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Abstract

Relatedness Within and Among Sperm Whale (Physeter macrocephalus) Social Units Assessed
Using Single Nucleotide Polymorphisms

By Wilfried Beslin

Altruistic behavior, such as caring for the offspring of others, is an intriguing
phenomenon observed in several mammalian species. One of the most successful theories for
explaining how this behavior could have evolved is kin selection. According to this theory,
altruism can be adaptive if the individuals being helped are related to the helper. Female sperm
whales and their calves live in stable matrilineal families called “units” within which there is
extensive altruism, notably in the form of alloparental care. Furthermore, two or more units will
often temporarily associate into larger “groups” and hunt for prey together. Because units are
largely composed of related individuals, it is likely that this unusual social system evolved by kin
selection. To investigate this, the detailed relatedness patterns within and among units must be
known. Sperm whales naturally shed pieces of skin that can be used to extract DNA for this
purpose. However, the DNA within these samples is often heavily degraded. Microsatellites are
informative DNA markers that are commonly used for such genetic analyses. However,
microsatellite analysis is difficult with degraded DNA, because they tend to be relatively long
sequences. Single nucleotide polymorphisms (SNPs) are another, increasingly popular DNA
marker that are only one nucleotide in length, so they can be more easily analyzed in degraded
DNA. The purpose of this study was to use SNPs to investigate kin selection in sperm whales
from highly degraded DNA in sloughed skin. A total of 12 SNPs, eight of which were linked,
were genotyped in 72 individuals, and a network analysis was performed. Results were unable to
resolve any genetic structuring, owing to the poor informativeness of individual SNPs. It was
concluded that microsatellites are still more useful for studying relatedness, and that biopsy
sampling of whales for higher quality DNA may be required.
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INTRODUCTION

Fitness is an important concept in evolutionary biology. Though many interpretations
exist, an individual's fitness can basically be defined as its ability to survive and reproduce in its
environment (Orr 2009). This ability is not equal among individuals, and those that are more fit
will produce a greater number of offspring than those who are less fit. The ability to survive and
reproduce is granted by an individual's traits, which may be physical or behavioural. If these
traits are heritable, then it is expected that future generations will contain a greater proportion of
traits from those individuals who are most fit. This is the central principle of the theory of natural
selection, which was originally described in Darwin’s work On The Origin of Species (1859) and
became formalized by Fisher in 1930. Thus natural selection explains how populations change,
or evolve, with time such that their constituents become better adapted to their environments.

Caring for young is a behavioural trait that has evolved in many animal species, and it is
easy to see why. By helping offspring to survive, the offspring have better opportunities for
reproduction themselves. This means increased fitness for the offspring and ultimately the
parent, making the parent's caring behaviour an adaptive trait by natural selection. However,
most animals do not care for their young (Alcock 1998). The reason for this is that helping
progeny to survive is a costly investment. It requires placing large amounts of time, energy, and
other resources into offspring growth which could otherwise go towards the parent or into the
production of other offspring. It may also expose the parent directly to danger if the young need
to be defended (Alcock 1998). Thus, while parental care increases fitness by improving
reproductive success, it also reduces it by lowering the parent's chance of survival. For most
animals, the costs associated with parental care probably outweigh the benefits, so they do not

show this behaviour (Alcock 1998).



Where an animal's environment makes reproductive success particularly difficult without
parental care, it is in the interest of parents to help their young from a fitness perspective.
However, there also exists species in which some individuals provide care for young they have
not produced themselves. This is known as alloparental care (Woodroffe & Vincent 1994;
Whitehead 1996; Gero et al. 2009). At first glance, this appears to be a form of altruism:
behaviour in which an individual increases the fitness of others at the expense of its own. Since
natural selection theory implies that traits of the fittest individuals propagate most into future
generations, then altruism should not be adaptive. Because an individual displaying altruism
reduces its own direct fitness, this trait should not be sustainable within populations.

The evolution of altruism has become a popular problem in sociobiology, and a number
of theories have been proposed to explain why it is observed despite it being apparently counter-
adaptive. The most common is Kin selection, as described by Hamilton in 1964. In this scenario,
altruism can be adaptive if the helpful acts are directed towards relatives. This is based on the
concept of inclusive fitness introduced by Hamilton, which subdivides fitness into direct and
indirect components. The direct fitness of an individual is its fitness achieved from directly
producing surviving offspring, while its indirect fitness is that of offspring produced by relatives
which survived because of the help it provided (Hamilton 1964; Alcock 1998). From a genetic
perspective, an individual shares a certain proportion of genes with its relatives in addition to
offspring. Therefore, by helping these relatives, it can increase its indirect fitness by helping
those genes to survive in future generations. Altruistic behaviour can then evolve such that it
maximizes inclusive fitness. Since direct fitness carries more weight than indirect fitness (direct

offspring share more genes with the parent than do the offspring of its relatives), altruism based



on kin selection should only evolve if personal reproduction is difficult, and helping others is
more beneficial than attempting to reproduce.

It should be noted that under a kin selection scenario, because organisms do obtain a
benefit from helping in the form of inclusive fitness increase, the act is not “truly” altruistic.
Many studies define altruism such that there is no or very little benefit whatsoever. However, for
discussion in this study, “altruism” will be considered to be any helpful act that results in a direct
fitness loss, regardless of whether or not indirect fitness is affected.

Kin selection has been very successful in explaining the evolution of helping behaviour
in many species. However, altruism among non-kin is known to exist as well. This cannot be
explained by kin selection, because there are no indirect fitness gains to raise inclusive fitness.
Another theory, often seen as an alternative to kin selection for this scenario, is reciprocal
altruism (Trivers 1971). In this model, an individual who conducts an altruistic act towards
another individual is eventually repaid by that individual. In terms of fitness, this means one
individual takes an immediate fitness loss to increase that of another individual, but this other
individual reciprocates the altruism at a later time. For reciprocal altruism to work, the
magnitude of the fitness gain achieved from receiving help must be greater than the cost of
helping. In this way, both individuals can enjoy a net fitness benefit (Trivers 1971). Ultimately
this may be seen as a type of mutualism, which differs from altruism in that two individuals help
each other to increase their collective fitness. What makes reciprocal altruism different from true
mutualism, however, is that there is a delay in the fitness gain of one individual, temporarily
filled with a small fitness loss (Alcock 1998). Because of this delay, it would seem that the
system is vulnerable to "cheating”, where the individual that was helped first does not return the

favour. Natural selection should intuitively favour such a cheater, because it receives a fitness



gain without incurring a loss. However, Trivers (1971) has argued that cheating is not an
adaptive strategy, because if individuals reciprocate altruistic acts continually in the long term,
they will gain a greater net fitness than cheaters, who will be left out of future opportunities to
receive help. Thus reciprocal altruism can be an evolutionarily stable system.

A third model to explain the evolution of altruism is group selection, which was
described in detail by Wynne-Edwards in 1962. According to this model, individuals belonging
to a "group"” (which can be anything from a small population to an entire species; Alcock 1998)
may act altruistically towards other group members, kin or non-kin, because these acts are
beneficial to the group as a whole. Groups with higher collective fitness outcompete other
groups, and therefore they are the ones to propagate (Wynne-Edwards 1962). This used to be the
dominant explanation for the evolution of altruism, until it was challenged by Williams in 1966
(Alcock 1998). Williams (1966) basically showed that natural selection at the level of the
individual is a much more powerful force than at the level of the group. This is because
individuals who reduce their fitness for the benefit of the group would reproduce less than those
who act selfishly, and so the selfish traits would propagate more than the altruistic ones. Since
then, altruism has largely been assessed through kin selection or reciprocal altruism rather than
group selection.

Though group selection has fallen out of favour, it deserves to be mentioned here. It is
important to note at this point that the reasoning behind explaining the evolution of altruism is
dynamic, and this aspect of sociobiology is currently being debated. Kin selection and reciprocal
altruism, as they are presented here, have been the standard ways of thinking since the rejection
of group selection after the 1960s; however, recent research has begun to question this

foundation (e.g. Wilson & Wilson 2007; Nowak et al. 2010). Specifically, this revision calls for



a reconsideration of the significance of group selection, and possibly unification of the various
theories that make up sociobiology. This revision was proposed for numerous reasons, including
claims that the alternatives to group selection are oversimplified and even dependant on the
concepts of group selection, that more sophisticated simulations since the 1960s have been able
to support group selection, and that there exists empirical evidence for it in organisms such as
microbes and eusocial animals (Wilson & Wilson 2007; Nowak et al. 2010). These arguments
have been met with considerable criticism in defence of kin selection (e.g. Clutton-Brock 2009;
Abbot et al. 2011; Boomsma et al. 2011; Strassmann et al. 2011; Ferriere & Michod 2011; Herre
& Weislo 2011), and there is an ongoing debate on how to correctly interpret the evolution of
helpful behaviour. This means conclusions derived from sociobiology should ideally be made
and examined critically. With that said, the success of the traditional theories in explaining
observed phenomena cannot be denied. Therefore, this thesis will continue to consider kin
selection and reciprocal altruism as viable explanations for the evolution of altruism.

Altruism, such as alloparental care, is a social behaviour that obviously involves
interactions between individuals. This often requires individuals to be in close proximity to one
another. When these interactions occur over a long term, this means that individuals live in
groups. Hinde (1976) has argued that groups are held together by a social structure built upon
relationships between individuals. These relationships arise from repeated interactions between
the individuals (Hinde 1976). This means that social interactions and group living are closely
dependant on one another (this is also evident from the logic of group selection). Thus,
understanding the evolution of social behaviours like altruism also means understanding the
evolution of groups (Alexander 1974). This is significant because, like providing care to

offspring, living in groups itself carries both costs and benefits to fitness. For example, an



individual living next to others may have lower chances of being preyed upon by predators
(because of a dilution effect), but it may also be more likely to contract a contagious disease
(Alexander 1974). The various interactions that occur in a group can also have advantageous or
disadvantageous consequences to different individuals. This includes altruism, but there are
others, including mutualism, where individuals cooperate and receive a mutual fitness gain;
selfish behaviour, in which one individual increases its fitness at a cost to others; and spiteful
behaviour, where an individual's actions reduce the fitness of both itself and others (Alcock
1998). There are also by-product interactions, such as when one individual benefits from the
selfish actions of another (Sachs et al. 2004). From a Darwinian perspective, the evolution of
each of these behaviours should be explainable through some ultimate selfish gain in fitness, as
was shown here for altruism. This should then provide insight into the evolution of group
formation itself. To summarize, exhibiting social behaviour means living in groups, and
determining the evolutionary forces behind the development of social behaviour requires
analysis of the complex interactions between costs and benefits that come with group living.
Groups exist in many different forms, varying in such things as population size, spatial
distribution, longevity, relatedness among individuals, and types of interactions involved. The
types of groups that form in a species are expected to be a result of the environmental and
biological challenges it faces. Alexander (1974) has argued that the selective pressures leading to
group evolution fall into one of three general categories: increased defense from predators,
increased foraging efficiency, or resource limitations. These pressures would favour different
types of behaviour; For instance, in groups that evolve mainly because of predator defence or
foraging benefits, individuals would be expected to remain close together, and there may also be

extensive cooperation. In contrast, groups that form mainly because of convergence to a limited



resource patch would have avoidance among individuals, and aggressive behaviour may be
rampant (Alexander 1974).

Families can be seen as special types of groups that consist of related individuals. By
definition, families arise when offspring delay dispersal and continue to live in proximity of their
parents into adulthood (Emlen 1994). Two principal models to explain why this happens are the
benefits of philopatry model, and the ecological constraints model (although it has been argued
that the two are actually interdependent; Emlen 1994). The benefits of philopatry model focuses
on the advantages of living in a family. This includes enhanced survival from group living,
indirect fitness gains from helping family members, and better opportunities to secure high-
quality breeding sites including the natal one itself (Emlen 1994). In contrast, the ecological
constraints model stresses the detriments of dispersing. These include a lack of quality breeding
resources (territories or mates), and low chance of reproductive success by inexperienced
breeders (Emlen 1994). Like any group, families may benefit from containing multiple
individuals, but also suffer automatic costs. However, these costs may be alleviated somewhat
because it is possible to increase one's inclusive fitness when in a family. Therefore, families
may be more stable than groups of unrelated individuals, and extensive altruism is likely to be
observed within them (Emlen 1995).

Many mammals are known for being highly social, particularly the primates. Cetaceans
are another order of mammals that consists of the whales, dolphins, and porpoises. Cetaceans
also have complex social systems comparable to primates, but are not as well studied due to the
difficulties in observing them (Mann et al. 2000). They are distinguished from other mammals in
that they live entirely in water, and studies conducted on their behaviour are usually limited to

the brief moments that they surface, such as when taking breaths (Mann et al. 2000). Their fully



aquatic lifestyle means they have evolved special morphological characters to exploit this
environment, obvious to anyone who has seen a cetacean; however, it also has less obvious
implications for their behaviour. Aquatic environments vary from terrestrial ones in several
ways, such as in the lack of refuges from predators, in the efficiency of locomotion possible in
the dense but buoyant medium, and in generally widespread and mobile prey (Mann et al. 2000;
Connor 2000). This means that cetaceans are particularly vulnerable to predator attacks, the cost
of locomotion is lower, and hunting may be less effective individually. These are clearly
conditions that would seem to favour group formation: by associating into groups, cetaceans
would be better able to defend themselves against predators and forage more efficiently, all
while the costs of resource competition between them are alleviated by ease of movement. These
factors are thought to be the primary forces behind the evolution of sociality in cetaceans
(Connor 2000).

The sperm whale (Physeter macrocephalus) is a cetacean with highly complex social
behaviour, which seems to include forms of alloparental care (Whitehead 1996). The evolution
of behaviour in this species is particularly interesting, in part because of its extreme differences
from other cetaceans. Morphologically, the sperm whale is the largest of the toothed whales, and
it contains the largest brain of any animal. Its appearance is distinguished by a large, somewhat
rectangular head which overhangs a long narrow jaw (Whitehead 2003). Within the head is a
complex series of structures which largely includes the spermaceti organ: an oil-filled tissue
mass unique to sperm whales. The primary advantage of the spermaceti organ is thought to be in
the production of acoustic clicks for echolocation and communication (Whitehead 2003;

Cranford 1999).



The sperm whale also has extreme morphological differences between the sexes, the
greatest of any cetacean (Whitehead & Weilgart 2000). Adult males grow to be on average three
times more massive and one-and-a-half times longer than females, and their spermaceti organs
are proportionally larger as well (Whitehead 2003). Such sexual dimorphism is usually
characteristic of uneven intrasexual competition between the sexes, presumably because of
different selection pressures on male and female reproductive strategies (Alcock 1998). In
addition to morphological differences, sperm whale males and females have great behavioural
differences as well. Though they are distributed throughout the oceans worldwide as a species,
sperm whales have a unique population structure in that the sexes are segregated. Females and
their calves live in groups around equatorial waters (Whitehead & Weilgart 2000). Males
however disperse from their natal groups after they are no longer dependent on milk, which
seems to occurs at about six years of age (Richard et al. 1996). Soon after their dispersal, males
travel to higher latitudes and usually join with other similar-aged males in loosely aggregated
groups called "bachelor schools™ (Best 1979). As these males age and grow larger, they generally
continue to move to higher latitudes, the size of bachelor schools decreases, and ultimately the
largest males may live solitarily near the poles (Best 1979; Rice 1989). This difference in
sociality and preferred ecological niche between the sexes further suggests that males and
females are under different selection pressures.

To better understand how the unique characteristics of the sperm whale could have
evolved requires knowledge of the life history and ecology of the species. Sperm whales are
long-lived (usually surviving to sixty or seventy years), and their fecundity and mortality rates
are low (Rice 1989). Females reach sexual maturity between seven and thirteen years of age,

after which they usually produce a single calf about every four to five years until they are about
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forty years old (Rice 1989; Best et al. 1984; Whitehead & Weilgart 2000; Whitehead 2003).
After forty years of age, the calving interval may drop to one calf every fifteen years (Whitehead
2003). Sex ratios are close to 1:1 at birth (Best et al. 1984). Gestation lasts for about fifteen
months, and once a calf is born, it is dependent on lactating females for milk. Calves begin to eat
solid food sometime before they are one year of age, but there is evidence that they continue to
consume milk long after this; possibly up to eight years or longer (Best et al. 1984).

Sperm whales are deep-water feeders that usually dive to depths of 400-1200 m to catch
their food (Watwood et al. 2006; Watkins et al. 2002; Papastavrou et al. 1989). Their diet is
wide and variable, and seems to be dependent on the prey available in their geographic location
and time of year. They are known to consume cephalopods (e.g. squid), fish, and crustaceans, but
the vast majority of their prey are certain species of squid (Kawakami 1980; Rice 1989). Though
sperm whales have large energetic requirements in general, their prey are often small and of poor
nutritional value (Whitehead & Weilgart 2000). This means they need to consume a considerable
amount of food. In the case of young calves, diving to catch food appears difficult, and they tend
to eat smaller prey once they become proficient enough to hunt (Best et al. 1984). However, their
metabolic demands are also significantly greater than that of adults (Best et al. 1984), possibly
because of the costly development of the spermaceti organ (Lyrholm et al. 1999). Young whales
may then need to rely on milk even after learning to catch prey to satisfy their energetic
requirements. This would explain why lactation is long-lasting in sperm whales (Best et al.
1984).

There are several factors that could affect why male sperm whales are socially and
morphologically different from females, based on sexual selection. From the time that a female

becomes pregnant until her calf is born and then weaned, she will be unavailable to mate. In
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addition, since sex ratios are equal and females reproduce once every 4-6 years, then it can be
approximated that there are about 4-6 males for every female in a breeding season (Whitehead
2003). This means competition between males for access to mates should be relatively high,
which could explain why they are less social than females. There is evidence that breeding males
actively avoid each another, and occasionally fight (Whitehead 1993). According to sexual
selection theory, females choose their mates based on traits they like, which are often
representative of genetic quality (Alcock 1998). In sperm whales, a trait males may use to
advertise to females is the emission of loud clicks. Acoustic signals are thought to be an
important mode of communication in sperm whales (Whitehead & Weilgart 2000), and there is
evidence that mature males emit a unique type of click especially when on breeding grounds
(Weilgart & Whitehead 1988). Since the spermaceti organ plays an important role in sound
production, its large size in males may have evolved from female choice (Cranford 1999).
However, the development and maintenance of a large spermaceti organ must also require a
tremendous amount of energy (Lyrholm et al. 1999; Cranford 1999). This could also explain
why males prefer higher latitudes, as there is evidence that food can be larger and of better
quality in these regions (Teloni et al. 2008).

The behaviour of females can also be explained by examining potential selective
pressures. Unlike males, females and immature whales rarely travel to waters less than 15°C
(Rice 1989; Lyrholm et al. 1999; Whitehead 2003). If productivity is greater at high latitudes,
why should this be the case? One reason that has been proposed is that thermoregulatory
limitations on females and/or calves prevents them from living at extreme latitudes (Lyrholm et
al. 1999). Another hypothesis is that prey occur too deeply at high latitudes for young whales to

dive and catch them (Best 1979; Lyrholm et al. 1999). It is also quite possible that predation has
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some impact. For sperm whales and almost all other cetaceans, killer whales are a significant
predator (Pitman et al. 2001; Connor 2000; Jefferson et al. 1991). These animals are known to
attack other cetaceans of all sizes, but their focus and most successful attacks seem to be on
juveniles (Connor 2000). Though Killer whales are found virtually everywhere, they are more
common in higher latitudes (Connor 2000), which could explain why female sperm whales and
their calves prefer to live in tropical latitudes. Support for this hypothesis may come from the
seasonal migration of baleen whales to the tropics for breeding (Corkeron & Connor 1999; but
see Clapham 2001).

Females are more social than males, and normally live in various levels of association. In

order of increasing size, these levels are termed "units"”, "groups”, "aggregations™ and "super-
aggregations”, and "concentrations” (Whitehead & Weilgart 2000). The largest associations,
which contain about 40 animals or more in the case of aggregations and super aggregations, and
1000 animals in the case of concentrations, are spread over several kilometers and exist only
temporarily. These associations are correlated with the presence of prey patches, which indicates
they probably represent mere convergence to abundant food sources (Whitehead & Weilgart
2000). Groups, which contain roughly 20 animals, are more stable and may represent cooperative
foraging (Whitehead et al. 1991). However, units, which typically contain around 10 animals, are
extremely stable and show indications of communal care for calves (Whitehead & Weilgart
2000; Whitehead et al. 1991; Whitehead 1996). These units often (but not always) appear to
consist of matrilineally related individuals (Whitehead et al. 1991; Richard et al. 1996; Christal

et al. 1998), and are considered by Whitehead and Weilgart (2000) to be fundamental to sperm

whale societies.
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The alloparental care that occurs in units seems to serve two basic roles: protection of
calves from predators, and assistance in meeting calves' high nutritional requirements.
Whitehead (1996) has shown that foraging dive patterns are different between groups with calves
and no calves, such that calves are rarely left alone at the surface. Since young calves are unable
to dive deep, and mothers must still devote a considerable amount of time to feeding, then the
diving coordination of other adults can reduce isolation of calves while still allowing mothers to
meet their own nutritional requirements. This babysitting system may be important for protecting
calves from predators like the killer whale (Whitehead 1996), and it is present in several other
mammalian species (Reidman 1982). In events where a sperm whale unit does encounter
predators, adult members have been observed to actively defend any calves present. When
attacked, sperm whales will typically band close together in a circular formation, sometimes with
their powerful tails pointing radially outwards in a structure resembling a "rosette” or
"marguerite™ (Arnbom et al. 1987; Pitman et al. 2001). Any calves in the unit remain in the
center of these formations where it is most safe (Arnbom et al. 1987), and should they still be
attacked, the adults have been observed to come to their aid (Caldwell & Caldwell 1966). In
addition to providing protection from predators, the adult females in a sperm whale unit may also
communally assist calves in meeting their nutritional requirements through allonursing. In some
units, more lactating females than calves have been found (Best et al. 1984), and there is
evidence that calves attempt to suckle from multiple females (Gero et al. 2009).

Given their vulnerability and high energetic requirements, the alloparental care of calves
was likely important in the evolution of social sperm whale units. However, as discussed earlier,
alloparental care is a type of altruistic behaviour that is immediately costly for the individuals

displaying it, and is therefore expected to have some benefit to these individuals in order to be
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adaptive. Among sperm whales, it is possible for these benefits to arise through reciprocity. By
raising another's calf, an adult female could engage in a reciprocal relationship with the parent
and have the favour returned once she becomes a mother herself. However, since sperm whale
units often appear to consist of matrilineal families, then it is more likely that their alloparental
care system evolved primarily through kin selection (Whitehead 1996). If this is the case, then
one would expect that the individuals who provide the most care for a calf are also the ones who
are most closely related to the mother. A study by Gero et al. (2008) following a unit of seven
whales showed that individuals within the unit had preferred associations with certain unit
members, and that these associations appeared to reflect kinship. This suggests that kin selection
may indeed be acting on this scale.

Kin selection could also be acting at the group level. The larger groups of about 20
animals are thought to consist of typically two matrilineal units coming together (Whitehead et
al. 1991). The associations of different units into groups are fairly stable and must therefore be
beneficial, otherwise they would likely not be seen. The main benefit of these groups, as stated
earlier, is thought to be increased foraging efficiency (Whitehead et al. 1991). Therefore it is
possible that Kin selection is acting here too, such that matrilineal units with close relatedness
associate into groups to increase their collective inclusive fitness. There is some evidence to
support this hypothesis, as Richard et al. (1996) have found some groups that contained related
individuals from different matrilines. In contrast, a recent study by Ortega-Ortiz et al. (2012)
found no significant correlation between preferred associations and kinship among units. Clearly
the details behind what selective force is acting at this level have yet to be fully understood.

To determine the relatedness between individuals requires the use of genetic analysis.

This technique works because of the fact that there is variation in the genetic code among
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different organisms, arising from mutations that occur over long stretches of time (Sunstad &
Simmons 2012). Since organisms inherit portions of their genetic code from their parents, it is
expected that individuals who share a recent common ancestor (and are therefore closely related)
will have a similar code. Genetic information can be obtained from macromolecules that exist
within cells, specifically proteins and nucleic acids. Protein variants, or allozymes, were
discovered in the 1960's and were the first molecular markers used (DeWoody 2005; Avise
1994). Though still useful for certain studies, allozymes have largely been replaced by
deoxyribonucleic acid (DNA) markers, because they can be difficult to obtain (usually requiring
to be extracted from fresh tissues), and they have a low level of variation (DeWoody 2005). Most
studies assessing genetic variation in animals now rely on two types of DNA: mitochondrial
DNA (mtDNA), and nuclear (or genomic) DNA (DeWoody 2005), with nuclear DNA being the
most useful for relatedness analyses.

Nuclear DNA is divided into several linear chromosomes in most eukaryotic species, and
it is inherited from both parents in those that reproduce sexually (Sunstad & Simmons 2012).
Each individual possesses two versions of each chromosome: one from its father and another
from its mother. During sexual reproduction, the two homologous parental chromosomes also
recombine to produce unique pairs in the offspring (Sunstad & Simmons 2012). This bi-parental
mode of inheritance makes nuclear DNA particularly useful for studies of relatedness, parentage,
and individual identification (Sunnucks 2000).

Microsatellites are perhaps the most common type of nuclear DNA marker used in
population genetics (Freeland 2005). Also known as short tandem repeats or STRs,
microsatellites are repeating sequences of 1-6 base pairs that mostly occur in non-coding regions

of the nuclear genome (Ellegren 2004), which means they are generally not influenced by
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selective pressures. Microsatellites mutate rapidly and tend to be extremely variable, with some
loci exhibiting over 50 different alleles in animals (Ellegren 2004; DeWoody 2005).
Polymorphism in microsatellites does not occur as differences in the nucleotide sequences, but
rather as variations in the number of tandem repeats (Ellegren 2004). It is not entirely clear how
microsatellites mutate, but the mechanism generally invoked is that of replication slippage: a
case in which one DNA strand dissociates and rehybridizes out of alignment with the other
during replication, causing a lengthening or shortening of the overall sequence (Ellegren 2004).
The fact that microsatellites are highly variable, mutate quickly, occur at multiple loci within the
genome, and reside in non-coding regions makes them very informative markers for relatedness
and parentage analysis (Freeland 2005; DeWoody 2005).

Single nucleotide polymorphisms (SNPs) are another type of nuclear DNA marker that
are starting to increase in popularity. A SNP is simply a single base pair within the genome that
is variable between different individuals (Freeland 2005). SNPs may occur in both coding and
non-coding regions, and they are much more common throughout the genome than
microsatellites in many species (Morin et al. 2004). In humans, it was found that about 90% of
genomic variation occurs in the form of SNPs (Collins et al. 1998). The rate of mutation for
SNPs is relatively low: on the order of 10%-10° mutations per generation, compared to 10* for
microsatellites (Brumfield et al. 2003). As a result, variation per SNP locus is also low.
Theoretically, SNPs can have a maximum of four alleles per locus (corresponding to the four
different nucleotide bases in DNA: A, C, G or T). However, their low mutation rate makes this
unlikely, and so they are typically bi-allelic (Brumfield et al. 2003). Because their allelic
diversity is lower than that of microsatellites, individual SNPs are not as informative. However,

since SNPs are also much more abundant in the genome than microsatellites, they can potentially
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provide even more information when large numbers of them are analyzed (Brumfield et al. 2003,;
Giordano et al. 1999). SNPs have become very popular in human genetics studies, and are
increasingly being used for ecological and evolutionary work on wild populations (Vignal et al.
2002; Brumfield et al. 2003; Aitken et al. 2004). Some researchers even advocate that SNPs may
become a "standard" molecular marker for population genetics in the future, potentially replacing
microsatellites as the most used marker (e.g. Morin et al. 2004; Brumfield et al. 2003).

There are three ways in which tissue samples can be obtained for extraction of DNA:
destructive sampling, which involves the killing of the specimen to obtain fresh tissue;
nondestructive sampling, which involves the removal of fresh tissue from a living specimen; and
noninvasive sampling, which involves the collection of samples left behind by the specimen such
as feces, hair, and sloughed skin (Taberlet et al. 1999). For obvious reasons, destructive
sampling is no longer common practice. Nondestructive and noninvasive sampling are the two
most popular methods of sampling, with noninvasive sampling often seen as superior to
nondestructive sampling because animals do not need to be captured or disturbed (Taberlet et al.
1999). However, noninvasive sampling often returns little or poor quality tissue with many dead
cells (Taberlet et al. 1999). After cells die, the DNA within them is subject to a number of
chemical processes that break it down over time (Deagle et al. 2006; Lindahl 1993). This results
in fragmentation of DNA strands into smaller pieces.

The analysis of nuclear DNA markers such as microsatellites usually involves the
amplification of the DNA sequences at the marker loci through the polymerase chain reaction
(PCR). For PCR to be successful, the template sequences of interest must be intact. Therefore,
applied to PCR, DNA fragmentation can reduce the number of successful reactions because the

sequences being amplified can be discontinuous (Goldenberg et al. 1996). Sequences that are
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longer have a greater chance of being fragmented, and therefore have a lower successful
amplification rate than smaller sequences. Microsatellites can have target sequences as long 300-
400 bp long, which is enough to be problematic if DNA is heavily degraded (Butler 2005). This
means that microsatellites may not be a very reliable marker in this case. SNPs on the other hand
are just one base pair in length, so their target fragments do not have to be long; typically
between 50-150 bp. Therefore, SNPs have a higher chance of amplifying successfully in PCR
even for highly degraded DNA samples (Morin & McCarthy 2007).

Sperm whales and other cetaceans can lose thin pieces of skin naturally as they swim and
rub against one another. This sloughed skin provides a source of tissue for DNA extraction that
can be noninvasively sampled, and is popular in genetic studies of cetaceans (Amos et al. 1992).
However, while easy to collect in the field, sloughed skin typically contains heavily degraded
DNA that does not amplify well for large sequences, including microsatellites (Taberlet et al.
1999). Previous work with assessing relatedness in sperm whale units from microsatellites and
sloughed skin suffered from low resolution because of this (Arseneault 2011).

The goal of this study is to reveal the relatedness patterns within and among female
sperm whale units found off the coast of Dominica at high resolution, using single nucleotide
polymorphisms to obtain reliable information from degraded DNA contained in sloughed skin.
These relatedness data can also be complemented with photo identification and unit assignment
of individuals, and observations of unit grouping and alloparental behaviour. By combining these
data, it should be possible to unravel the details behind kin selection in sperm whale units.

It should be noted that this study does not attempt to quantify fitness and determine
whether or not selection is acting. Previous studies have already suggested that sperm whale

social behaviour is under the influence of selective pressures, most notably kin selection
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(Whitehead 1996; Gero et al. 2008; Gero et al. 2009). The purpose of this study is to investigate
patterns of relatedness within and among units, and see how this compares with the
heterogeneous helping and grouping exhibited by these whales. Where fitness becomes relevant
is in the potential impact of these behaviours on survival and reproduction: helping and group
living are known to incur automatic costs, so the fact that they are observed means that they must
have offsetting benefits which are under positive selection pressures. Therefore, if preferential
helping and group association in sperm whales are found to coincide with kinship, then it would
likely imply that kin selection is the main force driving the evolution of these behaviours.
Alternatively, if there is no significant correlation between kinship and helping, or kinship and
grouping, then the behaviours are likely driven by another selective force, probably reciprocity
or other types of mutualism.

I hypothesize that sperm whales can assess how related they are to other individuals, and
offer more help based on the strength of this genetic relationship on both group and unit scales.
From this hypothesis, I predict groups will consist of matrilineal units which are closely related
to one another. Within units, | predict that closely related individuals will provide more help to
each other or their offspring than they would for others. | also expect that the use of SNPs should
produce more informative results than microsatellites given the degraded state of DNA in the

sloughed skin samples available.
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MATERIALS AND METHODS
Sample Collection and Field Data

Sloughed skin samples were collected from sperm whales off the coast of Dominica
between 2005 and 2011. Because of the long lifespan, low reproductive rate, and site fidelity of
female sperm whales, the population is not likely to have changed significantly over this
timescale, and samples from all years can be analyzed together. In addition, the whales living in
this area have been observed extensively: individuals can be identified, it is known who belongs
to which unit, and there is considerable information on who interacts with whom. Upon
collection, skin samples were assigned a field code and stored either in ethanol or a 20% DMSO
solution saturated with NaCl (Seutin et al. 1991). Whenever possible, individual whales from
which skin was collected were photographed and identified. This permitted the use of the
observational data to determine which units the whales in this study belonged to, how much each

individual helped other unit members, and which units associated into groups.

DNA Extraction

DNA was extracted from a total of 128 skin samples using a standard phenol:chloroform
protocol (Sambrook & Russell 2001). A maximum of 40mg of tissue was taken from each
sample for extraction. The tissue was mixed with 100 pL of lysis buffer (10 mM Tris-base, 10
mM ethylenediaminetetraacetic acid (EDTA), 2% sodium dodecyl sulfate (SDS), 0.1 M sodium
chloride (NaCl), and 40 mM dithiothreitol (DTT); Budowle et al. 2000), frozen using liquid
nitrogen, and ground to a fine powder with a mortar and pestle. The powder was transferred to a
1.5 mL Eppendorf tube and mixed with an additional 300 uL of lysis buffer. The tubes were

incubated at room temperature for five to six days with periodic mixing, after which an aliquot of
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proteinase-K at a concentration of 0.5 U/mg of tissue was added. Approximately 24 hours later,
proteinase-K was added again, the tube was incubated in a 65°C water bath for 60 minutes, and
then at room temperature for another 60 minutes. This was immediately followed by another
addition of proteinase-K that incubated overnight at room temperature, for a total of three 0.5
U/mg proteinase-K aliquots.

The samples were then transferred to a fume hood for phenol:chloroform extraction. An
equal volume (400 pL) aliquot of phenol:chloroform solution was added to each sample. The
tubes were then upended by hand for five minutes, and centrifuged for four minutes at 12 000 x
g. Centrifugation resulted in the separation of organic and aqueous layers. The aqueous layer,
expected to contain DNA, was removed and transferred to a new 1.5 mL Eppendorf tube. A
second round of 400 pL of phenol:chloroform was added to the samples, and the tubes were
again upended for five minutes followed by centrifugation for four minutes at 12 000 x g. The
resulting aqueous layer was transferred to a new 1.5 mL Eppendorf tube, to which 400 pL of
chloroform was added. The samples were further upended for five minutes and centrifuged for
four minutes at 12 000 x g. The resulting aqueous layer was again transferred to a new 1.5 mL
Eppendorf tube.

The DNA obtained was then precipitated using ethanol. Briefly, ammonium acetate was
added to each tube to a concentration of 2 M, followed by 800 uL of ice-cold 95% ethanol. The
samples were then stored at -20°C for approximately 24 hours to allow the DNA to precipitate.

Following the -20°C storage, the samples were centrifuged for ten minutes at 12 000 x g.
This resulted in the formation of a pellet at the bottom of each tube expected to contain DNA.
The ethanol was decanted, with excess carefully removed using a Kimwipe such that the pellet

was not disturbed. A 100 pL aliquot of 70% ethanol was gently added to each tube, and the
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samples were centrifuged again for ten minutes at 12 000 x g. The ethanol was decanted again,
with excess removed using a Kimwipe while avoiding the pellet. The tubes were then left at
room temperature with lids open for 15 to 30 minutes to allow any remaining ethanol to
evaporate. The pellets were dissolved in 150 pL or 200 pL of TEg; (10 mM Tris, 0.1 mM
EDTA) depending on their size. The tubes were mixed vigorously to ensure full dissolution of

the pellets in solution. All DNA samples were then kept in a -20°C freezer for storage.

DNA Quantification and Quality Assessment

The amount of DNA in each sample was estimated based on spectrophotometry, with the
use of a NanoDrop 2000 (Thermo Scientific Inc.). Two pL of TEp; were loaded on the
NanoDrop as a blank, and four standards of calf thymus DNA (2 pL each of 1ng/pL, 5ng/uL,
10ng/uL, and 50ng/uL standards) were used to calibrate the instrument. To determine the
quantity of DNA for each sample, 2 uL of DNA were loaded on the NanoDrop twice, and the
estimated concentration was taken to be the average of the two readings. From this
concentration, 5ng/pL working aliquots of DNA were prepared using TE; and stored at -20°C.

Agarose gel electrophoresis was used to assess the quality of DNA. About 20 ng of DNA
(based on the NanoDrop concentration) were combined with Orange-G dye. This mixture was
then loaded onto 2% agarose gels, and the DNA was visualized via staining with SYBR Green |
(Life Technologies). Voltage was set to 5-8 V/cm separating the cathode from the anode, and run
for roughly one hour. DNA separated by molecular weight in the agarose gel was then visualized

on a UV transilluminator.
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SNP PCR Optimization

A total of 38 SNPs have been characterized in sperm whales to date by Morin et al.
(2007) and Mesnick et al. (2011), 20 of which are closely associated and therefore linked.
Forward and reverse primers designed for 20 of these 38 SNP loci were obtained (Table 1). The
primers were tested at three annealing temperatures: 48°C, 53°C, and 58°C. The optimal
annealing temperature for each primer pair was determined to be the lowest for which there was
a high yield of amplified DNA and no evidence of nonspecific binding, and was used in all
subsequent PCRs (Table 1). Two DNA samples were used for primer testing: one which showed
high molecular weight on an initial agarose gel, and another which showed a high degree of
degradation. This allowed for an evaluation of how successfully each SNP-targeting fragment
could amplify in poor quality DNA.

Initial PCRs were conducted to determine optimal conditions for amplification of SNP-
targeting fragments. PCR cocktails were made for 10 pL reaction volumes with the following
Ingredients: 1X PCR buffer, 0.2mM each dNTPs, 1.5 mM MgCl,, 0.3 mg/mL bovine serum
albumin, 0.3 uM forward primer, 0.3 UM reverse primer, and 0.05 U/uL Taq polymerase.
Reactions were tested using 10 ng and 20 ng of template DNA. The number of denaturing-
annealing-extension cycles was also tested at 30 and 35. The combination of these factors which
resulted in the highest yields and specific primer binding was used in all subsequent PCRs.

PCR products were size-separated and visualized on 2% agarose gels and ethidium
bromide (EtBr) staining. Four pL of PCR product for each reaction was mixed with 2 pL of
Orange-G loading dye and loaded on an agarose gel. VVoltage was set to 5-8 V/cm separating the
cathode from the anode, and run for roughly one hour. Amplified DNA separated by molecular

weight in the agarose gel was then visualized on a UV transilluminator.
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SNP Genotyping

SNPs were initially to be genotyped using the Amplifluor SNPs Genotyping System
(EMD Millipore Corporation, Billerica, MA, USA). This method was chosen because it was the
method previously used for genotyping these loci in sperm whales (Morin et al. 2007; Mesnick
et al. 2011). Amplifluor is a PCR-based system that uses technology described by Myakishev et
al. (2001). Tailed primers specific to a particular allele anneal to pre-amplified fragments
containing a SNP of interest, and particular universal primers containing fluorescent dyes anneal
to the tails of these primers. The dyes are inhibited from fluorescing when in the presence of
"quencher” molecules. The Amplifluor universal primers contain both dye and quencher
molecules, and form a hairpin loop which brings the two together. During a successful PCR, the
hairpin structure is disrupted, separating the dye and quencher, and allowing the dye to fluoresce.
This marks a successful PCR, and also the genotype of the SNP based on the colour of
fluorescence. Two types of dyes must be used, for example one that fluoresces green and another
that fluoresces red, depending on which allele is amplified. Since SNPs are largely bi-allelic with
three possible genotypes, the primers are designed such that either of the two homozygous
genotypes will result in either green or red fluorescence, and heterozygotes will result in a mix of
red and green (Myakishev et al. 2001). This fluorescence can be detected in real-time using
quantitative PCR. Though it is theoretically possibly to assay many SNPs simultaneously in
multiplex reactions (Garvin et al. 2010), the Amplifluor system does not allow for this, requiring
each SNP to be amplified individually.

The Amplifluor system was tested using six samples and 10 SNPs. A cocktail for 10 pL
reaction volumes was made with the following Amplifluor ingredients: 1X PCR buffer, 0.25 mM

each dNTP, 1X JOE primer, 1X FAM primer, 0.3 uM each allele-specific forward primer, 0.3
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MM reverse primer, and 0.05 U/uL Taq polymerase. The cocktail was added to two pL of PCR
product for each sample. Fluorescence from the Amplifluor reactions was detected using
quantitative PCR on a Roche LightCycler® 480 (located at the Marine Gene Probe lab at
Dalhousie University).

Due to difficulties in applying the Amplifluor system (see results), SNPs were actually
genotyped by sequencing the PCR fragments using the Sanger method (Sanger et al. 1977).
Nucleotide sequences can be visualized as different colour peaks on an electropherogram.
Because SNPs are single base-pair variations, individuals can be typed based on the colour and
number of peaks at these sites. For homozygotes, there should be one peak per site which may
change colour between different individuals depending on which allele they have, while in the
case of heterozygotes, two peaks of different colour should overlap (Figure 1). This is the
method by which SNPs are typically discovered in a genome (Vignal et al. 2002).

Prior to sequencing, the expected sequence of each PCR fragment was determined from
the primer sequences and sequences of the sperm whale SNP regions published on GenBank
(Table 2). From these expected fragment sequences, primers were selected for sequencing based
on their likelihood of producing a sequence from which SNPs could be typed. Sequencing is
known to produce messy and unreliable sequences for the first ~30 base pairs. Therefore,
forward or reverse primers were selected to be used in sequencing reactions based on how distant
the target SNPs were from them. For fragments so small that SNPs were within 24 bp of both
primers, sequencing was not performed.

After the initial PCR, excess primers and dNTPs were removed from the solutions using
an ExoSAP protocol. Twenty ng of PCR product (as determined from EtBr-stained agarose gel

electrophoresis) were subject to ExoSAP for all samples to be sequenced. A cocktail was made



26

containing 0.00614 uL Exonuclease I, 0.02 pL Antarctic phosphatase, and 0.129 pL Antarctic
phosphatase buffer per 1 uL reaction volume. Cocktail was added to each sample in a 96-well
plate, and the samples were heated in a PCR thermal cycler for 15 minutes at 37°C followed by
another 15 minutes at 80°C. Following ExoSAP treatment, samples were stored at -20°C until
they were retrieved for sequencing reactions.

Sequencing reactions were performed using the BigDye Terminator v3.1 Cycle
Sequencing Kit (Life Technologies). A cocktail was made for 15 pL reaction volumes with the
following concentrations: 1X sequencing buffer, 0.25X ready reaction mix, and 0.33 uM forward
or reverse primer. Cocktail was added to each ExoSAP-treated sample, and the samples were
placed in a PCR thermal cycler with the following protocol: one cycle at 96°C for 2 minutes,
followed by 30 cycles of 96°C denaturing for 20 seconds, 50°C annealing for 20 seconds, and
60°C extension for 4 minutes. Following the sequencing reactions, samples were stored at -20°C
until they were retrieved for ethanol precipitation.

Ammonium acetate was added to each sample to a final concentration of 0.68 M. A 46.2
pL aliquot of 95% ethanol was then added. The sample plates were sealed and centrifuged for 35
minutes at 2550 x g. Following centrifugation, the ethanol was gently decanted from each well.
Excess ethanol was removed by taping Kimwipes on the top of each plate and spinning them
inverted to 300 rpm. A 100 pL aliquot of 70% ethanol was then added to each sample, and the
plates were centrifuged for two minutes at 4550 x g. The ethanol was decanted again, with
excess removed by inverted centrifugation to 300 rpm. Following this, the sequencing fragments
in each well were redissolved in 10 pL of HiDi Formamide for use with capillary gel

electrophoresis on an ABI 3500 XL Genetic Analyzer (Applied Biosystems).
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Data Analysis

Samples for which more than four loci could not be typed were excluded from
subsequent analyses. The program CERVUS 3.0 (Kalinowski et al.2007; Marshall et al. 1998)
was used to identify samples with the same genotype across all SNPs for which they could be
typed. In the case of a match, the samples were considered to be from the same individual, and
only one of them was used in subsequent analyses.

Some pairs of SNPs genotyped in this study were linked, which means that they are likely
to be inherited together and therefore cannot be treated independently. These linked SNPs were
analyzed by collapsing them into single multiallelic loci. The alleles for these collapsed loci were
considered to be the combination of the first allele for each locus as one allele, and a
combination of the second allele of each locus as the other allele. However, this method is
problematic for double heterozygotes, since there is no way of knowing which combination of
alleles are actually linked on the same chromosome. Therefore, for double heterozygotes, one of
the two linked SNPs was removed from analysis.

Patterns of genetic relatedness were assessed using network analysis. Networks are
models of individual components (nodes) that are interconnected with one another (Wey et al.
2008). The theory behind networks originates from mathematical graph theory, and they have
proved to be a powerful means of visualizing and analyzing interactions between components in
many fields, including sociobiology (Wey et al. 2008). In this analysis, a network is constructed
from a matrix of pairwise relatedness based on SNP allele frequencies. The nodes in this network
represent individual sperm whales, and their connections represent relatedness. The length of the
connections between nodes reflects the degree of relatedness, with shorter connections indicating

close relatives.
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The program GeNetwork was used to estimate allele frequencies for the SNP loci used,
and to construct a matrix of pairwise relatedness between each individual. This program
estimates relatedness using the methods described by Li et al. (1993), with each locus weighted
as described by Lynch and Ritland (1999) and Van de Casteele et al. (2001). The relatedness
matrix was then analyzed as a network using the igraph package (Csardi & Nepusz 2006) for the
statistical program R (R Development Core Team 2008). GeNetwork was also used to produce
1000 simulated populations based on the observed allele frequencies. These simulations
represent randomized populations with no structure, and were used to test the significance of
clustering within the observed data by comparing modularity (a measure of clustering). If the
modularity of the observed data was greater than the modularity of at least 95% of the
simulations, then the observed data were considered to be significantly structured.

Pairwise relatedness could also be compared with helping and group association data to
assess which types of selection operate on sperm whale units. However, this analysis was
excluded from this study (see results).

Statistical power analysis was conducted using the program POWSIM (Ryman & Palm
2006) to assess the ability of the SNPs used to detect significant levels of clustering in the
Dominica sperm whale population. This program uses the Fst metric as a measure of genetic
differentiation. Sperm whales in the Atlantic are known to have overall low levels of genetic
variation (Engelhaupt et al. 2009); therefore power estimates were calculated for Fst values
ranging from 0 to 0.05. For the Dominica population sampled, it was assumed that Fsr is likely
around 0.01. Power estimates were made for the eight loci used, as well as the three times those

loci to approximate the power that could have been obtained if all SNPs characterized for the
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sperm whale were used. Microsatellite data from Arseneault (2011) were also used to compare

the relative power of SNPs versus microsatellites.
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RESULTS
DNA quality

Of the 128 samples extracted, 34 showed no signs of DNA on SYBR Green | stained
agarose gels, signifying that the DNA from these samples is too heavily degraded to be
visualized. Of the 94 samples for which the presence of DNA could be seen, 66 showed
significant smearing on the gels, indicating a high degree of degradation (Figure 2). This means

that overall, only 28 samples (21.9%) contained intact, high molecular weight strands of DNA.

Optimal PCR conditions for SNP amplification

Primers for the 20 SNPs to be analyzed resulted in amplification fragments ranging from
55-174 bp. EtBr-stained agarose gels showed that all primers successfully amplified the desired
fragments for both the high molecular weight and highly degraded samples used for testing
(Figure 3). Desired fragments were found to amplify best with 20 ng of template DNA. The
optimal PCR cycles for high yield of the target fragments were found to be the following: one
cycle at 94°C for 5 minutes, followed by 35 cycles of 94°C denaturing for 30 seconds, annealing
for one minute, and 72°C extension for 1 minute, and one cycle at 60°C for 45 minutes. Optimal
annealing temperatures varied between primer pairs and are shown in Table 1. PCR product

yielded on average 10 ng/pL of DNA.

Genotyping using Amplifluor
None of the six samples tested at 10 loci with the Amplifluor SNP genotyping kit resulted
in significant fluorescence signals during gPCR, meaning that no genotype could be obtained.

Following this failure, the Amplifluor kit was tested again using the same samples subject to
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different treatments with two loci. The treatments consisted of variable dilutions of PCR product
including 1:10, 1:20, 1:50, and 1:100 dilutions with TE ;. Additionally, two experiments were
run with these dilutions: one treated with ExoSAP, and one that was not. None of these test
resulted in significant fluorescence for any sample. Therefore, the approach of genotyping

samples via the Amplifluor kit was abandoned in favour of sequencing.

Genotyping using Sequencing

Some of the initial primers designed to target the 20 SNPs to be analyzed produced
fragments that contained up to three linked SNPs. Unlike Amplifluor, sequencing does not
require the use of allele-specific primers. Therefore, for cases in which there were multiple SNPs
in a fragment, only one primer pair was used for genotyping all of them. There was also one
instance where forward primers designed for two different SNPs with close linkage were
combined in a single reaction to produce a slightly larger (105 bp) fragment that contained both
SNPs (CSF2K552 and CSF2Y589) (Table 3). In total, this resulted in the sequencing of 13
fragments and 19 SNPs. Of these 19 SNPs, only 12 could be confidently typed for most samples
(Table 4). Atotal of 117 samples out of 128 (91.4%) were successfully typed at more than seven

of these 12 SNPs.

Data analysis
Using CERVUS to identify samples with identical genotypes resulted in the removal of
45 samples from the 117 typed. This means that 72 samples (56.3% of all samples) could be

analyzed in a network. Of the 12 SNPs that could be typed, eight of them were linked. This
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resulted in a final effective panel of eight loci, half of which were bi-allelic, while the other half
could contain up to four alleles (Table 5).

The observed network of relatedness among sperm whales based on pairwise relatedness
at the eight loci analyzed is shown in Figure 4. Analysis of this network suggests the presence of
three distinct clusters of individuals. However, the modularity of this network was only 0.1818,
which was not significantly higher than the expected modularity values from a randomized set of
unrelated individuals. Comparison with 1000 simulated networks based on the observed allele
frequencies showed that the level of clustering detected in the observed data is not statistically
significant (p = 0.139; Figure 5). This means that a single large population of equally related
whales was found. With this being the case, it would be meaningless to compare the results with
observational data, because correlation between preferential helping or association and degree of
relatedness could not be determined. Therefore, analysis of social behaviour was excluded.

Power analysis showed that the SNPs used are lacking in their ability to resolve
structuring at the low levels of genetic differentiation expected (Figure 6). Power at Fst = 0.01
was only around 0.4, which is not reliable. Tripling the number of SNP loci resulted in a
somewhat more reliable power, but not at the level achieved with a panel of 11 microsatellites. A
larger number of SNPs would be needed just to match the information content of these

microsatellites.
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DISCUSSION

DNA from 78.1% of all sloughed skin samples used showed signs of high degradation.
This illustrates the fact that DNA retrieved from noninvasively acquired tissue samples is often
of poor quality. However, the 91.4% success rate of genotyping using SNPs shows that
information can still be obtained from them using these types of markers that only require short
fragments of DNA. Compared to microsatellites, SNPs are clearly superior in terms of
amplification success of degraded DNA. Previous work in our lab using sloughed sperm whale
skin was able to type 11 microsatellites for only about 33% of samples (Arseneault 2011). The
length of the amplification fragments for these microsatellites ranged from roughly 120-220 bp,
which was sometimes large enough to be problematic for heavily degraded samples. In contrast,
the generally shorter (55-174 bp) SNP fragments proved small enough to be within intact
segments of degraded DNA.

Of the 117 samples scored at most loci, only 72 individuals were identified. This could be
due to a number of factors. One may be redundancy during field sampling of sloughed skin.
Though it is often possible to identify which whales leave behind which pieces of skin, this can
be difficult and error-prone if the whales are associating close together and rubbing against one
another (Valsecchi et al.1998). Indeed most samples were collected when the whales were in
their associated units, which therefore made it impossible to know specifically from which whale
the sample originated. In this case, the same individuals could have been sampled multiple times.
Another issue may simply have been lack of genetic resolution. Samples were considered to be
from the same individual if they had the same genotype for all SNPs for which they could be
typed. However, it is possible that different individuals could have the same genotype at the few

8-12 SNP loci that were used, with their genotypes then being falsely collapsed into one
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individual. An increase in the number of SNPs used would increase resolution, and therefore
increase the number of individuals identified. Also, sexing of the samples could have
differentiated "identical™ individuals if they were found to differ in their gender. Molecular
sexing for some these samples was done previously using the method described by Gilson et al.
(1998). However, only 13.6% of samples resulted in a scorable sex, likely a consequence of
severe DNA degradation once again. Future work could try using other sexing methods more
likely to yield results in poor quality DNA, such as that described by Morin et al. (2005).
Results from network analysis did not reveal any significant structuring, implying that all
whales sampled near Dominica were equally related. Sperm whales are known to have low
genetic diversity overall, likely because of the roaming habits of males among multiple female
groups for mating, and perhaps also because of a recent bottleneck (Engelhaupt et al. 2009). It is
possible, then, that sperm whale groups really are all closely related, because the whales could
share the same paternal genes. Because of the long lifespan of sperm whales, it is also possible
that there is generational overlap in relatedness, since males returning to the female groups could
potentially mate with their own progeny. However, this is unlikely, because the absence of any
genetic clustering at all within sperm whale populations is inconsistent with the results of most
other studies (e.g. Richard et al. 1996; Pinela et al. 2009), who have found that relatedness is
greater within groups then among them. Additionally, it is inconsistent with what was found
previously using microsatellites. This is almost certainly due to the lack of resolution for this
study as was shown from the power analysis, rather than a true reflection of the genetic structure
of sperm whales. Because SNPs are typically only bi-allelic and therefore less informative than
individual microsatellites, the panel of 11 microsatellites used previously was substantially more

powerful than the eight loci (12 SNPs in total) used here, even though the sample size was
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greater in this study. Linkage of eight SNPs analyzed must also have contributed to a loss of
resolution, as linked loci cannot be treated as independent data points.

Since no significant structuring could be detected, conclusions on what type of selection
is acting in sperm whale social systems cannot be made. Such analyses would require that the
behaviour of individuals who are more closely related be compared with that of individuals who
are not as related, and this cannot be done if all individuals are just as related. Detail is needed
for such analyses, and it could not be obtained here.

What can be concluded from these results is that while SNPs can be more successfully
analyzed in highly degraded DNA than microsatellites, they can suffer from a lack of power
unless a large number of them are available. Unfortunately, the discovery of new SNPs in non-
model species (that is, species for which there are no large-scale genome projects; Morin et al.
2004) is not a trivial process. Since SNPs are located throughout the genome, discovering them
often requires large-scale genome sequencing efforts for many individuals in the species of
interest (Morin et al. 2004). With the current conventional technology, such endeavors can be
extremely time-consuming and expensive (Garvin et. al. 2010), making high-resolution SNP
analysis an unfeasible goal for most wildlife biologists. However, it is possible that this situation
will change in the future. New advances in sequencing technologies, collectively called Next
Generation Sequencing (NGS), are being developed which are potentially capable of identifying
SNPs on large scales in a relatively efficient and cost-effective manner (Ekblom & Galindo
2011; Garvin et al. 2010). The potential of NGS in wildlife biology is looking promising, as the
technology is improving rapidly, and an increasing number of ecological studies have begun
using it since 2007 (Ekblom & Galindo 2011). It is quite possible that SNPs will become a more

commonly used marker through NGS, and future work on sperm whale relatedness could look
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into these methods. However, time and financial resources available could still be a limiting
factor.

Another problem encountered with SNPs is cross-lab reproducibility and ease of
amplification. One proclaimed benefit of SNPs is fewer cross-lab protocol discrepancies than
microsatellites (Seeb et al. 2011; Mesnick et al. 2011). However, that was not the case with this
study. The Amplifluor SNP genotyping system to be used was selected because it was the
method used by Morin et al. (2007) and Mesnick et al. (2011) for genotyping the same SNP loci
in sperm whales. While those studies claimed to be successful with the Amplifluor system, these
protocols were not successful in our laboratory, even though the same protocol was followed.
This represents an inconsistency with this method of genotyping that needs to be addressed.
Sequencing proved to be an effective means of genotyping, but it is far from efficient. In addition
to being costly and time-consuming, sequencing resulted in the loss of some potential SNPs
because only a certain portion of the PCR fragments could be reliably sequenced. Genotyping
from nucleotide sequences can also be more error-prone, as it is possible to confuse the double
peaks of a heterozygote with a noisy signal. SNP analysis would benefit from the development of
more reliable and efficient means of genotyping. Future methods could also look at the potential
of multiplexing to improve efficiency when working with a large number of SNPs. Another
proposed advantage of SNPs over microsatellites is that they can theoretically be multiplexed to
greater numbers than microsatellites, potentially up to tens of thousands or even millions of
SNPs (DeWoody 2005; Garvin et al. 2010). However the technology for multiplexing this many
SNPs is cumbersome and, for non-model organisms (such as the sperm whale), currently needs
to be custom-designed (Garvin et al. 2010). More conventional SNP genotyping assays also exist

which are currently capable of multiplexing about 2-50 SNPs (Garvin et al. 2010).
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All things considered, microsatellites are probably more useful markers than SNPs for
relatedness analyses at present time. The main problem is dealing with degraded DNA.
Noninvasively obtained samples are useful, because they do not require the study animals to be
captured or disturbed. For sociobiology studies, noninvasive sampling also reduces the
likelihood that animals will react in a manner that alters their normal behaviour (e.g. Whitehead
et al. 1990). However, noninvasive sampling clearly suffers from poor quality DNA. If high-
resolution analysis of relatedness is desired, the best option may be to accept more invasive
nondestructive sampling. In the case of sperm whales and other cetaceans, nondestructive
sampling typically involves the collection of small skin and blubber samples obtained by firing a
biopsy dart into the whale's skin using bows or airguns (Noren & Mocklin 2012). Many studies
have been conducted on the effects of this sampling method on whales' behaviour and condition.
The consensus is that biopsy darting is a relatively benign sampling method, with only short-
term effects (Noren & Mocklin 2012). Also, when conducted under the right conditions, whales
often respond only slightly or not at all to biopsy attempts (Noren & Mocklin 2012). Therefore, it
may be possible to obtain reliable behavioural data shortly after biopsy sampling.

In situations where biopsy sampling is restricted, sloughed skin could still provide an
acceptable level of genetic information (Valsecchi et al.1998). In such cases, it could be possible
to increase resolution by gathering a larger sample size. However in conclusion, the best current
solution for resolving relatedness on a fine scale within and among sperm whale social units is

likely to use microsatellite analysis from biopsy samples.
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Table 1: SNP loci characterized in Physeter macrocephalus. Corresponding forward and reverse
primer sequences tested in this study are shown, along with the optimal annealing temperatures
found for them. Bold loci represent linked SNPs.

Optimized
Locus Study Forward Primer Reverse Primer Annealing

Temperature
ACTCM392 Morin et al. (2007) - - -
ADRBK1R131 Morin et al. (2007) - - -
CATR262 Mesnick et al. (2011) TGTTTTCTTTITTAAGTGTCTTTGC CCCTCATTCACAGGCTAGGAAA 48°C
CATR456 Morin et al. (2007) TCCCTTCCAGTTCCTGTTTG GTGAGTGCATTGGTTGAAACTTT 48°C
CHRNA1Y111 Morin et al. (2007) GTCAGACCAGGAGTCCAATAACG ~ GGCACATCTTACGTCAGTAGCT 48°C
CHRNAI1R76 Mesnick et al. (2011) GGCACATCTTACGTCAGTAGCT GTCAGACCAGGAGTCCAATAACG 48°C
CKK273 Morin et al. (2007) CCACCCCTATGTTCAAGCAC ACAGGTGGTGGCAGGATT 58°C
CSF2K552 Mesnick et al. (2011) CCCCTTGAATGCTAGGTCTG CTTTGCCCCTGTGGTAGT 48°C
CSF2R278 Morin et al. (2007) CTTTGCTCACACAGCAGGTC AGCACAGCCACATTCCCTT 58°C
CSF2Y589 Mesnick et al. (2011) GCCAGAAGGAGGGTTGCT GACTACCACAGGGGCAAA 53°C
DRD2Y679 Morin et al. (2007) GGGTTAGGTCTCGTTCAGCA TACACCCTTTGCCGGATTCTT 53°C
ELN40K209 Morin et al. (2007) TCCCTTAAACTGTGGCTCGT AGCGGCACCTGAGAAGAG 53°C
EPOR237 Mesnick et al. (2011) GAAATGCACAAGCCTGGAGT AAGATCCAGGAACCTGGAGT 58°C
EPOY292 Morin et al. (2007) — — —
FIY80 Morin et al. (2007) CGAAAAAGAAGACAGGTTAATGG  GGGAACCATACTTGCCTTTGGAA 53°C
GRPY190 Morin et al. (2007) TGCAGCAGGACATCAAGTTC CCCCCCCCCACTTTCTTTTTT 53°C
IFNGY234 Morin et al. (2007) — — —
INTS368 Morin et al. (2007) GAACCTCAGCAAAGGCCC CAAATCTCTGCGGGACAGTT 58°C
PKMY237 Morin et al. (2007) CTTCCTTAGCAGAGCGTCTCA AGACTTGGCCAGCCCTCTAT 53°C
PmABHD5M274 Mesnick et al. (2011) TCTGTCCTAGAGCCACAGCA ACCTCTAACAATAGGGCCAACA 53°C
PmMABHD5R671  Mesnick et al. (2011) - — -
PmMABHD5Y447  Mesnick et al. (2011) - — -
PMBH92S122 Mesnick et al. (2011) - - -
PmBH92Y172 Mesnick et al. (2011) GGCCTATGGTAGGTATCCTGTC GCTCAACCCAATAAAAAAAAGCTA 48°C
PMCHYR304 Mesnick et al. (2011) — — —
PMDDX5R109 Mesnick et al. (2011) — — —
PmMHSPA9Y220 Mesnick et al. (2011) — — —
PMLAPTM4R553 Mesnick et al. (2011) — — —
PmMMYL4R358 Mesnick et al. (2011) - — -
PmPHGDHM200 Mesnick et al. (2011) — — —
PmPHGDHR223 Mesnick et al. (2011) — — —
PmPHGDHS172 Mesnick et al. (2011) AGGGAGCAGTGAGACCAGAA CAACCTCACCAGCTCCAAA 58°C
PmPHGDHY321 Mesnick et al. (2011) — — _
PNDR111 Morin et al. (2007) — _ _
RDSK456 Morinet al. (2007) — — —
RYR2R327 Morin et al. (2007) CACGTATCTCTAGGGAGCAGC GGTGGAAAGGATGAGCAGAAT 58°C
SPTBN1S279 Morin et al. (2007) CCAAGCAGCACTCAAGTACG GAGATGCAGTAGGGTAGCCTT 53°C
SPTBN1Y753 Mesnick et al. (2011) - — —
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TAG G GCG ACG TG TG GCA a)

TAG G GCGATGTOGTG GCA b)

TAG G GCG AYG TGTG GCA

Figure 1: Electropherograms of sperm whale DNA sequences at a SNP locus (DRD2Y679) for
three individuals. The SNP is located at the 9" position from the left. The two alleles for this
locus are C or T. The individual in a) is a C homozygote, the individual in b) isa T homozygote,
and the individual in c) is a heterozygote.
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Table 2: Sequences of 20 PCR amplification fragments containing sperm whale SNPs.

A Fragment
Locus Amplification Fragment Y
Length (bp)

CATR262 TGTTTTCTTTTTTAAGTGTCTTTGCAACTAATTAAAAAAAATTGTGGTCAAGC RTTCGTAAGTTGTATACAAAACACAGTGGTACCACTTAAAG 118
AGTTTCCTAGCCTGTGAATGAGGG

CATR456 TCCCTTCCAGTTCCTGTTTGATGAGTTTACTAAGTTCATCTGGGTGGCCTGATATATTGTTATTAGCAGGGAACAAATTTTGATGAGCTGATA 162
TACTTTTGCCCAGGGAAAGACTCARTGTTTACTGTTTACTGTTGTGAAAGTTTCAACCAATGCACTCAC

CHRNA1Y111 GTCAGACCAGGAGTCCAATAACGTAAGCTCTGTGGCTTGAGATCTGCACCTCCTGTTTAAATGGTCAAATGCTC " AGCACAGAGGGATGG 147
GTTTGGCTTGATGGGAAGGYTGGCGTTCAAGGGGCAGCTACTGACGTAAGATGTGCC

CHRNA1R76 GTCAGACCAGGAGTCCAATAACGTAAGCTCTGTGGCTTGAGATCTGCACCTCCTGTTTAAATGGTCAAATGCTCRAGCACAGAGGGATGG 147
GTTTGGCTTGATGGGAAGG ' TGGCGTTCAAGGGGCAGC TACTGACGTAAGATGTGCC

CKK273 CCACCCCTATGTTCAAGCACCGCCCCTAAGAACGCGCCTTCCCKGCGTCCTCAAGCCCAGCCCCCTCAGAATCCTGCCACCACCTGT 87

CSF2K552 CCCCTTGAATGCTAGGTCTGTCCATGGCTGGTCAGCTAATAAAGKAGCTCACGTGACTACCACAGGGGCAAAG 73

CSF2R278 AGCACAGCCACATTCCCTTGGCCTGGCATCTCAAGAGGGTCCCAGTCCCCRGAAAACAGAGGTCACTGTCCTCCCAGCATTCAGGGGG 131
AAGTAGGAGGGGGCTCTCGCCCAGACCTGCTGTGTGAGCAAAG

CSF2Y589 GACTACCACAGGGGCAAAGCCAGTGGCYTCCTGAGCAACCCTCCTTCTGGC 51

DRD2Y679 TACACCCTTTGCCGGATTCTTGGAAGATGAATGGAACTAATGTGTCAGAAGTGC TGGGTAGGGCGAYGTGTGGCATCATAAACAATTACC 125
ATTGTTATTATTTTCTGCTGAACGAGACCTAACCC

ELN40K209 TCCCTTAAACTGTGGCTCGTCCTGACCCCCATCCKCCCTCTTCTCAGGTGCCGCT 55

EPOR237 AAGATCCAGGAACCTGGAGTCCCCCCCKGCACTTGGTTCAGGGGTGGAAGCGGGGAGCCAGAGCCCCCRGTAAAAGTAATAAGAGTG 174
GTGGTCCCCAGCGCACACCTGGAAGCTAGGTAAGGGG ' GAAGCCAGCAGGAGCCCCTGGGGCCCCTGACTCCAGGCTTGTGCATTTIC

FOYS80 CGAAAAAGAAGACAGGTTAATGGTACTATTTAAAATGTTTTCGATTTGATTCCTTCTCTATTGTAACATTYATAGAGCACGTGTATGTATAGAT 126
ATTTTAAAATTCCAAAGGCAAGTATGGTTCCC

GRPY190 TGCAGCAGGACATCAAGTTCTTGCCTTTCAAGGTTCGACCTGGTYTTTCTCTTCTAAATAGAAAGTGAGAAAATAAAAAAGAAAGTGGGGG 95
GGGG

INTS368 CAAATCTCTGCGGGACAGTTCGCSCCTCCCTTCCTCTGTGCGCGGCTAGGCCTGGGCCTTTGCTGAGGTTC 71

PKMY237 AGACTTGGCCAGCCCTCTATGCTCTCCCTGAAACCCAGCCAGATGTCCAACTACAGAATTCTGGYTGTACAGAGCATGTCAAAAAGACC 124
CTTCCCTAGGTCTCTGAGACGCTCTGCTAAGGAAG

PmMABHD5M274  TCTGTCCTAGAGCCACAGCATCTCTGCAGTGGGAGAGACTGAAAGAGGGACAGACAGGTCCAATAGCACTGMGACCACCTCCCAAGGC 139
AACACATTCTTAACTTTGTTCAGTGTTTCTGTTGGCCCTATTGTTAGAGGT

PMBH92Y172 GGCCTATGGTAGGTATCCTGTCTGTGAGTGTCATTTAGCA: AGTGCAAGTAAAGTGAAATACAGTCAACTGATAGAAGTGGTTTATAGTAYG 116
TAGCTTTTTTTTATTGGGTTGAGC

PMPHGDHS172  GCAACCTCACCAGCTCCAAAGGCSCTCTCTTCCTCCCACCAGCTCTTCCCC!ICACACCTCCTTTCTGGGGGCCCHCGGTCTTTCTGGT 101
CTCACTGCTCCCT

RYR2R327 GGTGGAAAGGATGAGCAGAATATGTACCAAGCCTCTCAGAGAGCTTTGGCRTGTTCTCCATTCCGAACAGGAATTCTCTAGCTGCTCCCT 101
AGAGATACGTG

SPTBN1S279 GAGATGCAGTAGGGTAGCCTTCCATTATATTTTAACTS TGTCTTGC TATTCTGAAATGGACCTGTCTTCTCCTTCCGTACTTGAGTGCTGCT 95
TGG

Blue: Forward primer binding site
Green: Reverse primer binding site

Red: Target SNP

Yellow: Other nontarget linked SNPs within the fragment
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Figure 2: 2% agarose gel stained with SYBR Green | containing raw DNA from 18 sloughed
skin samples. Note the faint presence of DNA and extensive smearing in most samples,
indicative of a high level of degradation.

(Wells 1 and 11 contain a low mass ladder for comparing the amount and size of DNA. Wells 2,
3, and 20 contain positive controls, while well 19 contains a negative control. All other wells
contain DNA from the samples of interest).
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Figure 3: 2% agarose gel stained with EtBr containing PCR product from two samples (one of
high quality and the other severely degraded) amplified with four SNP primer pairs using three
annealing temperatures. Product in the top left was obtained with an annealing temperature of
48°C, the top right used 53°C, and the bottom left used 58°C. Note the high yield of amplified

DNA obtained from all primers for both samples.
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Table 3: Expected sequences of PCR amplification fragments used for genotyping using Sanger
sequencing.

. I Fragment
Locus/Region Amplification Fragment 9
Length (bp)

CATR262 TGTTTTCTTTTTTAAGTGTCTTTGCAACTAATTAAAAAAAATTGTGGTCAAGC RTTC GTAAGTTGTATACAAAACACAGTGGTACCACTTAAAG 118
AGTTTCCTAGCCTGTGAATGAGGG

CATR456 TCCCTTCCAGTTCCTGTTTGATGAGTTTACTAAGTTCATCTGGGTGGCCTGATATATTGTTATTAGCAGGGAACAAATTTTGATGAGCTGATA 162
TACTTTTGCCCAGGGAAAGACTCARTGTTTACTGTTTACTGTTGTGAAAGTTTCAACCAATGCACTCAC

CHRNA1 GTCAGACCAGGAGTCCAATAAC GTAAGCTCTGTGGCTTGAGATCTGCACCTCCTGTTTAAATGGTCAAATGCTCRAGCACAGAGGGATGG 147
GTTTGGCTTGATGGGAAGGYTGGCGTTCAAGGGGCAGCTACTGACGTAAGATGTGCC

CKK273 CCACCCCTATGTTCAAGCACCGCCCCTAAGAACGCGCCTTCCCKGCGTCCTCAAGCCCAGCCCCCTCAGAATCCTGCCACCACCTGT 87

CSF2* CCCCTTGAATGCTAGGTCTGTCCATGGCTGGTCAGCTAATAAAGKAGCTCACGTGACTACCACAGGGGCAAAGCCAGTGGC YTCCTGAG 105
CAACCCTCCTTCTGGC

CSF2R278 AGCACAGCCACATTCCCTTGGCCTGGCATCTCAAGAGGGTCCCAGTCCCCRGAAAACAGAGGTCACTGTCCTCCCAGCATTCAGGGGG 131
AAGTAGGAGGGGGCTCTCGCCCAGACCTGCTGTGTGAGCAAAG

DRD2Y679 TACACCCTTTGCCGGATTC TTGGAAGATGAATGGAAC TAATGTGTCAGAAGTGC TGGGTAGGGCGAYGTGTGGCATCATAAACAATTACC 125
ATTGTTATTATTTTCTGC TGAACGAGACCTAACCC

EPO AAGATCCAGGAACCTGGAGTCCCCCCCKGCACTTGGTTCAGGGGTGGAAGCGGGGAGCCAGAGCCCCCRGTAAAAGTAATAAGAGTG 174
GTGGTCCCCAGCGCACACCTGGAAGCTAGGTAAGGGGYGAAGCCAGCAGGAGCCCCTGGGGCCCCTGACTCCAGGCTIGTGCATTTC

FOY80 CGAAAAAGAAGACAGGTTAATGGTACTATTTAAAATGTTTTCGATTTGATTCCTTCTCTATTGTAACATTYATAGAGCAC GTGTATGTATAGAT 126
ATTTTAAAATTCCAAAGGCAAGTATGGTTCCC

PKMY237 AGACTTGGCCAGCCCTCTATGCTCTCCCTGAAACCCAGCCAGATGTCCAACTACAGAATTCTGGYTGTACAGAGCATGTCAAAAAGACC 124
CTTCCCTAGGTCTCTGAGACGCTCTGCTAAGGAAG

PmMBH92 GGCCTATGGTAGGTATCCTGTCTGTGAGTGTCATTTAGCAS AGTGCAAGTAAAGTGAAATACAGTCAACTGATAGAAGTGGTTTATAGTAYG 116
TAGCTTTTTTTTATTGGGTTGAGC

PMPHGDH GCAACCTCACCAGCTCCAAAGGCSCTCTCTTCCTCCCACCAGCTCTTCCCCMCACACCTCCTTTCTGGGGGCCCRCGGTCTTTCTGGT 101
CTCACTGCTCCCT

SPTBN1S279 GAGATGCAGTAGGGTAGCCTTCCATTATATTTTAACTS TGTCTTGCTATTCTGAAATGGACCTGTCTTCTCCTTCCGTACTTGAGTGCTGCT 95
TGG

Blue: Forward primer binding site

Green: Reverse primer binding site

Red: Target SNPs to be genotyped

* The CSF2 region fragment was obtained by mixing the forward primers for CSF2K552 and CSF2Y589



Table 4: Genotyping success of SNPs contained within PCR fragments sequenced on an ABI

3500xl.

Locus

Successfully
Typed

CATR262
CATR456
CHRNA1Y111
CHRNA1R76
CKK273
CSF2K552
CSF2R278
CSF2Y589
DRD2Y679
EPOR237
EPOY292
F9Y80
PKMY237
PmBH925122
PmBH92Y172
PmMPHGDHS172
PmMPHGDHM200
PmPHGDHR223
SPTBN1S279
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Table 5: The final 8 loci used for relatedness network analysis.

Locus ?fuz;iel;s Component Linked SNPs
CAT 4 CATR262, CATR456
CHRNAL 4 CHRNAL1Y111, CHRNA1R76
CSF2 4 CSF2R278, CSF2Y589
DRD2Y679 2 -

EPO 4 EPOR237, EPOY292

FOY80 2 -
PmBH92Y172 2 -
PmMPHGDHS172 2 -
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Figure 4: Observed network of genetic relatedness among 72 sperm whales off the coast of
Dominica based on pairwise relatedness from SNPs. Network analysis has detected three clusters
of related individuals, which were found to be statistically insignificant (see text, Figure 5).
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Figure 5: Histogram of the modularity distribution of 1000 simulated networks based on
observed allele frequencies in 72 individuals. The modularity of the observed network is
indicated by the red line, and is not significantly different from the simulated results.
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clusters of related individuals in a population with low overall genetic variation. The eight SNP

loci include 12 SNPs in total, eight of which are linked. The 24 SNP loci include the original 8

multiplied three times (36 SNPs, total, 24 linked). The 11 microsatellite loci were those used by

Arseneault (2011).
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