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Introduction
The bowhead whale is of the largest and longest lived animals on earth (Fig. 20.1).
Despite the challenges of living and giving birth in arctic waters, having vastblubber
stores, eating a fat-rich diet, and migrations, bowheads are estimated to reach ages of upto
268 years (George et al., 1999; Mayne et al., 2019; Seim et al., 2014; Tacutu et al., 2012).
Recently, the bowhead genome and transcriptome libraries (Keane et al., 2015; Seim et al.,
2014) were made publicly available for study. Bowheads have probably benefited from
both the expansion and decay in different parts of their genome in evolving a long and
caompartively healthy life. Here we discuss the expansions (duplication) and losses (inactivation) in genes associated with the derived anatomy of physiology of cetaceans, and
when evidence supports it, bowheads. Duplication of genes allows for new copies to be
free from selection for their original function and instead evolve novel functions. Gene
loss/inactivation can be the result of an evolutionary relaxation in selection for a function
that became obsolete but can also be a mechanism for adaptation as gene inactivations in
whales may improve replication accuracy (Huelsmann et al., 2019). Molecular biologists
are now undertaking laboratory experiments with whale samples that are informed by the
bowhead genome and transcriptome to tackle questions that were inaccessible using classical model organisms such as rodents or fish. Biomedical researchers are applying insights
gained from research on bowheads into investigations of potential therapies for aging,
senescence, and cancer. Moreover, evolutionary biologists are using these results to inform
our understanding of how different key traits evolved sequentially in deep time.
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FIGURE 20.1 A large,
adult bowhead whale. The
white flukes and multiple
white scars are evidence of
advanced age. Bowhead
whales can reach ages of
more than 200 years, and
their genes display adaptations to minimize the effects
of aging. Source: Photo by
Vicki Beaver (NOAA/North
Slope Borough, NMFS Permit
No. 14245).

This chapter reviews the molecular basis for bowhead whale longevity and survival in
their unique environment and offers insights for further exploration into the molecular
mechanisms that shape the extraordinary lives of these animals.

Adapting the genome to extend life span
The bowhead life span probably extends to 268 years (George et al., 1999; Mayne et al.,
2019; Seim et al., 2014; Tacutu et al., 2012; Chapter 21) due to genomic modifications that
maintain DNA integrity and delay aging and disease. All cetaceans, including bowheads,
benefit from slower mutation rates compared to terrestrial mammals; these slower rates
contribute to the inhibition of cancer (Tollis et al., 2019). Bowheads show duplications in
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genes associated with energy metabolism and aging (DLD), DNA repair (PCNA),
controlled cellular growth (LAMTOR1), mitosis (ARPP19), mitochondrial and cellular
stress responses (STOML2, HSBP1), cellular growth and repair (SMS), tumor suppression
(ST13), ultraviolet sensitivity (UVRAG), and apoptosis (PDCD5) (Keane et al., 2015; Tollis
et al., 2019). Bowheads also show unique mutations and evidence of positive selection in
genes associated with DNA repair (POLE, ERCC1, ERCC3) (Keane et al., 2015; Tollis et al.,
2019). Cetaceans also display loss of POLM that results in correlations with improved
tolerance of oxidative DNA damage and increased accuracy in replication of genes
(Huelsmann et al., 2019).

Expanding the thermal limits for mammalian life
Compared to other cetaceans, bowheads have exceptionally thick blubber within their
integument that insulates them from the cold Arctic waters. Blubber consists of an intricate
network of collagen fibers supporting large numbers of adipose cells, and it is the lipids
within this blubber that are metabolized seasonally in migrating bowheads (Chapter 19).
Uncoupling proteins (UCP1) function in nonshivering heat production in most mammals
(Zhu et al., 2018), this gene evolved a truncation (Keane et al., 2015) about 52 Mya
(Gaudry et al., 2017). Decay of this gene may have been a consequence in thermoregulation that resulted from insulating blubber and is associated with the evolution of extreme
cold hardiness (Gaudry et al., 2017; Zhu et al., 2018). Bowheads have an extra copy of an
adipogenic gene (UCHL3) and show evidence of positive selection in leptin (LEP), another
gene associated with adipogenesis and lipolysis (Keane et al., 2015). LEP expression levels
within the blubber of bowheads are B10 times greater than rodents and humans and B4
times greater than beluga whales, undergo B50-fold fluctuations associated with seasonal
shifts in lipolysis, and expression levels of adults exceed those of younger bowheads (Ball
et al., 2017). Adult bowheads also display higher levels of LEP expression in bone compared to young cohorts (Cooper et al., in review). Bowheads therefore evolved genomic
modifications that support the generation of exceptionally large blubber stores, and this
allows them to tolerate extreme cold and undergo arduous seasonal migrations.

Streamlining the sensory system for dim light and salty seas
Most toothed whales lack the ability to smell, and most of their olfactory receptor (OR)
and marker protein genes are dysfunctional (McGowen et al., 2014; Springer and Gatesy,
2017). Bowheads, and possibly other mysticetes, partially rely on airborne scent to locate
aggregations of copepods and euphausiids that have distinctive odors (Thewissen et al.,
2011). Anatomical structures supporting olfaction are still present in bowheads (olfactory
epithelium, olfactory bulb of the brain), and bowheads have some functional ORs
(Thewissen et al., 2011). Bowheads lack a dorsal region (domain) of the olfactory bulb that
supports avoidance behaviors in response to odors of predators (Kishida et al., 2015). This
could have resulted as a response to low predation pressure. Finally, the chemosensitive
vomeronasal organ was lost B45 Mya in ancient fossil whales, and this morphological loss
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was eventually accompanied by decay in vomeronasal receptors genes (V1Rs) (Kishida
et al., 2015).
Humans are broadly able to taste salty, bitter, sour, sweet, and umami flavors, but cetaceans, including bowheads, probably taste only salt (Zhu et al., 2014) and their tongue has
few or no taste buds. Retention of salt taste receptor genes may not be linked to taste but
instead may facilitate sodium reabsorption and water balance in the kidneys (Venton,
2014; Zhu et al., 2014). Bowheads have one intact bitter gene receptor (T2R16) (Feng et al.,
2014), but all taste receptor genes associated with sweet/umami (T1Rs), other bitter (T2Rs)
and sour (PKD2/1) taste receptor genes lost function probably in ancient whales
3652 Mya (Feng et al., 2014). The proper function of these genes requires an interaction
with gustadin (GNAT3) that also lost function during this time frame (Kishida et al., 2015).
Within the mammalian retina, cones support color discrimination in bright light, and
rods are sensitive to light in dim conditions. The retina of bowheads contains both rods
and cones, but their vision is optimized for rod-based vision. Bowheads display inactivating mutations in cone pigment genes SWS1, as in all modern cetaceans that have been
genetically screened, and LWS in bowheads and right whales (Meredith et al., 2013), and
within the cone phototransduction cascade (PDE6C, CNGA3, CNGB3) (Springer et al.,
2016a), suggesting that they lack color vision. This emphasis on rod-based vision that is
optimal for low-light conditions probably evolved about 13 Mya in the common ancestor
of bowheads and right whales (Springer et al., 2016a).

Maintaining healthy skin in icy waters
The skin of bowheads is thick, smooth, mostly lacks hair and associated sebaceous
glands, does not usually freeze, and is rapidly renewed. This rapid turnover of the skin
minimizes the need for elaborate inflammatory responses and mechanical repair.
Bowheads, as in all other tested cetaceans, lost function of genes associated with hair follicles (FGF22; Nam et al., 2017) and hair keratins (KRTAP; Sun et al., 2017), lack some genes
associated with sebaceous glands (MC5R; Springer and Gatesy, 2018, DGAT2L6, MOGAT3,
AWAT1/2, ELOVL3, FABP9; Lopes-Marques et al., 2019b), and have lost or diminished
function of genes associated with skin inflammatory responses (IL20, CCL27) (LopesMarques et al., 2018, 2019a). The loss of hair follicles and sebaceous glands reflects adaptations of the skin of bowheads to an aquatic life, while the loss of inflammatory genes may
be contributing to overall skin health.

Growing teeth and ever-growing baleen
Bowheads use baleen to strain prey from seawater. Unlike teeth, baleen is composed
mostly of keratin proteins and calcium salts. Although adults lack teeth, embryonic and
fetal bowheads initially form tooth buds made of dentin that probably lack structurally
coherent enamel (Thewissen et al., 2017). Inactivation of enamel-forming and enamel mineralization genes began about B20 to 30 Mya with MMP20 and ACPT inactive in modern
baleen whales and AMEL, AMBN, and C4orf26 inactivate in bowheads and right whales
(Deméré et al., 2008; Meredith et al., 2009, 2011; Mu et al., 2019; Springer et al., 2016b).
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Incipient tooth buds ultimately disappear in ontogeny, and the oral epithelium thickens to
support growth of baleen plates. The oral epithelium of bowheads displays FGF4 protein
signals in a pattern that is similar to baleen plates, although this molecule was historically
only associated with the development of teeth in other mammals (Thewissen et al., 2017).
Bowheads may have therefore exapted FGF4 signaling to support the development and
continuous growth of baleen plates (Thewissen et al., 2017).

Unusual growth of the skeleton
Although the skeletal anatomy of bowheads is well described (Eschricht and Reinhardt,
1866), the derived anatomy and physiology of the skeleton remain mostly unknown. The
pelvis and hind limbs of bowheads are vestigial and do not function in locomotion
(Thewissen et al., 2009). The reduced pelvic bones are asymmetrical (Chapter 10), a shape
characteristic of sticklebacks and manatees with modified PITX-1 expression (Shapiro
et al., 2006). Embryonic cetaceans have hindlimb buds that are absorbed by the body
before birth. In dolphins, hindlimb buds fail to synthesize SHH, a protein that is essential
for growth and patterning of limbs (Thewissen et al., 2006). Hind limbs were lost in
ancient cetaceans about 34 Mya ago (Thewissen et al., 2006), and this loss was thought to
release developmental constraints on forelimbs, allowing for the evolution of novel
morphologies (Wang et al., 2009). The forelimbs of cetaceans are modified into flippers
that encase digits with extra phalanges (hyperphalangy), a trait that evolved about 30 Mya
(Cooper et al., 2007). In dolphins, hyperphalangy is the result of a prolonged developmental period of outgrowth of digits under the control of FGFs and also increased segmentation of these digits into synovial joints associated with increased WNT signaling (Cooper
et al., 2018).
The ribs of fetal and immature bowheads are exceptionally dense with minerals and are
eroded internally until the marrow cavity replaces the minerals with adipose and hematopoietic cells in sexually mature adults (George et al., 2016). Throughout this process, EZH2 probably drives diminished secretion of the bone matrix by bone cells (Cooper et al., in review).
Within the liver, high FGF23 expression may also contribute to this low bone mass phenotype (Nam et al., 2017), although its mechanism of action is not fully understood in whales.

Future work
Bowheads have evolved novel aspects of their biology to optimize health and life span
(Chapter 15), generate huge blubber stores, change rib phenotype with age, and reduce
functionality in sensory pathways except those associated with hearing and touch. Ongoing
studies into the molecular biology of the bowhead whale may further elucidate patterns of
gene expression and cellular activity that differentiate bowheads from other mammals. It is
still unclear what genes are involved in the production of baleen, how bowheads keep their
organs young, and what ultimately causes death in these animals, outside of hunting and
predation.
Throughout their extensive life span, bowheads maintain multiple populations of stem
cells that are continuously active, and no studies have addressed the molecular regulation
of these cells that presumably do not undergo significant age-related declines in function.
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FIGURE 20.2

The evolution of traits leading to unique characteristics of bowhead whales. Traits inferred
from molecular data are shown in orange. Traits inferred from phenotypic and/or physiological data are shown
in green. Molecular evidence of gene loss or duplication is shown in blue. Evidence from just a single taxon is
shown by a 1. Placement of trait changes on the evolutionary tree is inferred based on the best available evidence
(Chapter 1).

These include keratinocytes that continuously form baleen, epithelial cells that give rise to
the rapidly renewed skin, and cells that continuously deposit bone in the postcranial skeleton. It could be that bowheads employ novel molecular mechanisms to retain the integrity
of these cell populations throughout their extended life spans (Fig. 20.2).
How bowheads remain essentially cancer free throughout their extended life span also
remains a mystery. Bowhead whales are among the largest mammals on Earth. Because cells
in whales are not much different in size from other mammals, bowheads have thousands of
times greater numbers of cells than terrestrial mammals. As cancer originates from individual
cells, statistically one would expect much higher rates of cancer in whales than in smaller
mammals, which is referred to as “Peto’s paradox” (Nunney, 1999; Tollis et al., 2017). Peto’s
paradox can be explained by bowheads having evolved additional tumor suppression
mechanisms (Seluanov et al., 2018). Although changes in genes involved in DNA repair suggest that bowheads have more efficient ways of maintaining their genomes, other mechanisms remain to be determined. Study of these traits does not guarantee that cures to human
health can be found, but it does provide extra incentive to understand the physiological consequences of genomic shifts and understand their evolutionary origins. For any species, body

I. Basic biology

References

305

design is a compromise between adaptations to the environment and the specifics of its
evolutionary heritage. If patterns of genomic change can be understood in their evolutionary
context with links to function and morphology, it will lead to a deeper understanding of the
adaptability of the body and the changeability of the genome.
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