indels, which were concluded to be spurious in the cases of the minority that were subsequently 

manually annotated. 

In addition, it is important to note that the bowhead and NMR genome analyses have not extended 

beyond coding sequences, as is typical for genome sequencing projects. Indeed, molecular evolution 

research has focused almost exclusively on coding sequences, for which there are several reasons. 

Firstly, coding sequences are well annotated and synonymous sites provide an obvious estimate of 

the local neutral mutation rate with which the substitution rate in non-synonymous sites can be 

compared. By contrast, functional non-coding sequences are extremely difficult to identify, and even 

then it is typically unclear which genes they are targeting. However in spite of the numerous 

analyses of primate coding sequences that have been reported to date, the results in relation to 

human evolution remain speculative, with the notable exceptions of FOXP2 and CMAH (Varki et al., 

2008). This suggests that the major contributor to phenotypic divergence may be adaptation in 

regulatory sequences, and indeed recent results from analyses of GWAS (Hindorff et al., 2009), 

sticklebacks (Jones et al., 2012), mice (Halligan et al., 2013) and humans (Lindblad-Toh et al., 2011) 

consistently estimate that over 80% of adaptive molecular evolution occurs in non-coding DNA. In 

addition, there is evidence that the more complex and arguably interesting traits, such as neural 

development and function, are due to adaptation in non-coding rather than coding sequences 

(Haygood et al., 2010). There are significant obstacles in the analysis of selection on gene regulation 

however, with the almost complete lack of annotation of non-coding regions among the most 

significant. In addition, perhaps the single most serious issue with putative cases of positive selection 

identified to date is the lack of subsequent functional characterisation (Vallender, 2012), which 

renders the results speculative. 

In view of these issues, analysis and characterisation of proximal non-coding DNA, that is UTRs and 

promoters, may provide a potential way forward. The genes regulated by these regions are evident, 

which allows assay of the effect of molecular adaptations by transfection and surprisingly, the extent 

of positive selection does not appear to have been systematically assessed to date. 
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In conclusion, the work described herein identified a number of cases of genomic adaptations which 

may be relevant in terms of trait adaptation. The analyses of bowhead whale, NMR and human 

genomic data each found evidence of divergence in genes that have been associated with variation 

in longevity, cancer-resistance or life history timing. In addition, the data generated have been made 

available online in order to facilitate further research on these species. 

However, there are also some limitations that must be acknowledged. Firstly, the quality of the 

annotation for the bowhead analysis in particular would need to be improved to increase the 

number of genes which can be analysed with confidence. In addition, as with the many solely 

bioinformatic analyses of molecular evolution that have been reported at this point, without 

experimental validation the findings must be regarded as speculative. It is envisaged that in order to 

significantly advance the field, such functional characterisation must become a routine part of 

projects analysing molecular evolution, in order to avoid simply adding to an ever-increasing 

collection of speculative results. 
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Appendices 

 

Introduction 

This section consists of a published opinion paper and the Supplementary Information from the 

bowhead whale paper previously described in Chapter 2. 

The opinion paper presents some opportunities and challenges in attempting to apply comparative 

genomics to the study of longevity as the quantity of genomic data increases rapidly. My 

contribution was to write the paper subsequent to discussing and agreeing the most relevant topics 

to be included. 

The Supplementary Information in this section is from our publication describing the annotation and 

analysis of the bowhead whale genome (Keane et al., 2015) and primarily consists of analyses 

contributed by collaborators which could not be included in the paper due to space limitations. As 

first author of the paper, I collated and prepared these contributions in a format suitable for 

inclusion with the paper.  
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Endless paces of degeneration—applying comparative 
genomics to study evolution’s moulding of longevity
João Pedro de Magalhães & Michael Keane

Why can mice not live more than 
five years and dogs not more 
than  30, yet bats can live over 

40 years and humans over a century? 

Differences in longevity between closely 
related species are one of the greatest 
mysteries in biology, and identifying the 
processes responsible could ultimately 

presage the development of therapies 
against a multitude of age-related diseases. 
The variation in mammalian longevity 
must have a genomic basis, with recent 
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genome sequencing efforts opening up 
exciting opportunities to decipher it; some 
promising results are beginning to emerge. 
Analysis of two bat genomes revealed that 
a high proportion of genes in the DNA 
damage checkpoint–DNA repair pathway, 
including ATM, TP53, RAD50 and KU80, 
are under selection in bats [1]. This finding 
is exciting because these genes have been 
directly associated with ageing in model 
systems and, therefore, it points towards a 
potential role for averting DNA damage in 
longevity assurance mechanisms; a notion 
dating back several decades that remains 
contentious. In addition, the report of a sys-
tematic scan for proteins with accelerated 
evolution in mammalian lineages in which 
longevity increased over the course of their 
evolution, hinted that some repair systems, 
such as the ubiquitin–proteasome pathway 
and a few proteins related to DNA damage 
repair, might have been selected for in long-
lived lineages [2]. However, much work 
remains to improve the signal-to-noise ratio 
of this and similar methods.

With decreasing costs of sequencing, the 
growing number of genomes of species with 
diverse lifespans is expected to facilitate 
studies in this area. As such, we can make 
an increasing number of comparisons such 
as those described above. Put simply, if we 
study long-lived species and find that they 
share genetic adaptations—for example in 
DNA damage response pathways—then 
we might assume that those adaptations  
are important to increase longevity. 
There  are major intrinsic difficulties with 
this type of analysis, however, that one must 
keep in mind. Perhaps the best illustration is 
that despite the dramatic phenotypic diver-
gence between humans and chimpanzees, 
only a relatively small number of genetic 
adaptations that are probably responsible 

for such divergence have thus far been iden-
tified [3]. One difficulty is that the genomic 
elements underlying species differences 
remain controversial. Possible processes 
include mutations in coding and non- 
coding sequences, gene family expansion 
and contraction, and copy number varia-
tion, all of which we think must be explored 
in the context of lon gevity adaptations. 
Whilst changes in regulatory regions might 
be important, standard methods are lacking 
for the detection of selection on functional 
non- coding sequences on a genome-
wide scale and this, we think, is a  limi-
tation for progress in this area. Another 
limitation is that experimental validation 
of promising candidates is often extremely  
difficult to obtain.

Applying comparative genomics to 
study the evolution of longevity also has 
unique challenges. For one, the force of 
natural selection weakens with age, indi-
cating that, although under low-hazard 
conditions selection favours genes and 
pathways conferring longevity, selective 
pressure for longevity is significantly less 
than for other traits. Furthermore, we think 
that the integration of additional data—for 
example gene expression and age-related 
phenotypic data—is crucial to link geno-
types to phenotypes and identify physio-
logical adaptations that are required for 
extended longevity. Unfortunately, such 
data and even the necessary samples to 
generate it are as yet only available for a 
subset of species. In our opinion, another 
crucial issue is the extent to which com-
mon mechanisms underlie the extension of 
longevity by evolution in different species. 
Just as rare variants contribute to missing 
human heritability, taxa-specific adapta-
tions might contribute to longevity. It can 
be assumed that the environment—for 

example, diet—of each species will influ-
ence the physiological and biochemical 
pathways that must be optimized to fend off 
ageing and age-related diseases. However, 
the ageing process, despite progressing at 
different rates, is remarkably similar across 
most mammals studied [4], hinting that 
retarding ageing might involve adaptations 
in similar pathways. The degree of overlap 
between longevity  assurance mechanisms 
is, in our view, a crucial determinant of 
how much we can expect to learn about 
species differences in ageing in the fore-
seeable future. If common pathways do 
indeed underlie longevity evolution in 
multiple species, even if involving differ-
ent genetic elements in different taxa, then 
it is reasonable to expect that they can be 
identified by using comparative genom-
ics as more genomes of short- and long-
lived species are sequenced. We hope 
to live long enough to help unravel this 
 age-old problem.
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Genome size estimation 
Simple ratios, assuming a chicken genome size of C = 1.25 pg, were used to convert mean 
fluorescence to pg of DNA. Mouse and rat tissues, which were included as an additional 
confirmation of genome size estimation accuracy, were within 2% and 3%, respectively, of 
published values (data not shown).  Bowhead whale genome sizes were estimated using both 
chicken as a size standard, and by averaging the estimates produced from all three size standards 
(chicken, mouse, and rat) independently. The results from these two methods yielded estimates 
of 2.93 and 2.92 pg, respectively. Of particular interest was the variability in individual bowhead 
whale genome size estimates, an approximately 3% difference between our two samples (Figure 
S1). While not known during sample processing and initial analysis, bowhead #10B17, the 
individual with the smaller genome (2.88 pg), was a male, whereas bowhead #10B18, the 
individual with the larger genome (2.98 pg) was a female. This difference in genome size is 
entirely accounted for by the expected differences in masses of X and Y chromosomes. As is 
customary, the final bowhead whale genome size estimate was calculated as the average of the 
male and female genome sizes, 2.93 pg or 2.87 Gb (Figure S1).  

This is the first cytometric-based estimate of genome size for a baleen whale.  The value C = 
2.93 pg is the lowest value yet for a cetacean (Figure S2) and is on the low end of values for 
Cetartiodactyla (artiodactyls and cetaceans). The average of all mammals is C = 3.5 pg, so 
bowheads are low for mammals.  Most of the mammalian species with lower genome sizes are 
animal with small body size and high metabolic rates including bats, shrews and some rodents.  
Only toothed whales are available for comparison and thus it is not known if bowheads are 
atypical for baleen whales.  Nevertheless it is apparent from these results that bowheads are at 
the low end of the scale for mammals in general.  

There are two possible explanations for the relatively small genome of the bowhead whale.  The 
first is that it could be a plesiomorphic character unchanged during the evolution and 
diversification of cetartiodactyls.  This is possible given the fact that low genome sizes are also 
found in suids, camelids, giraffids, cervids and bovids, notwithstanding the fact that most 
cetartiodactyls have higher values (http://www.genomesize.com/ ) and the ancestral character 
state is not known.   

The second possible explanation is that the low genome size of the bowhead is a derived, 
adaptive, character state that has evolved as a result of nucleotypic effects.  A correlate to small 
genome size is not obvious but could be related to metabolic rate or gas exchange in this highly 
specialized diving mammal.  

Significance of the genome size estimate of bowheads also relates to its genome sequence.  
There is a discrepancy in the genome size as measured in base pairs (one picogram = 978 
megabases) with flow cytometry compared to the total sequence length in the genome sequence 
(Figure S1).  The flow cytometric method is 20% higher than the sequence total and this is likely 
due to the inability of the bioinformatics methods to assemble repetitive DNA sequences.  So, 
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the estimated genome size gives us an independent estimate of the amount of sequence not 
represented in the assembled genome sequence.   

Additional studies of genome size are needed for baleen whales in order to determine if the 
bowhead is an outlier or if this group of mammals has an unexpectedly small genome size.  In 
this way perhaps the adaptive correlates, if any exist, can be determined.  In addition, it is 
anticipated that other baleen whales will be the subjects of genome sequences and a better 
understanding of the amount of DNA sequence not assembled is useful for determining the 
overall percent coverage of the genome sequence. 

 

 

Bowhead Whale Genome Size

• Bowhead whale genome (1C) is 
2.93 pg (2.87 Gb)

• Genome coverage = 2.3 Gb

– 20% missing, possibly repetitive DNA

• Smallest documented cetacean 
genome

– Six measured cetacean genomes (five 
different species) are all > 3.0 pg

– Limited cetacean data available for 
comparison

FL2‐H (fluorescence) to 1c genome size correction based on 
chicken size standard
FL2‐H x 0.01165 = 1C value (pg)

G0/G1

G2

Bowhead Whale
10B18 ♀

255.5
2.98 pg

Bowhead Whale
10B17 ♂

G0/G1

G2

247.4
2.88 pg

 

Figure S1—DNA flow histograms (right two panels) of a male and female bowhead whale 
showing an approximately 3% difference in estimated genome sizes.  The mean estimated 
genome size is C = 2.93 pg. 
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Figure S2—Distribution of genome sizes of Mammalia, Cetartiodactyla, and Cetacea.  Bowhead 
whales have an estimated genome size (2.93 pg) well below the mammalian mean (3.5 pg).  This 
is the first species of baleen whale to be reported and has the lowest C-value of any cetacean. 
Some cetartiodactyls have lower genome sizes but most are higher than bowheads. 
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RNA sequencing in Alaskan specimens 
Sequence analysis of RNA from 5 tissues representing two bowhead whales produced a total of 
138,495,774 sequence reads comprising >13 billion bp after quality control and primer trimming. 
The numbers and sizes of reads and contigs are reported in Table S1. The total number of 
annotated contigs was 81,319. The estimated number of bowhead contigs identified as being 
homologous to human genes was approximately 14,000 or ca. 60% of the known human genes.   

 

Table S1—Results of RNA sequencing of 5 tissues from two bowhead whales.  All Reads refers to all 
sequenced fragments of any size, Large Contigs includes contigs comprised of multiple reads of 500 bp or 
larger, and All Contigs refers to small and large contigs combined. 

All Reads 

Total reads 138,495,774 

Total bases 13,162,565,851 

Size range of reads 2-101 

N50 (modal size) 101 

Average length 95 

Large Contigs 

Contig size >500 

Total large contigs 157,699 

Total number of bases 322,342,312 

Contig size range 500-24765 

N50 (modal size) 3,442 

Average length 2,044 

All Contigs 

Total number of contigs 423,657 

Total number of bases 401,340,157 

Contig size range 201-24765 

N50 (modal size) 2,436 

Average length 947 

Annotations Number of annotated contigs 81,319 
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Table S2 shows the estimated frequencies of SNPs among the 5 tissues sampled.  The two 
individuals sampled can be compared by reference to retina (bowhead 10B20) and Tissues 1-4 
(bowhead 10B16).  The data are shown for 8 size classes of contigs.  As contigs size increases, 
the frequency of estimated SNPs increases.  With this method, there appears to be approximately 
0.5-0.6 SNPs per 1,000 bases of RNA.   

 

Table S2—SNP frequencies estimated for each tissue per size class of contigs.  Tissues 1-4 are from 
bowhead 10B16 and retina is from 10B20. 

Contig Size 
(bp) Tissue 

1. Cerebellum 2. Heart 3. Liver 4. Testes 5. Retina Tissues 1-4 

>201 2.7E-04 2.7E-04 2.7E-04 2.8E-04 3.1E-04 3.9E-04 

>500 3.3E-04 3.2E-04 3.2E-04 3.4E-04 3.8E-04 4.8E-04 

>1000 3.6E-04 3.5E-04 3.6E-04 3.8E-04 4.2E-04 5.2E-04 

>2000 3.9E-04 3.8E-04 3.8E-04 4.1E-04 4.5E-04 5.6E-04 

>3000 4.0E-04 3.9E-04 3.9E-04 4.2E-04 4.6E-04 5.7E-04 

>4000 4.2E-04 4.0E-04 4.0E-04 4.4E-04 4.7E-04 5.9E-04 

>5000 4.3E-04 4.0E-04 4.0E-04 4.5E-04 4.7E-04 6.0E-04 

>6000 4.5E-04 4.2E-04 4.2E-04 4.7E-04 4.9E-04 6.2E-04 
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Repeat sequences 
 

Figure S3: Transposable elements 
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Table S3. Transposable elements 
#repeats bowhead minke cow orca dolphin
BDDF1 0 0 3849 0 0
CR1 20 18 10 17 55
ERV1 41312 55718 191377 46093 33419
ERV2 2329 2356 35066 1984 2268
ERV3 15696 24226 5309 21139 11734
Endogenous 621 642 280 568 727
Gypsy 1273 1874 1298 1718 1125
Helitron 6 5 1 3 42
Jockey 3878 16395 4610 15502 1248
L1 227486 985534 446716 980177 72518
L2 376 350 55 300 272
Mariner/Tc1 8336 14194 4452 12819 5821
NeSL 2 1 10 1 90
Non-LTR 154 426 21430 286 65
OOREP1 19 103 0 103 1459
Polinton 0 0 0 0 28
R1 0 0 0 0 11
RTE 1 1 618004 0 24
SAT 11 24 9776 6 17
SINE 0 0 391287 0 0
SINE3/5S 7 10 27 10 42
hAT 4608 4991 1349 4299 3462
piggyBac 3 6 4 4 59
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Gene duplication 
 

Table S4: Branch-site test Bayes empirical Bayes values for putative positively selected sites in 
PCNA. *Indicates statistical significance. 

Site Sub. BEB 
34 V 0.774 
38 H 0.753 
58 S 0.983* 
103 L 0.758 
231 T 0.748 

 

Figure S4: Putative LAMTOR1 gene duplication 
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Analysis of bowhead whale protease genes 

 
Proteases form a diverse group of enzymes that share the ability to hydrolyze peptide bonds. The 
biological and pathological significance of this enzymatic activity has prompted the definition of the 
degradome as the complete repertoire of proteases in an organism1. From a genomic point of view, the 
degradome is highly attractive for several reasons. First, it is composed of a large number of genes. Thus, 
the human degradome includes about 600 protease genes, which represents almost 3% of the total 
annotated human protein-coding genes. Moreover, catalytic domains of proteases exhibit a high sequence 
diversity, which is further increased by the frequent attachment of auxiliary, non-proteolytic domains to 
the catalytic moieties2. Some of the protease genes have been shown to occur in genomic clusters, which 
is convenient for the study of short-term evolution. By contrast, most protease genes are randomly 
distributed throughout the annotated genomes. Therefore, the degradome forms a representative subset of 
the coding genome of a species. Notably, this structural diversity also reflects the multiple biological roles 
of proteases in every organism. Thus, beyond their obvious role in protein digestion, proteases also 
mediate regulatory processes through their ability to perform highly specific reactions of proteolytic 
processing, which have contributed to the acquisition of different functional capacities during evolution. 

 
The comparison of the degradomes of the bowhead whale to those of minke whale, human and other 
mammals shows multiple events of gene loss in cetaceans and very few events of productive gene 
duplication. As expected, both whales share most of these genomic hallmarks, which probably reflect 
milestones in their evolution, including immune challenges, diet specialization, skin adaptation to the 
aquatic environment and changes in blood pressure and coagulation. Nevertheless, there are also some 
features specific for bowhead whale (Fig. S5).  
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Figure S5. Genomic losses in the bowhead whale degradome.  Each gene is depicted on the right 
side of the branch where each loss is inferred. Putative roles of each protease are shown in different 
colors. 

Immunity and inflammation 
The immune system and inflammatory pathways must respond to a very different environment in aquatic 
mammals compared to their terrestrial counterparts. In addition, there is a large and growing body of 
research on the influence of the immune system in the ageing process3. As long-lived mammals, whales, 
and particularly the bowhead whale, provide adequate models to understand the physiological adaptations 
that allow individuals to survive past their reproductive age4. Consistent with this, we have found several 
high-impact variants in proteases related to these functions in cetaceans. Thus, the cysteine protease 
CASP12 (Fig. S6A), a modulator of the activity of inflammatory caspases, has at least one conserved 
premature stop codon in bowhead and minke whales. Interestingly, while this protease is conserved and 
functional in almost all of the terrestrial mammals, most human populations display different deleterious 
variants5, presumably with the same functional consequences as the premature stop codons in whales. 
Human individuals who display the uninterrupted version of CASP12, as well as animal models 
simulating this variant, are more sensitive to infection and sepsis6,7. Related to this loss, we have found 
that one of the splicing forms of the immunoproteasome subunit PSMB8, a threonine protease, was 
pseudogenized through a frameshift mutation causing two premature stop codons in a common ancestor 
to baleen whales (Fig. S6B). The immunoproteasome is a modified form of the proteasome induced by 
interferon gamma which is important in MHC class I peptide display. Thus, while in most mammals there 
are two major splicing forms of this gene, both of them expressed in multiple tissues (http://
www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi?db=35g&c=Gene&l=PSMB8), baleen whales only 
have one. In humans, a missense mutation of PSMB8 which would affect both major splicing forms, leads 
to an autoinflammatory syndrome with lipodystrophy8. Notably, THOP1, another modulator of MHC 
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class I peptide display9, is one of the most important targets of selection in cetaceans, with specific 
variants which we have confirmed in bowhead whale (Fig. S6C). Similarly, a bowhead whale-specific 
change could be the loss of OTUD6A, also known as DUB2A, which has a putative role in the innate 
immune system10,11. However, these results need independent confirmation, since complete losses can be 
mimicked by assembly artifacts. The serine protease PRSS33 has been lost in cetaceans through two 
conserved premature stop codons (Fig. S6D). Notably, all known losses of this macrophage-specific gene 
in mammals are independent. Chimpanzees lost PRSS33 through an Alu-mediated recombination 
mechanism12,13, whereas the orthologs in orangutans and rhesus monkeys show different premature stop 
codons14. Therefore, this protease has been independently lost in multiple mammals, including cetaceans, 
probably reflecting the need for quick evolution of the immune system in different circumstances. Finally, 
the haptoglobin cluster of serine proteases (HP and HPN) has been previously singled out as a target for 
selection in cetaceans15. Bowhead HP is not in fact an ortholog of human HP, but of both human HP and 
HPR after a primate-specific duplication. After adding human HPR and several additional mammalian 
sequences to the alignment, we have confirmed most of the cetacean-specific residue changes, with the 
exception of N259D, which is also an aspartic acid in dogs (ENSCAFP00000029992) (Fig. S6E). This 
result supports the hypothesis that HP, encoding an antioxidant and proangiogenic protein, has undergone 
selective pressure in cetaceans, as has also been shown in primates. Taken together, these events show 
that, similar to other mammalian species, selective pressure in cetaceans has been significant on proteins 
involved in the immune system. It is noteworthy that some of the cetacean targets of selective pressure 
have also been selected in primates, in spite of their very different environment. 

Coagulation and blood pressure control 
Multiple coagulation factors, most of them from the S01 family of serine proteases, have been lost in 
bowhead and minke whales. One of these proteases, F12, has also been inactivated in dolphins, and 
therefore its loss probably occurred at an early stage of adaptation to the aquatic medium (Fig. S6F). 
Thus, all three orthologs show a change in the catalytic site of the protease which would yield an inactive 
protease. In the case of the whales, early stop codons suggest that the protein is not produced. In humans, 
a deficiency in F12 causes alterations in the coagulation process16. This shows one example of how 
adaptation to a new environment is sometimes driven through changes that may be harmful in the original 
circumstances, in a process known as Dobzhansky anomaly. A related serine protease gene, KLKB1, has 
also been pseudogenized in a common ancestor to both whales, and is not found in dolphins. Both F12 
and KLKB1 participate in the kinin-kallikrein system, with known roles in inflammation, blood pressure 
control, coagulation and pain. In fact, a genome association analysis has found variants of these serine 
proteases related to increased levels of vasoactive peptides17. Another protease involved in this system, 
MME or neprilysin, has been singled out as one the preferential targets of selection in cetaceans15, with 
specific changes that we have also found in bowhead whale (Fig. S6G). Similarly, ACE2 and LNPEP, 
involved in the related renin-angiotensin system, show multiple cetacean-specific sites with functional 
consequences, which we have confirmed in bowhead whales15. Finally, the related serine proteases F7, 
TMPRSS11F and TMPRSS11B are pseudogenes in bowhead and minke whales, but seem to be 
functional genes in dolphins. These changes suggest that the mammalian potential for clotting and blood 
pressure are excessive in an aquatic environment, and these systems had to be modulated through the loss 
of proteases implicated in related proteolytic cascades. 
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Digestive system 
Several paralogues of carboxypeptidase A from the M14 family of metalloproteases have been 
pseudogenized in bowhead and minke whales. Thus, CPA2 and CPA3 show premature stop codons in 
bowhead whale (Fig. S6H). Most of these stop codons are conserved in the genome of the minke whale. 
However, the overall sequence of the predicted proteins is well conserved, which suggests that these 
pseudogenization events took place recently in a common ancestor. Consistent with this, dolphins show 
normal orthologs for each of the human CPA genes. The pattern of specific inactivation by point 
mutations instead of by gene loss might be related to the fact that all CPA-like genes are clustered in the 
genome. This mechanism might be related to the need to preserve CPA1 and CPA5 active. Both CPA1 
and CPA2 are expressed mainly in pancreas and play an important role in protein digestion and 
absorption18. Therefore, the loss of CPA2 is likely to be related to the specialized diet of cetaceans. 
Supporting this hypothesis, we have also found conserved premature stop codons in the cetacean 
orthologs of CPO, an additional carboxypeptidase from the same family which is expressed in intestinal 
epithelial cells19 (Fig.S6I). The specific evolution of proteases involved in the digestion of dietary 
proteins in cetaceans is further supported by the finding of five cetacean-specific sites in ANPEP, not 
present in other mammals15. ANPEP encodes a metalloprotease implicated in the final digestion of 
peptides generated from hydrolysis of proteins by gastric and pancreatic proteases20. The loss of CPA3 
might be related to the same adaptive mechanism, since this enzyme is also found in pancreatic 
secretions21. Interestingly, CPA3 has also been studied in connection to the modulation of innate immune 
response and blood pressure22, which suggests that the loss of this protein might be involved in adaptation 
to the aquatic environment.    

Skin 
Multiple kallikreins from the S01 family of serine proteases have been likewise pseudogenized in both 
bowhead and minke whales (Fig. S6J). Interestingly, two of the lost kallikreins, KLK7 and KLK8, have 
been implicated in skin homeostasis23 and are also absent in dolphins. While bowhead and minke whales 
show conserved premature stop codons in the predicted sequence of these genes, dolphins display 
premature stop codons at different positions, suggesting a case of converging molecular evolution. The 
specific loss of two genes through independent mechanisms strongly suggests that this is an important 
evolutionary event, which could be related to the adaptation of the mammalian skin to aquatic 
environments. In fact, KLK8 has been directly related to terminal differentiation and desquamation of the 
stratum corneum, the outmost layer of the skin in mammals24. An additional skin-specific but not so well 
characterized serine protease, PRSS48, has been similarly lost in both whales. Finally, CAPN12, a 
cysteine protease preferentially expressed at the cortex of the hair follicle25, has been lost in bowhead and 
minke whales (Fig. S6K). According to these observations, some of the differential characteristics of 
cetacean skin, like their parakeratotic stratum corneum with incomplete keratinization or its renewal 
through flaking rather than desquamation, might be related to the loss of several proteases26,27. Also 
noteworthy is the duplication of the cysteine protease UCHL3 through a retrotranscription-mediated 
process. While this duplication seems to have happened in a common ancestor to mysticetes, only the 
genome of the bowhead whale shows a complete, putatively functional coding sequence for a UCHL3-
like protease. This protease has been linked to adipogenesis, which suggests that this duplication might be 
related to the adaptation to the harsh arctic climate where this whale thrives. 
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Dentition 
KLK4 was pseudogenized through a frameshift mutation in a common ancestor to both whales, but not in 
dolphins (Fig. S6L). This protease is involved in dental enamel formation, and its pseudogenization in 
mammals, in concert with that of the metalloprotease MMP20, leads to amelogenesis imperfecta in 
mammals28,29. The loss of MMP20 in mysticetes has been previously documented15,30. We have found that 
the pseudogenization of bowhead whale MMP20 has followed a different path to that of minke whale 
(Fig. S6M). Thus, unlike the minke whale ortholog, the predicted open reading frame of bowhead whale 
MMP20 contains no early stop codons. Instead, the initiation methionine has been mutated to an 
isoleucine, which is expected to hamper translation of an active protein. Even if a different methionine 
residue were used as initiator, the resulting protein would lose its signal peptide, which is necessary for its 
extracellular function. Therefore, the loss of both KLK4 and MMP20 is likely to be related to the loss of 
teeth in the suborder Mysticeti. Even though an insertion of a SINE element has been proposed as a 
common mechanism for the loss of MMP20 in mysticetes, our data support different independent 
mechanisms in several of the species. 
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Figure S6. Alignments for selected sequences in cetaceans and other mammals. Numbers correspond to 
human proteases. Hsa, human; Bmy, bowhead whale; Bac, minke whale; Ttr, bottlenose dolphin; Bta, cow; 
Cfa, dog; Hgl, naked mole rat (continued).
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