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GENERAL ABSTRACT 

 

 

 

The New Zealand sea lion (NZSL) is the rarest sea lion in the world and exists in relative 

isolation, primarily in New Zealand‘s sub-Antarctic islands.  Once widespread throughout 

New Zealand, the species suffered a population bottleneck through subsistence and 

exploitative hunting.  Only 8600 – 11300 individuals remain and pup production has declined 

by 40% over the last decade.  In addition, the species is unusually susceptible to disease and 

has suffered three seasons of very high pup mortality in recent years (1997 – 2003).  As such, 

it is of high conservation concern.   

 

Here we have applied population genetics and molecular ecological methods to address how 

genetic factors may be impacting the susceptibility of the NZSL to disease.  First, since the 

level of variation at neutral genomic loci is expected to be a reasonably good predictor of 

overall genomic variation, we dissected the level of variation at a large panel of microsatellite 

loci, and established that while heterozygosity is maintained, allelic diversity is depauperate.  

We have also provided genetic evidence of an historical population-size bottleneck, and 

indicated that the population departs from random mating and panmixia, as expected under 

Hardy-Weinberg equilibrium.  Next, because of the difficulties associated with the anonymity 

of microsatellite loci in species for which no genome sequence exists, we created a predicted 

physical map of the pinniped genome using microsatellites, based on demonstrated synteny 

between species of the Carnivora.  We optimised and then utilised a panel of 21 microsatellite 

loci to show that overall genetic variation in NZSL pups is associated with death by bacterial 

infection, and that the panel of microsatellites used here is reflective of genome-wide 

variation, justifying its utility in the context of HFCs.   

 

However, the level of variation at neutral genomic loci is not necessarily correlated with 

variation elsewhere in the genome; therefore it was important to investigate variation at genes 

with known function in disease resistance or susceptibility.  We have illustrated that the gene 

SLC11A1 (previously NRAMP1) has conserved structural features in the NZSL reflective of 

its role in macrophage activation; however we lacked the statistical power to associate 

variations in this gene with disease in this study, despite promising trends.  We then 

demonstrated a high level of variation at one gene of the major histocompatibility complex 
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(MHC), in spite of low allelic diversity at microsatellite loci.  The NZSL has been subject to 

recurrent epizootic events in recent years, attributable to two different bacterial pathogens.  

We suggest that, as a consequence of recurrent selection pressure exerted by diverse 

pathogens and multiple epizootic events, balancing selection may be operating at this locus in 

order to maintain MHC diversity, which is generally vital for an adequate immune response.  

In addition, certain haplotypes of this gene associated strongly with survival; however these 

results should be viewed as tentative.   

 

In summary, we have presented a thorough assessment of genome-wide variation in the NZSL 

and conclude that diversity is generally low; however selection appears to be maintaining 

variation at genes involved in the immune response, and this work provides intriguing 

preliminary data for further study.  This research serves to elucidate overall levels of genetic 

variation in this endemic, threatened species, and aids in the understanding of the genetic 

mechanisms of resistance to disease epizootics, which is crucial for their conservation 

management and population recovery.  This work has the capacity to be applied to many 

species of conservation concern both in New Zealand and globally. 
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CHAPTER 1 -  GENERAL INTRODUCTION 

 

1.1 The New Zealand sea lion – status and distribution 

 

The New Zealand sea lion (NZSL, Phocarctos hookeri, Figure 1-1, Gray, 1844), of the order 

Carnivora, suborder Pinnipedia, is the largest native and only seal endemic to New Zealand 

(Bryden et al., 1998).  It is the rarest sea lion in the world, with recent population estimates of 

between 8600 – 11300 individuals (Geschke and Chilvers, 2009).  The species has suffered a 

40% decline in pup production over the last decade (Chilvers et al., 2007, Chilvers, 2009).  

 

 

 

Figure 1-1 - The New Zealand sea lion, Phocarctos hookeri.  Photo B. Louise Chilvers 

 

 

Before human occupation of New Zealand, the NZSL ranged from the far north of the North 

Island, through Stewart Island and down to the sub-Antarctic, with colonies also present on 

the Chatham Islands (Childerhouse and Gales, 1998; Figure 1-2).  Sea lions were hunted for 

food by indigenous New Zealand populations and direct exploitation by humans saw the 

depletion of the sea lion population from the northern North Island by c.AD1500 as a result of 



24 

 

subsistence hunting.  Following European settlement of New Zealand, the NZSL was 

subsequently extirpated from the New Zealand mainland through commercial sealing 

activities by AD1826 (Childerhouse and Gales, 1998).  In 1896 the NZSL was declared a 

protected species.   

 

Consequently, the NZSL range is now restricted mainly to the remote Auckland Islands where 

71% of pup production occurs (Robertson and Chilvers, 2011).  The Auckland Islands and 

Campbell Island (Gales and Fletcher, 1999, Childerhouse et al., 2005, Chilvers et al., 2007) 

are the main breeding colonies (Figure 1-2).  Threats to the stability and growth of the 

population now include incidental by-catch by squid trawler fisheries in the immediate area 

(Chilvers et al., 2007) and episodic disease events which result in high levels of mortality of 

pups especially, but also adults (Baker, 1999).  Such disease events have occurred three times 

since the first known event was observed in 1997 (Figure 1-3).  This episode resulted in 

mortality of 58% of pups from the 1997/1998 breeding season, along with 70 adult females, 

and was attributed to infection by a Campylobacter bacterium (Baker, 1999).  In 2001/2002 

and 2002/2003, further seasons of unusually high mortality took place, with the death of 33% 

and 21% of pups born in these years respectively, from infection with the opportunistic 

bacterium Klebsiella pneumoniae (Wilkinson et al., 2006).  In perspective, mean pup 

mortality in non-epizootic years is approximately 10% (Castinel et al., 2007b).  This is 

comparable with other pinniped species such as the grey seal, mean pup mortality 12.5%, 

(Baker and Baker, 1988) and the California sea lion, mean pup mortality 11.25%, (Aurioles 

and Sinsel, 1988), and reiterates the substantial deviation from normal mortality levels in 

these epizootic years.  There do not appear to be recorded cases of epizootic disease in the 

NZSL population resulting in mass mortality prior to the events of 1997/1998, although the 

isolation of the Auckland Islands may mean that any previous epizootics were unreported. 
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Figure 1-2 - Breeding distribution of the New Zealand sea lion.  There are three recognised breeding areas: two 

in the Auckland Islands, one on Campbell Island Motu Ihupuku, and also a colony on the Otago Peninsula 

(Chilvers and Wilkinson, 2008).  Sampling locations used in this study are identified by blue rectangles.  Figure 

taken from New Zealand sea lion species management plan: 2009–2014 (DoC, 2009).   
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Figure 1-3 - Percentage pup mortality at Sandy Bay, Enderby Island.  Graph B.L. Chilvers.  Seasons of high 

mortality indicated by red circles.  

 

 

Other less numerically significant causes of population decline in the NZSL include the 

abduction and cannibalism of pups by territorial males (Wilkinson et al., 2000), and adult 

female death due to male harassment (Chilvers et al., 2005), which accounts for an average of 

0.5% of adult female deaths.  Some deaths of NZSLs also occur due to resource competition 

with fisheries (Chilvers, 2008).  In addition, the diet of the NZSL is not very energy-rich and 

may be limiting the reproductive success and growth of the NZSL population (Bando et al., 

2005). 

 

The breeding season of the NZSL is from mid-December to mid-January, and the mean date 

for pup birth is late December (Chilvers et al., 2006).  Female NZSLs usually give birth for 

the first time at 4-6 years old, with males achieving dominant male status at 10-12 years old 

(Perrin et al., 2008). The epizootics of recent years are now severely impacting on the number 

of adults available for breeding, as shown by estimates of the reduction in the number of adult 

females being recruited to the breeding population (Wilkinson et al., 2006).  It was predicted 

that the mortalities of 2001/02 and 2002/03 would result in between 2.3 - 4.6% fewer adult 

females contributing to the breeding population by the 2007/08 breeding season (Wilkinson et 

al., 2006).  It is likely that the population will remain static or continue to decline if the 

current trend of periodic epizootic events within the NZSL population continues.   
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1.2 Epidemics in other marine mammals 

 

Epidemics in the form of epizootics are not rare in marine mammals (Wilkinson et al., 2006, 

and Table 1-1).  Mass die-offs of pinnipeds have been reported as far back as 1957 (Laws and 

Taylor, 1957) and there occurred an unprecedented number of mortality events in the 1980s, 

due to influenza virus (Geraci et al., 1982), herpesvirus (Borst et al., 1986) and more notably 

morbillivirus (Osterhaus et al., 1988, Grachev et al., 1989).  In the 19
th

 century, large numbers 

of seals with pneumonia-like symptoms were documented (Harwood and Hall, 1990).  Canine 

distemper virus (CDV), a morbillivirus, was the causative agent for numerous disease 

epidemics among marine mammals including several pinniped species (Bengtson et al., 1991, 

Osterhaus et al., 1997, Kennedy et al., 2000, Pollack, 2001), and has been seen frequently in 

cetacean deaths (Domingo et al., 1990, Birkun et al., 1999, Fernandez et al., 2008)   

 

 

Event 

year 
Species affected 

Cause of 

outbreak 
Scope of mortality Authority 

1955 Crabeater seal Suspected viral 3000 Laws and Taylor 1957 

1970 California sea lion Leptospirosis Uncounted Vedros et al., 1971 

1979-80 Harbour seal Influenza virus 400 Geraci et al., 1982 

1984 Harbour seal Herpesvirus 11 out of 23 Borst et al., 1986 

1988 Baikal seal Morbillivirus Several thousand Grachev et al., 1989 

1988 Harbour seal Morbillivirus 17000 
Osterhaus et al., 1988, 

1989 

1990 Striped dolphins Morbillivirus Not stated Domingo et al., 1990 

1997 
Mediterranean monk 

seal 
Morbillivirus 

Half total 

population 

Osterhaus et al., 1997, 

1998 

1994 Common dolphin Morbillivirus Uncounted Birkun et al., 1999 

2000 Caspian seal Morbillivirus 10000 Kennedy et al., 2000 

2002 Harbour seal Morbillivirus 182 out of 900 Jensen et al., 2002 

2006-07 Pilot whale Morbillivirus Stranded whales Fernandez et al., 2008 

Table 1-1 - Summary of reported epizootic events in marine mammals 

 

 

It is clear from Table 1-1 that the majority of reported disease episodes are viral in nature.  

One mass mortality event attributed to bacterial infection, other than the NZSL, is an outbreak 

of leptospirosis in California sea lions (Vedros et al., 1971).  Other cases are either not able to 

be attributed to a specific causal pathogen, or are not well documented; investigations of 

disease in marine mammals normally only occur when many dead individuals appear at one 
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location, because of the difficulty in assessing the cause of disease in species where a large 

majority of deaths would have occurred at sea (Harwood and Hall, 1990).  Based on the rarity 

of bacterial causes of mass mortality in marine mammals, and the devastating effect of 

epizootics on an already vulnerable species, understanding susceptibility to these causal 

agents is imperative for NZSL population re-growth and persistence.   

 

1.3 Mass mortalities in population dynamics 

 

Wilkinson et al. (2006) postulated that disease epidemics in marine mammals may be a 

significant factor in the population dynamics and genetics of such species.  Harwood and Hall 

(1990) suggest that pinnipeds are particularly susceptible to mass mortalities as a consequence 

of their social complexity; they aggregate in large groups every year, therefore the 

introduction of a novel pathogen could be devastating.  Marine mammals are occasionally 

subjected to disease or viral episodes that can remove up to 50% of their population (Harwood 

and Hall, 1990).  For example, canine distemper virus caused the death of thousands of Baikal 

seals in Siberia in 1988 (Grachev et al., 1989).  Also in 1988, unprecedented numbers of 

harbour seals were infected with a morbillivirus similar to canine distemper virus in Europe 

(Osterhaus et al., 1988) and later in North America (Duignan et al., 1995).  This morbillivirus 

was termed phocine distemper virus due to its similarity to canine distemper virus (Cosby et 

al., 1988, Mahy et al., 1988) and was the cause of thousands of seal deaths in the northern 

hemisphere between 1988 and 1992 (Osterhaus, 1989, Duignan et al., 1993).  Furthermore, 

mass mortality of Mediterranean monk seals showing similar symptoms to previous 

morbillivirus infections (Osterhaus et al., 1997) were attributed to a virus that closely 

resembled the dolphin morbillivirus (Osterhaus et al., 1998), which demonstrates that 

morbilliviruses are highly infectious and are able to infect numerous families within the 

Carnivora.   

 

The hypothesis that once population density decreases below a critical threshold, disease will 

cease to be a major driver of population decline (Anderson and May, 1979), may not hold true 

for pinnipeds. Their gregarious nature means that even when population numbers are low, 

local density can be high, thus infected individuals will often come into contact with non-

infected individuals (Harwood and Hall, 1990).  Consequently epidemics can occur even at 

very low global population densities, making marine mammals particularly vulnerable to 
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large-scale mortality.  Literature shows that severe population declines are not uncommon in 

large mammals (Harwood and Hall, 1990, Young, 1994) and that these episodes will severely 

impact on the viability of populations (Young, 1994), as is thought to be the case in the New 

Zealand sea lion.  

 

It is pertinent to mention that on a global scale, most sea lion species (notwithstanding the 

California sea lion) have decreasing population levels (IUCN, 2008), while in contrast, most 

fur seal species are not of conservation concern and have increasing population levels (Table 

1-2) 

 

 

Genus Species Common names (Eng) Red List status Population trend 

Arctocephalus australis South American Fur Seal LC Increasing 

Arctocephalus forsteri New Zealand Fur Seal LC Increasing 

Arctocephalus galapagoensis Galápagos Fur Seal EN Decreasing 

Arctocephalus gazella Antarctic Fur Seal LC Increasing 

Arctocephalus philippii Juan Fernández Fur Seal NT Increasing 

Arctocephalus pusillus South African Fur Seal LC Increasing 

Arctocephalus townsendi Guadalupe Fur Seal NT Increasing 

Arctocephalus tropicalis Subantarctic Fur Seal LC Increasing 

Callorhinus ursinus Northern Fur Seal VU Decreasing 

Eumetopias jubatus Steller Sea Lion EN Decreasing 

Neophoca cinerea Australian Sea Lion EN Decreasing 

Otaria flavescens South American Sea Lion LC Stable 

Phocarctos hookeri New Zealand Sea Lion VU Decreasing 

Zalophus californianus Californian Sea Lion LC Increasing 

Zalophus wollebaeki Galápagos Sea Lion EN Decreasing 

Table 1-2 - Fur seal and sea lion conservation status as determined by the IUCN Red List.  Status codes: LC, 

least concern; EN, endangered; NT, near threatened; VU, vulnerable.  Information from the IUCN (IUCN, 

2008). 

 

1.4 Causes of epizootics 

 

In the NZSL, adult males are thought to be important vectors for disease, due to their 

observed movements between harems within a breeding season and between colonies post-

breeding season (Robertson et al., 2006); observations that run counter to the perceived 
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wisdom that territorial male pinnipeds do not move between colonies during the breeding 

season and show high site philopatry between breeding seasons (Hoffman et al., 2006b).  

Based on their studies, Robertson et al. (2006) hypothesised that male NZSLs may be vectors 

for the epizootic diseases observed in this population.  For example, pups and adult male 

NZSLs may have been vectors leading to the outbreaks of Klebsiella pneumoniae in the 

Auckland Islands that resulted in pup mass mortality in 2001/2002 and 2002/2003.  The 

specific strain of Klebsiella pneumoniae seen in NZSL pup mass mortality was isolated for 

the first time in these years, and was highly prevalent in pup necropsies (Castinel et al., 

2007c).  Klebsiella was again isolated from dead pups in 2004/05 and the high genetic 

similarity between pathogens over these years suggests that this pathogen is persistent and 

also clonal in nature (Castinel et al., 2007c).  It is possible that pups and adult males may have 

carried Klebsiella from contaminated water around the Otago Peninsula colony to the sub-

Antarctic, where the population is naïve to novel pathogens, which may account for the 

devastating result (Castinel et al., 2007c).  However, while the same strain of Klebsiella was 

found to be responsible for the mass mortalities of NZSLs in 2001/2002 and 2002/2003, this 

strain was found to be different to that carried by and isolated from adults (Castinel et al., 

2007c), highlighting the susceptibility of an already vulnerable species to new and unique 

pathogens.  

 

There have been many reports of mass die-offs in threatened species due to epizootics (May, 

1988, Harwood and Hall, 1990, Young, 1994).  If these die-offs do indeed affect population 

genetics and dynamics, ascertainment of the source of these outbreaks is important, since they 

are so detrimental to marine mammals and have an apparent ease of transmission between 

species (Fernandez et al., 2008).  One proposed source of canine distemper virus in pinnipeds 

was that of dogs present with teams of scientists in the Antarctic region (Bengtson et al., 

1991).  It was also demonstrated that human-derived pollutants, such as organochlorines and 

heavy metals, are able to cause immunosuppression in pinnipeds (de Swart et al., 1994). 

These bio-accumulating pollutants, when combined with the sweeping effects of a novel 

pathogen in the environment, could have disastrous effects on marine mammals, especially 

when one considers that global warming is expected to increase the conditions that favour 

pathogen transmission (Lavigne and Schmitz, 1990, Harvell et al., 1999, Zell, 2004).   

 



31 

 

1.5 Impact of environmental variability 

 

The El Niño Southern Oscillation (ENSO) phenomenon represents fluctuations in the global 

climate and ocean temperatures.  El Niño years are characterised by warm, wet weather, 

which while less extreme in New Zealand than in equatorial and Pacific island locations, still 

accounts for 25% of climate variation in years when El Niño is active.  1997/1998 was an El 

Niño year, the strongest ever recorded.  It led to prevailing westerly winds in New Zealand; 

conditions were wetter in the west with drought in the east, and increased sea temperatures 

(Basher, 1998).  Likewise, 2002/2003 was an El Niño year (NIWA, 2003), albeit less 

extreme, while 2001/2002 was neutral (NIWA, 2002).  It is possible that warmer temperatures 

may facilitate the transmission of bacterial pathogens (Lavigne and Schmitz, 1990).  

Interestingly, infection with Klebsiella pneumoniae in humans was more prevalent during 

warmer months (Anderson et al., 2008) consistent with an impact of seasonal variability on 

the risk of infection. 

 

Environmental variability can seriously affect food availability.  During El Niño conditions, 

decreased food availability is directly related to lower reproductive success in birds (Vieyra et 

al., 2009).  For marine mammals, females are likely to undertake longer foraging trips when 

food is scarce.  This reduces body condition, delays a return to the breeding ground leaving 

pups vulnerable, and reduces pupping success during that breeding season (Lunn et al., 1994).  

Since years of high mortality due to opportunistic pathogens are common when climate is 

warmer, NZSLs face a double-pronged attack during El Niño years.  Stressful environmental 

conditions can reveal underlying genetic variation leading to fitness differences between 

individuals within a population (Audo and Diehl, 1995, Crnokrak and Roff, 1999, Armbruster 

and Reed, 2005).  It is expected that more genetically diverse, and potentially more fit, 

individuals in the population should survive through harsh environmental conditions, rather 

than more genetically depauperate individuals, discussed below. 
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1.6 Genetic variation and fitness 

 

Fisher‘s fundamental theorem of natural selection (Fisher, 1930) states that:  

 

―The rate of increase in fitness of any organism at any time is 

equal to its genetic variance in fitness at that time‖. 

 

Fitness is defined as the capability of an individual of a certain genotype to reproduce, or the 

extent to which a certain genotype is favoured by natural selection.  Since Otto Frankel first 

proposed the connection between the loss of genetic diversity and an increased risk of 

extinction (Frankel, 1970, Frankel, 1974) practical demonstrations of this have indicated that 

genetic variation and reproductive excess are indeed required for population persistence and 

evolution (Frankham et al., 1999).   

 

Threatened species are known to have small and/or declining population sizes (IUCN, 2008).  

In such species, maintenance of genetic diversity and the ability to evolve are compromised, 

since breeding with genetically similar relatives (inbreeding) and the subsequent decline in 

genetic variability are usually unavoidable under such circumstances (Frankham et al., 2002).  

Studies have shown that inbreeding has serious consequences on all aspects of reproduction 

and survival (Crnokrak and Roff, 1999, Frankham et al., 2002) and that naturally outbreeding 

species can increase their risk of extinction when inbreeding occurs (Frankham, 2005).  

Undoubtedly, most threatened taxa have reduced reproductive fitness and disease resistance, 

which is thought to be due respectively to elevated inbreeding and a subsequent reduced 

ability to evolve (Reed and Frankham, 2003).  This is termed inbreeding depression and is 

usually due to increased homozygosity throughout the genome and at loci affecting fitness 

(Charlesworth and Charlesworth, 1987).  There has been some debate as to whether 

environmental stochasticity or genetic factors primarily increase the risk of extinction (Lande, 

1988); current opinion and evidence suggests that genetic effects will drive a species to 

extinction long before stochastic factors (Spielman et al., 2004b).  However, others have 

shown that inbreeding is not necessarily the primary cause of extinction, but that it can be 

critical, especially in species with low growth rates (Mills and Smouse, 1994).  It is 

hypothesised that a lack of genetic variation due to small and declining population size plays a 

fundamental role in the fitness of the NZSL population, and specifically, that inadequate 
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genetic diversity is contributing to an increased susceptibility to disease and a decline in 

population size.   

 

1.7 Quantifying genetic diversity using microsatellites 

 

If genetic diversity drives reproductive success, disease resistance and future evolutionary 

potential, quantifying the levels of genetic variation in wild, free-living populations of 

endangered species is important for improving their conservation outcomes (Frankham et al., 

2002).  Limited genetic diversity is generally accepted to directly increase the risk of 

extinction of threatened species; therefore a method of measurement of levels of genome-

wide variation is required.   

 

The first molecular markers developed to illustrate the differences between genome-wide 

diversity and traits relative to fitness were allozyme loci (Mitton and Grant, 1984, Zouros and 

Foltz, 1987, Britten, 1996).  Allozymes are varying forms of the same enzyme, coded for by 

different alleles at a genomic locus (Lewontin and Hubby, 1966).  They have been used for 

elucidating the genetic mechanisms underlying fitness differences in a variety of organisms 

(David, 1998).  However, most modern population and conservation genetic studies require 

the use of loci that are neutral, especially when estimating levels of overall genetic diversity 

and population structure, and it is not known for certain whether allozyme loci are functional 

or neutral.  Another disadvantage is that there are only limited numbers of loci available for 

investigation.  Therefore, a succession of DNA-based methods have been developed over the 

last two decades, culminating in the current widespread use of microsatellite loci.  Molecular 

methods of assessing genomic variability are summarised in Table 1-3. 

 



 

 

Table 1-3 - Definitions of methods of assessment of heterozygosity using molecular markers. 

 

Locus type Definition Method Usage Disadvantages Reference 

Allozyme Variant forms of an enzyme 

coded for the by same locus 

Enzyme-specific.  Alleles migrate 

different distances due to charge 

differences 

Genetic variability, fitness 

correlations 

There are relatively small 

number of markers 

available, compared to 

DNA-based markers, and 

allozymes are not neutral 

markers 

 

Mitton and 

Grant 1984; 

Zouros and 

Foltz 1987 

Restriction 

fragment length 

polymorphism, 

RFLP 

Variation in DNA fragment 

banding patterns after 

restriction enzyme digest 

DNA digested with a restriction 

enzyme.  Alleles differ in the 

presence or absence of restriction 

sites and will produce different 

fragment sizes 

 

Useful for assessing DNA 

variation, relatedness, 

paternity/maternity 

Provide no information of 

the relationship among 

alleles, and only two 

alleles per locus 

Quinn and 

White et al., 

1987 

Minisatellite Multilocus minisatellite, a 

repeat motif typically of 

10-50bp 

DNA fingerprinting. A probe for a 

repeat element hybridises to a 

minisatellite motif.  Complex 

banding patterns result from loci 

with many alleles which vary in the 

number of repeats which is specific 

to the individual 

 

Parenthood testing Not highly stringent, and 

normally located near 

telomeres 

Jeffreys et al., 

1985 



 

 

Variable number 

tandem repeat, 

VNTR 

Single locus 

minisatellite/variable 

number tandem repeat 

Synthetic oligonucleotides designed 

to several tandem repeat sequences.  

Highly variable and allele sizes 

reflect the variation in repeat 

numbers 

Genetic markers for 

linkage and mapping of 

disease loci 

Difficult to tell many 

alleles apart during 

genotyping 

Nakamura et 

al., 1987 

Randomly 

amplified 

polymorphic 

DNA, RAPD 

DNA amplified using non-

specific primers 

complimentary to many 

sites in the genome 

Primers of an arbitrary DNA 

sequence amplify random DNA 

segments.  Bands present in one 

individual may not be in another, due 

to variation in primer annealing sites.  

Selectively neutral 

 

Genetic mapping Not codominant 

inheritance and only two 

alleles per locus 

Williams et al., 

1990; Welsh 

and 

McClelland 

1990 

Microsatellite Short tandem repeat, 

repeating motifs typically 

of 1-6bp 

Assumed to be selectively neutral for 

most population genetic studies.  

Easy to genotype and have many 

loci, but not too many (like VNTRs) 

 

Genetic mapping, 

parentage analyses, 

heterozygosity studies, 

relatedness, population 

structure 

Mutation method not fully 

understood 

Jarne and 

Lagoda 1996 

SNP Single nucleotide 

polymorphism 

Variations at a single base in the 

genome.  The most common marker 

in the genome and can provide broad 

genome-wide coverage 

Linkage, genotyping, 

parentage, relatedness, 

population structure 

Only two alleles Morin et al., 

2004 
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Allelic richness and heterozygosity at microsatellite loci can be good indicators of 

evolutionary potential (Willi et al., 2006).  Microsatellites are simple tandem repeats of 

nucleotides of varying repeat length, which are traditionally regarded as selectively neutral.  

Mutations within microsatellites are generally non-functional, meaning repeat-length 

polymorphisms are readily heritable (Jarne and Lagoda, 1996, Ellegren, 2000, Buschiazzo and 

Gemmell, 2006), although in recent years allele length variants have been associated with 

expression of linked genes (Kashi and King, 2006).  Despite this, microsatellites are still 

generally considered to be selectively neutral and these qualities make microsatellites an 

excellent marker for studies of population and conservation genetics.   

 

Screening of allelic heterozygosity and allelic richness at these presumed neutral loci may 

reflect relative levels of overall genomic variability (Hansson and Westerberg, 2002) and as 

such, heterozygosity at microsatellite loci has been used as a surrogate of the inbreeding 

coefficient because it can reflect genome-wide heterozygosity (Coulson et al., 1998, Coltman 

et al., 1999, Amos et al., 2001, Slate and Pemberton, 2002, Aparicio et al., 2006).  Genomic 

diversity sensu lato is dependent on effective population size and many different demographic 

and environmental factors.  These are expected to be correlated, and consequently, ‗neutral‘ 

markers should be a useful indicator of evolutionarily important variability (Vali et al., 2008), 

both in the NZSL and other threatened populations.   

 

1.8 Heterozygosity-fitness correlation theory 

 

Early theories on the correlation between heterozygosity at microsatellite loci and fitness 

traits (heterozygosity-fitness correlations, hereafter HFCs) proposed that the degree of 

heterozygosity at a set of microsatellite markers may be used to separate supposed inbred, 

homozygous individuals from outbred, heterozygous individuals.  Any correlation between 

mean heterozygosity and traits relative to fitness within individuals may indicate selection 

against genome-wide homozygous (and supposedly inbred) individuals (David, 1998, 

Hansson and Westerberg, 2002, Coltman and Slate, 2003).  However, evidence of HFCs (or 

lack thereof) cannot always be attributed to inbreeding, discussed in further detail below.   

 

Two main mechanisms of HFC generation of relevance to microsatellites have been 

hypothesised – the general effect and the local effect (David, 1998, Hansson and Westerberg, 
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2002).  The general effect postulates that the markers under study are representative of 

genome-wide variation and therefore reflect the degree of inbreeding, and that any HFC is 

driven by genome-wide levels of variation (David, 1998, Hansson and Westerberg, 2002).  

The local effect predicts that one or more of the loci under study are in linkage disequilibrium 

with a fitness-related trait and that this association leads to the generation of HFCs (David, 

1998, Hansson and Westerberg, 2002).  

 

The general effect hypothesis is invoked to explain HFCs when genetic markers and fitness 

loci (usually genes involved in fitness-related traits) are in identity disequilibrium (there is a 

correlation in heterozygosity among loci in the genome).  This is caused by variance in the 

inbreeding coefficient, because inbred individuals should be relatively homozygous 

throughout their whole genome and as such will likewise be homozygous at marker loci 

(David, 1998).  However, because HFCs will only reveal general effects when (i) the 

proportion of heterozygous markers is reflective of genome-wide levels of diversity; and (ii) a 

good predictor of the inbreeding coefficient (Hansson and Westerberg, 2002, Balloux et al., 

2004, Pemberton, 2004, Slate et al., 2004, DeWoody and DeWoody, 2005), the fact that many 

populations have low variation in the inbreeding coefficient lowers the strength of the 

association between this and heterozygosity (Balloux et al., 2004, Slate et al., 2004, 

DeWoody and DeWoody, 2005).   

 

If HFCs seen within a population are able to be explained by heterozygosity at one particular 

locus, genome-wide heterozygosity and therefore the general effect cannot be the underlying 

mechanism of HFC in this population (Balloux et al., 2004).  Instead, the local effect 

hypothesis would be invoked, that is, a fitness increase with increasing heterozygosity at 

marker loci due to linkage disequilibrium between certain microsatellite loci and one or more 

loci affecting fitness (David, 1998, Hansson and Westerberg, 2002).  There has been some 

support for the local effect hypothesis (Merila and Sheldon, 2000, Merila et al., 2003, Bean et 

al., 2004, Hoffman et al., 2004, Lieutenant-Gosselin and Bernatchez, 2006, Brouwer et al., 

2007), but the association between one marker locus and an overall HFC is to be expected by 

chance when using a large panel of microsatellite markers.  This is because under the general 

effect hypothesis about 5% of loci would be expected to show single-locus associations 

between heterozygosity and fitness at p = 0.05 (Chapman et al., 2009).  This fact makes the 

interpretation of single-locus effects contentious and troublesome; therefore the causes of 

HFCs have been highly debated.   
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Despite this, it has been proposed that the primary mechanism of HFC generation is likely to 

be local - linkage of microsatellites to genes influencing a trait or gene under balancing 

selection (Hansson and Westerberg, 2002, Ferreira and Amos, 2006), and that linkage at one 

or a number of loci out of a panel of many may drive the generation of HFCs.  If the local 

effect is a valid method of HFC generation, then HFCs due to linkage between a 

microsatellite and a gene affecting fitness should be more likely when the effective population 

size is small and therefore inbreeding and linkage disequilibrium are more likely (Balloux et 

al., 2004).  Under positive directional selection, fitness-related loci may become 

monomorphic, therefore physically linked loci may also lose genetic variation due to selective 

sweeps or genetic hitch-hiking (Smith and Haigh, 1974).  Since linkage disequilibrium can 

extend over hundreds of kilobases and be maintained for hundreds of generations (Pritchard 

and Przeworski, 2001, Reich et al., 2001, Gray et al., 2009), it is of no surprise that many 

HFC studies show some markers are in linkage disequilibrium with traits affecting fitness 

(reviewed by Chapman et al., 2009); correlations between genetic diversity and fitness-related 

traits should be expected for traits with a direct effect on fitness, because these traits have a 

complex genetic architecture (Crnokrak and Roff, 1999, DeRose and Roff, 1999).    

 

If life-history traits are polygenic by nature, it may seem unusual that there is evidence of 

associations between a single microsatellite locus and fitness.  Nonetheless, some authors 

have observed and suggested such associations.  For example, two loci were seen to 

contribute more to the overall HFC effect on pathogen resistance in California sea lions 

(Acevedo-Whitehouse et al., 2006) and bovine tuberculosis resistance in the wild boar 

(Acevedo-Whitehouse et al., 2005). In birds, single-locus associations with lifetime breeding 

success were observed (Merila et al., 2003); while this effect was sex-specific it was thought 

to support the local effect hypothesis.  In contrast, many other HFC studies have shown no 

single-locus association with a fitness-related trait (e.g. Cohas et al., 2009; Mainguy et al., 

2009) and the general effect was proposed to be the underlying cause of HFC generation.  

Since it is recommended that a panel of at least 20 loci should be used for HFCs 

(Chakraborty, 1981, even though this was regarding allozyme loci), and at least one of these 

loci (5%) would be expected to show a single-locus association with a fitness-related trait 

purely by chance (Chapman et al., 2009), it could be called into question whether the single-

locus association is spurious or whether the polymorphic locus, in this case a microsatellite, is 

really marking a locus under selection.  In consequence, using the recommended number of 
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loci and investigating single-locus associations without consideration of the statistical 

consequences of multiple tests may lead to incorrect interpretation of the nature of variation 

underlying observed differences in fitness-related traits within a population.  

 

1.9 Heterozygosity-fitness correlations from the literature 

 

Many studies have used microsatellites to show HFCs for a wide range of life-history traits in 

several mammalian species (Coltman and Slate, 2003, Chapman et al., 2009).  For example, 

heterozygosity at microsatellite loci has been correlated with fecundity (Amos et al., 2001), 

lifetime breeding success (Slate et al., 2000) and disease resistance (Coltman et al., 1999).  It 

was demonstrated that birth date and birth weight contributed to total fitness in Soay sheep 

(Clutton-Brock et al., 1992), and a separate study in red deer showed calves with high mean 

d
2
 (a measure of parental relatedness) were born heavier than those with low d

2
 and hence had 

higher juvenile survival (Coulson et al., 1998).  Individual heterozygosity at microsatellite 

loci has also been correlated with survival of red deer calves (Coulson et al., 1999).  More 

outbred female bighorn sheep produced markedly larger lambs and had earlier breeding and 

hence birthing (Hogg et al., 2006), and offspring heterozygosity significantly correlated with 

offspring weight in the common frog (Lesbarreres et al., 2007).  Thus, it is hypothesised that 

correlations between heterozygosity at microsatellite loci and fitness traits may be detected in 

the New Zealand sea lion. 

 

1.10 Detection of heterozygosity-fitness correlations 

 

The detection and interpretation of HFCs is not trivial, and much effort has been expended to 

elucidate circumstances where HFCs are detectable, present and valid.  Specifically, the 

reliability of studies that use only a small number of markers to infer HFCs has been 

questioned (Balloux et al., 2004, Slate et al., 2004, Hansson and Westerberg, 2008) and it was 

proposed that a substantial number of markers (more than are normally used in HFC studies) 

are needed to show a strong correlation between heterozygous markers and the inbreeding 

coefficient (Balloux et al., 2004), which is ultimately what many HFC studies aim to achieve.  

It has even been suggested that the number of markers required to determine the cause of 

HFCs in wild populations (local or general effect) may be exceptionally high for species that 
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do not possess much genetic diversity (DeWoody and DeWoody, 2005).  In contrast, in 

species where linkage disequilibrium is high (for example, in highly inbred populations) a 

smaller number of variable loci might provide adequate information regarding genomic 

heterozygosity and inbreeding (Pemberton, 2004), especially considering that variable loci are 

usually rare in highly inbred species. 

 

HFCs are easier to detect and more widely generated in young cohorts, because HFCs should 

decrease with age, due to the variability of fitness components such as growth and survival 

being at their maximum in early life (Koehn and Gaffney, 1984, David and Jarne, 1997, 

David, 1998).  Nevertheless, later life-history traits are also detectable, with polygenic traits 

such as clutch size showing correlations with heterozygosity (Ortego et al., 2007).  More 

indirect later-life fitness traits such as territory-holding ability (Seddon et al., 2004) have also 

revealed a correlation between heterozygosity and superiority for this trait.    

 

The general effect of HFCs can be caused by inbreeding and/or significant linkage 

disequilibrium (Balloux et al., 2004).  However it has been emphasised that you cannot 

interpret positive HFCs as evidence for inbreeding depression, and non-significant HFCs as 

an absence of inbreeding depression (Hansson and Westerberg, 2002, Balloux et al., 2004, 

Slate et al., 2004, DeWoody and DeWoody, 2005, Hansson and Westerberg, 2008), and this 

is because inbreeding depression is not necessarily the sole underlying factor if HFC is 

detected (Hansson and Westerberg, 2002, Szulkin et al., 2010).  In addition, when fitness 

traits are not associated with heterozygosity, heterosis rather than inbreeding depression is 

thought to be operating within the population (Pemberton et al., 1999). 

 

In summary, life-history and polygenic traits favour the detection of HFCs, while other 

single-gene traits may not readily show a correlation between overall levels of heterozygosity 

and fitness.  As such, one may expect to see correlations between heterozygosity and fitness 

traits in young individuals in a population, and less so in adults. 

 

1.11 Strength of association between heterozygosity and fitness 

 

Positive associations between heterozygosity and fitness are genuine and reasonably common 

(Britten, 1996), yet there are conditions affecting their significance (Szulkin et al., 2010).  It 
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has been suggested and widely reiterated that the number of markers commonly used in HFCs 

(8-10) might not be enough to capture adequate information about genome-wide 

heterozygosity (Chakraborty, 1981, Balloux et al., 2004, Slate et al., 2004, DeWoody and 

DeWoody, 2005, Vali et al., 2008).  Therefore it could be argued that studies of HFC using a 

small number of unlinked marker loci are not effectively representing the genome-wide 

heterozygosity upon which the general effect would depend.  Furthermore, if heterozygosity 

is indeed reflective of the level of inbreeding, multi-locus heterozygosity, when used to detect 

inbreeding, normally only shows very weak significance (Balloux et al., 2004).  On the 

whole, HFCs have been shown to be significant and are thought to remain so even in the light 

of the publication bias towards positive results, and despite the fact that most results were not 

significant, or only weakly so (Britten, 1996).  Indeed, a recent meta-analysis found that the 

effects detected with HFCs are in reality very weak, and normally explain less than 1% of the 

variance seen in fitness traits (Chapman et al., 2009).  Stronger HFCs should be seen for 

polygenic fitness-related traits, however this meta-analysis concluded that the mean HFC 

effect size sizes for fitness and non-fitness traits were of similar magnitude (Chapman et al., 

2009).  This evidence and rationale suggests that HFCs are a complex phenomenon which are 

not uniform in nature, and that while specific conditions favour the detection of HFCs, these 

conditions are not ubiquitous and HFCs can be generated under diverse conditions.  The 

effective detection of HFCs in the NZSL population will therefore require a large cohort of 

individuals and a reasonable number of microsatellite markers (more than the 8-10 loci 

common in most HFC studies) in order to present valid and strong conclusions.   

 

It is very difficult to generalise, across different populations, the degree to which HFCs are 

influenced by linkage disequilibrium (Hansson and Westerberg, 2008).  It is generally thought 

that populations which have long-term large sizes or have rapidly expanded show lower levels 

of linkage disequilibrium than those that are small or have experienced recent population 

bottlenecks (Pritchard and Przeworski, 2001, Reich et al., 2001, Gaut and Long, 2003).  The 

general effect of HFCs may be caused by inbreeding and/or significant linkage disequilibrium 

(Hansson et al., 2004), which is not uncommon in small, bottlenecked populations, while low 

levels of linkage disequilibrium should be expected in most natural populations (Hansson and 

Westerberg, 2008). 
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1.12 Heterozygosity-fitness correlations in dominance and behavioural traits 

 

Heterozygosity has also been used to infer a relationship between genetic variability and 

social dominance in different populations.  Since the probability of dominance is likely a 

polygenic and complex trait, it is reasonable to suggest that there may be an association with 

heterozygosity and this trait.  More inbred, less variable individuals may be less likely to be 

dominant and successful in competition for mates, food and territory since they can be less 

metabolically efficient and more susceptible to disease (Charpentier et al., 2005).  However 

appealing such a relationship might be, this theory is still equivocal, with evidence both for 

and against.  No relationship was found between individual heterozygosity and the probability 

of reaching alpha status in male mandrills Mandrillus sphinx, and similarly, neither between 

heterozygosity and social rank in female mandrills (Charpentier et al., 2005).  This lack of 

relationship may arise because relatively few homozygous males may reach the age where 

they are able to compete for alpha status (Charpentier et al., 2005), therefore no variation in 

heterozygosity exists through which to detect a relationship.  A later study formed a similar 

conclusion, that the probability of becoming dominant was not correlated with individual 

heterozygosity in male or female alpine marmots Marmota marmota (Cohas et al., 2009), 

possibly also because of the unlikelihood of homozygous males surviving to an age where 

they can compete for mates.   

 

However, other studies report positive findings, with heterozygosity implicated in territory-

holding ability.  Individual heterozygosity of Antarctic fur seals (Arctocephalus gazella) was 

correlated with territory tenure (Hoffman et al., 2004).  Curiously, Hoffman and colleagues 

suggested in this instance that less heterozygous males would not live long enough to 

reproduce, thus there was a preponderance of heterozygous territorial males.  This argument is 

identical to that put forward by Charpentier et al. (2005), but is derived in response to the 

opposite finding.  Heterozygous black grouse males (Tetrao tetrix) were more successful in 

gaining territory (Hoglund et al., 2002), however this was a conservative study where birds 

may have held territory at other (unobserved) sites.  Furthermore, individual heterozygosity 

was correlated with territory size in the subdesert mesite Monias benschi (Seddon et al., 

2004).  Thus, based on this evidence, understanding the role heterozygosity plays in the 

establishment of dominance and social rank is expected to be difficult. 
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1.13 Heterozygosity-fitness correlations and inbreeding depression 

 

An important application of HFCs is their potential ability to signify inbreeding within a 

population, which has ramifications for population evolution and persistence.  In a free-living 

species where no pedigree information can be obtained, heterozygosity information becomes 

crucial in helping to ascertain levels of inbreeding.  Inbreeding and low heterozygosity have 

been associated with decreased resistance to infectious pathogens in plants and animals 

(Spielman et al., 2004a), yet  it has also been shown that the most inbred flour beetles (genus 

Tribolium) were less susceptible to parasitism than a crossbred control population (Stevens et 

al., 1997).  Thus the reliability of HFCs to infer inbreeding has been widely questioned 

(Balloux et al., 2004, Slate et al., 2004), especially in threatened species (Grueber et al., 2008, 

Grueber et al., 2011).  In order to demonstrate the relationship between heterozygosity and 

fitness, a large number of relatively inbred individuals is needed (Balloux et al., 2004), 

however it is important to reiterate that lack of HFCs should not be used to conclude that 

there is also a lack of inbreeding/inbreeding depression (Hansson and Westerberg, 2008, 

Szulkin et al., 2010).  HFCs can be caused by local effects and linkage of microsatellite 

markers to a gene influencing fitness, and this linkage can strengthen the HFC, but linkage is 

not an alternative to inbreeding (Szulkin et al., 2010).   

 

Inbreeding lowers the survival and reproduction of a species (Hansson and Westerberg, 2008) 

and fitness traits are more strongly influenced by inbreeding (Crnokrak and Roff, 1995).  

Considering this, and that small population sizes lead to inbreeding, species therefore need to 

maintain an effective population size in order to retain adequate levels of genetic variation 

and avoid inbreeding and the associated disadvantages (Franklin, 1980).  Despite this, no 

HFCs were detected in two populations where inbreeding was expected to be rare (Drosophila 

and Scots pine) and which presumably had wider variance in the inbreeding coefficient 

(Houle, 1989, Savolainen and Hedrick, 1995).  It has been suggested that many of the 

reported HFCs are likely driven by processes other than inbreeding, since the correlation 

between heterozygosity and inbreeding is weak except in populations that have a small size, 

strong substructure or extreme mating systems (Balloux et al., 2004).  Heterozygosity at a 

small number of microsatellite loci is often too poorly correlated with the inbreeding 

coefficient in order for this heterozygosity to be reflective of fitness (Balloux et al., 2004), 

although a strong correlation between heterozygosity among loci and internal relatedness was 

seen in California sea lions that died from or as a consequence of disease (Acevedo-
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Whitehouse et al., 2003) which may indicate the existence of inbred individuals within the 

population (Balloux et al., 2004).  The reliability of HFCs to reflect inbreeding depression 

has, however, been further called into question since it was demonstrated that individuals can 

be homozygous without the alleles being identical-by-descent (Slate et al., 2004). 

 

Inbreeding depression discordantly affects different traits under different selection pressures.  

For example, inbreeding depression is seen to be lower in morphological traits in comparison 

with life history traits more closely linked with fitness (DeRose and Roff, 1999).  In addition 

there are sex-specific effects, whereby inbred males are less reproductively successful relative 

to outbred males, due to poorer competitive ability, suggesting that male-male competition is 

strongly affected by inbreeding and that inbreeding depression may be amplified in males 

relative to females (Meagher et al., 2000, Slate et al., 2000).  Similarly, sperm of highly 

inbred males has shown reduced fertilization success compared to less inbred males, as seen 

in guppies, Poecilia reticulata (Zajitschek et al., 2009).  Other studies have shown the 

differentiation of inbreeding between older and younger members of the population, which 

was suggestive of differential selection pressures and disease selecting the inbred 

homozygous young, reducing the occurrence of inbreeding in the adult population (Rijks et 

al., 2008). 

 

1.14 Correlation between heterozygosity at microsatellite loci and fitness-related genes 

 

Heterozygosity at microsatellite loci has been investigated in numerous species for its effect 

on fitness.  However, research into the association of this ‗neutral‘ heterozygosity with that 

seen at genes relative to fitness is noticeably lacking, and has only been undertaken in a 

handful of studies (Aguilar et al., 2004, Hansson et al., 2004, Da Silva et al., 2009).  This is a 

natural progression for HFCs since they are intended to convey genome-wide levels of 

variation.  If the level of heterozygosity at neutral markers is indicative of that seen at genes 

of functional significance to fitness, these markers may then be reflective of a broader 

reduction in functional diversity.  For this study my work will focus on two genes of 

particular interest to disease resistance, SLC11A1 and genes of the major histocompatibility 

complex (MHC). 
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SLC11A1 (formerly NRAMP1, Chapter 6) is involved in host resistance to intracellular 

pathogens (Vidal et al., 1993) and is associated with resistance or susceptibility to multiple 

bacterial pathogens (Blackwell et al., 2003).  In dogs, certain alleles of an intronic 

microsatellite and SNPs in the promoter region of SLC11A1 were correlated with resistance to 

Leishmania infection (Altet et al., 2002).  However, there do not appear to be studies of this 

intriguing gene in natural populations.   

 

MHC genes are some of the most polymorphic of the vertebrate genome (Hughes, 1999) and 

are important in disease resistance (Hedrick and Kim, 2000) because the proteins encoded by 

genes of the MHC recognise and present foreign peptides to T-cells (Klein, 1986).  

Heterozygosity at MHC loci may increase resistance to infection by increasing the diversity of 

antigens presented to T cells (Doherty and Zinkernagel, 1975), and endangered populations 

may lack this crucial variation in MHC genes because of long-term or current small 

populations sizes (Hedrick et al., 2001), making them more susceptible to infection (Chapter 

7 and Chapter 8).  Low diversity at MHC class II loci, as seen in other marine mammals 

(Weber et al., 2004, Baker et al., 2006), and previously documented in the NZSL (Lento et 

al., 2003) may be contributing to the low level of disease resistance seen in the NZSL 

population. Indeed, heterozygosity at MHC loci was seen to correlate negatively with disease 

in the California sea lion (Acevedo-Whitehouse et al., 2003).  It is hypothesised that 

polymorphisms in these genes may be influencing NZSL susceptibility to bacterial infection, 

and may help to explain why the population has such a high level of mortality in response to 

invasive bacterial pathogens.   

 

1.15 Summary 

 

The New Zealand sea lion is a vulnerable species with a population at a Nationally Critical 

level.  Small and declining populations generally display poor fitness, in the form of a 

reduction in disease resistance and reproductive success.  This reduced fitness is a 

consequence of inadequate genetic diversity, leading to a greatly increased risk of extinction.  

This thesis aims to investigate genetic variation within the NZSL population at both neutral 

microsatellite loci and genes predicted to be important contributors to fitness.  Specifically, 

we seek to understand how overall levels of genetic variability contribute to susceptibility to 

disease, and likewise, if genes known to be of functional significance in disease resistance 
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have polymorphisms that lead to a subset of the population being poorly genetically equipped 

to respond to novel pathogens.  This information has great potential to assist in the 

understanding of genetic variation in non-model organisms, and will contribute novel 

information on the NZSL to the literature.  Likewise, this research has the capacity to be 

applied to many other threatened species, particularly mammals, both in New Zealand and 

globally.   

 

 

1.16 How this thesis contributes to the understanding of the role of genetic variation in 

the susceptibility of the New Zealand sea lion to epizootic events 

 

 

1.16.1 Thesis objectives 

 

There were four main goals of this research.  First, it was important to optimise microsatellite 

loci for a thorough assessment of genetic diversity at ‗neutral‘ loci in the NZSL.  It was 

assumed that there would be little variability due to their recent population history, and this 

was a fundamental and labour-intensive process.  Second, it was necessary to demonstrate the 

position of these previously anonymous loci in the sea lion genome, which was achieved by 

predicted physical mapping through exploitation of the synteny between carnivore genomes.  

If any single microsatellite locus showed an association with a fitness trait, estimating its 

genomic location and revealing putative genes in the vicinity which may be responsible for 

this association is helpful in characterisation of a single locus effect.  Third, microsatellite loci 

were used to understand the relationship between genome-wide heterozygosity and fitness in 

this species.  Neutral markers should be a useful indicator of variability.  The NZSL shows 

marked fitness differences through its susceptibility to infection and differences in growth 

rates of pups, and it is hypothesised that reduced genetic diversity is contributing to this 

increased disease susceptibility.  Likewise, it was expected that heterozygosity would be 

correlated more strongly with fitness traits in young animals more so that adults.  Fourth, 

while neutral loci can demonstrate how overall levels of diversity (and potentially inbreeding) 

are affecting fitness traits, genes of known function in bacterial infection were assessed for 
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polymorphisms that may be associating with disease susceptibility, leading to a better 

understanding of the role of these genes in disease of a wild and threatened population.   

 

 

1.16.2 Outline of thesis structure 

 

This thesis has been written as seven separate but related scientific manuscripts.  

Consequently, there may be a small amount repetition between chapters, most notably within 

the introductions.  

 

 

Chapter 2 

Population genetic inference using 21 microsatellite loci in the New Zealand sea lion, 

Phocarctos hookeri, suggests an historical population bottleneck event and potential 

inbreeding occurrence 

Amy J. Osborne, Sandra S. Negro, Bruce C. Robertson, B. Louise Chilvers, Martin A. 

Kennedy, and Neil J. Gemmell 

 

In this chapter I have characterised the level of variation at 21 microsatellite loci, and have 

shown that there exists low allelic diversity within the New Zealand sea lion population, 

despite relatively high levels of observed and expected heterozygosity.  I have provided 

statistical evidence of an historical population bottleneck event, and shown that genomic 

heterozygosity this population departs from expectations based on random mating and 

panmixia.  Finally, I have shown that there does not appear to be population substructure 

between breeding beaches in the Auckland Islands group.   
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Chapter 3 

Development of a predicted physical map of microsatellite locus positions for pinnipeds, 

with wider applicability to the Carnivora 

Amy J. Osborne, Rudiger Brauning, Jennifer K. Schultz, Martin A. Kennedy, Jon Slate and 

Neil J. Gemmell 

Published in Molecular Ecology Resources (2011) 11, 503 – 513  

doi: 10.1111/j.1755-0998.2010.02962.x 

 

In this chapter I have shown that there exists a large amount of synteny between microsatellite 

flanking sequences of pinnipeds and other carnivores, based on a dog genome scaffold.  

Pinniped microsatellite loci are able to be positioned at physical genomic locations based on 

demonstrated synteny between the pinniped, dog, cat and giant panda genomes, which are 

representative of most genomes within the Carnivora.  I show also that linkages between 

microsatellites shown to be associated with fitness traits and neighbouring genes which may 

be driving these associations are conserved cross-taxa, and that this method of mapping 

provides identity and position to previously anonymous microsatellite loci. 

 

 

Chapter 4 

Heterozygosity-fitness correlations and the influence of genetic variability in 

susceptibility to disease epizootics in the New Zealand sea lion, Phocarctos hookeri 

Amy J. Osborne, Sandra S. Negro, Bruce C. Robertson, Jon Slate, B. Louise Chilvers, Martin 

A. Kennedy, and Neil J. Gemmell 

 

Here I evaluate several methods of heterozygosity-fitness correlation.  Heterozygosity at a 

panel of microsatellite loci is lower in those pups dying of bacterial infection, compared to 

those pups dying of other causes, such as trauma, malnutrition and stillbirth.  I show that one 

measure of heterozygosity in particular, internal relatedness (IR), is useful for predicting the 

cause of death of pups, and that the panel of microsatellite loci should be reflective of overall 

levels of genetic variation.  This study adds to current debate surrounding the benefit of 

different measures of heterozygosity in relation to fitness traits.   
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Chapter 5 

Does heterozygosity at microsatellite loci correlate with birth weight and growth rates in 

New Zealand sea lion pups? 

Amy J. Osborne, Sandra S. Negro, Bruce C. Robertson, Jon Slate, B. Louise Chilvers, Martin 

A. Kennedy, and Neil J. Gemmell 

 

In this chapter I explore the utility of heterozygosity at microsatellite loci in the prediction of 

differences in early life-history traits such as birth weight and growth rates of NZSL pups.  I 

show that pup internal relatedness (IR) is strongly correlated with pre-weaning survival, 

however, no associations are seen between either pup or mother IR and birth weight or growth 

rate, traits which have been shown to be important in future survival and fitness.  I suggest 

that the traits of birth weight and growth rates are likely to be heavily influenced by external 

factors in addition to genetics, although I concede that these analyses suffer a lack of 

statistical power for some comparisons.   

 

 

Chapter 6 

Is variation in the gene SLC11A1 (NRAMP1) important in susceptibility to infection in 

the New Zealand sea lion? 

Amy J. Osborne, B. Louise Chilvers, Bruce C. Robertson, John F. Pearson, Martin A. 

Kennedy, and Neil J. Gemmell 

 

Here I have partially sequenced the promoter region of SLC11A1 in the NZSL, a gene which 

has a demonstrated involvement in resistance or susceptibility to a broad range of bacterial 

pathogens, and is therefore a pertinent candidate for study in the susceptibility of NZSL pups 

to bacterial epizootics.  I identify a polymorphism in the promoter region and also a conserved 

polymorphic microsatellite in the first intron of this gene.  Neither the promoter 

polymorphism nor differing microsatellite alleles show associations with disease in NZSL 

pups; however the nature of disease resistance in wild populations is likely very complex.  I 

suggest that an in depth analysis of SLC11A1 should be undertaken and the gene assessed 

further for its role in resistance to infection in the NZSL. 
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Chapter 7 

Extensive variation at MHC DRB in the New Zealand sea lion, and evidence for 

balancing selection 

Amy J. Osborne, Monika Zavodna, B. Louise Chilvers, Bruce C. Robertson, John F. Pearson, 

Martin A. Kennedy, and Neil J. Gemmell 

 

In this chapter I have sequenced the second exon of two genes of the major histocompatibility 

complex (MHC) in the NZSL, MHC DQB and MHC DRB, regions which are putative 

peptide-binding sites.  I demonstrate high levels of variation at MHC DRB which is 

maintained despite low allelic diversity at microsatellite loci, while MHC DQB is essentially 

dimorphic.  Segregating sites of both loci are components of codons which are predicted to be 

involved in peptide-binding and are therefore potentially important in antigen recognition.  I 

suggest that balancing selection may be operating at MHC DRB.  I also compare Sanger 

sequencing and bioinformatic haplotype reconstruction with next-generation sequencing 

technologies for empirical haplotype determination and show both measures to be equivalent.    

 

 

Chapter 8 

Strong association between MHC DRB haplotypes and survival in NZSL pups and 

evidence for heterozygote advantage 

Amy J. Osborne, B. Louise Chilvers, Bruce C. Robertson, John F. Pearson, Martin A. 

Kennedy, and Neil J. Gemmell 

 

Chapter 8 demonstrates an association between heterozygosity at MHC DQB and death of 

NZSL pups from infectious disease (bacteria and hookworm-related enteritis).  In addition, 

these data provide intriguing associations between specific MHC DRB haplotypes and status 

of NZSL pups, specifically, whether they are dead or alive.  I argue that these data may serve 

as preliminary evidence for overdominant heterozygote advantage operating at MHC DRB; 

however these results should be viewed as tentative in light of the numerous environmental 

variables that are uncontrollable in natural populations.   
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Chapter 9 

General discussion 

 

In this chapter I have summarised my findings within previous chapters and discuss the role 

of genetic variation in New Zealand sea lion fitness.  I discuss in detail how this work 

contributes to research in the fields of conservation genetics and molecular ecology, and also 

suggest avenues for further investigation as a result of my research in this thesis.  
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CHAPTER 2 -  POPULATION GENETIC INFERENCE USING 21 

MICROSATELLITE LOCI IN THE NEW ZEALAND SEA LION, PHOCARCTOS 

HOOKERI, SUGGESTS AN HISTORICAL BOTTLENECK EVENT AND 

POTENTIAL INBREEDING OCCURRENCE 

 

Abstract 

 

 

The New Zealand sea lion (NZSL) is an interesting model of disease resistance or 

susceptibility, in that it has experienced a prolonged small population size and exists in 

relative isolation.  It is a species of high conservation significance, due to its small and 

declining population size.  A reduction in population size is often followed by increased 

inbreeding and a loss of genetic variation which can lead to reduced future evolutionary 

potential of the species.  Additionally, it can also render the species less able to respond to 

new pathogens in the population with serious consequences for reproduction and survival.   

 

Allelic richness at microsatellite loci can provide a good estimation of evolutionary potential.  

We used 21 microsatellite loci, previously shown to have broad utility in pinnipeds, to 

determine population-wide levels of variation in the threated NZSL, and we present locus- 

and population-specific statistics for these microsatellite loci in the NZSL.  Average allelic 

diversity is 9.3 (range 4 – 20 alleles per locus) with an observed (HO) and expected (HE) of 

0.67 and 0.64 respectively.  However allelic diversity reduces to 4.14 – 7.33 when the 

population is considered as separate breeding seasons and status groups (dead pups, live pups, 

live adult females and live adult males).  One locus appeared to deviate from Hardy-Weinberg 

equilibrium which is a consequence of the nature of allelic diversity at this locus; however we 

do not detect the presence of null alleles at these loci.  Three loci were prone to genotyping 

error and resulted in a high average error rate for microsatellite genotyping of 1.95%, which 

reduced to 0.67% upon removal of these loci.  Analyses with the program Bottleneck provides 

statistical evidence for a recent population size reduction, which was significant under both 

the infinite alleles model and the two-phase model of microsatellite mutation.  Finally, we 

provide a measure of Fis that is suggestive of inbreeding/non-random mating evident in dead 

pups, live adult females and live adult males the NZSL population at Sandy Bay, consistent 



54 

 

with their recent population history of population number decline due to subsistence and 

exploitative hunting.  We hypothesise that low genetic variability, potentially as a result of a 

population bottleneck and non-random mating leading to inbreeding, is affecting the 

capability of individual NZSLs to resist disease.    
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POPULATION GENETIC INFERENCE USING 21 MICROSATELLITE LOCI IN THE 

NEW ZEALAND SEA LION, PHOCARCTOS HOOKERI, SUGGESTS AN HISTORICAL 

BOTTLENECK EVENT AND POTENTIAL INBREEDING OCCURRENCE 

 

 

2.1 Introduction 

 

2.1.1 Impact of population size reduction on genetic variation 

 

The New Zealand sea lion (NZSL) is a threatened species of high conservation significance 

(Chapter 1).  It is expected to have undergone a severe population bottleneck due to 

subsistence and exploitative hunting and it is believed that the population has not recovered to 

pre-hunting levels (Taylor, 1971, Wilkinson et al., 2003, Wilkinson et al., 2006).  Since the 

NZSL is the rarest sea lion in the world and the only native pinniped in New Zealand, 

characterising genetic variation in this species is important to their conservation management 

and potential population recovery.   

 

A reduction in population size is often accompanied by increased inbreeding and a loss of 

genetic variation (Frankham et al., 2002).  This is detrimental because loss of genetic 

variation can reduce future evolutionary potential of the species (Frankham et al., 1999) and it 

can also render the species less able to respond to new pathogens in the population (O'Brien 

and Evermann, 1988).  Inbreeding has serious consequences on all aspects of reproduction 

and survival (Crnokrak and Roff, 1999, Frankham et al., 2002); risk of extinction is increased 

when inbreeding occurs (Frankham, 2005), because identity-by-descent generally increases, 

leading to increased homozygosity and the expression of deleterious recessive alleles 

(Frankham et al., 2002). 

 

2.1.2 Microsatellites 

 

Allelic richness at microsatellite loci can provide a good estimation of evolutionary potential 

(Willi et al., 2006).  Microsatellites are simple tandem repeats of nucleotides of varying repeat 
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length, which are traditionally regarded as selectively neutral and typically comprise ~3-5% 

of mammalian genomes (Warren et al., 2008).  Mutations within microsatellites are generally 

non-functional, meaning repeat-length polymorphisms are readily heritable (Jarne and 

Lagoda, 1996, Ellegren, 2000, Buschiazzo and Gemmell, 2006), qualities which make 

microsatellites the ideal marker for studies of population and conservation genetics.  In recent 

years, single-nucleotide polymorphisms (SNPs) have begun to be advocated for use as 

markers in population and conservation genetics because they can provide very broad genome 

coverage (Morin et al., 2004).  However, one of the disadvantages of SNPs is that only two 

alleles are present per locus, in comparison to up to ~20 for microsatellite loci.  Additionally, 

development of a panel of SNPs is challenging and costly in a species for which no genome 

sequence exists, which is the case for many species of conservation significance, although see 

recent developments surrounding restriction-site associated DNA (RAD) markers (Baird et 

al., 2008).  Therefore despite an increasing tendency towards the selection of SNP markers for 

new projects, microsatellites still have higher information content than SNPs on a per marker 

basis and can facilitate cost-effective and timely data collection for population and 

conservation studies in non-model species (Abdelkrim et al., 2009).     

 

One consequence of a reduction in actual and ultimately effective population size is the 

associated increase in genetic drift (Garza and Williamson, 2001), through which some alleles 

in the population will be lost and some will go to fixation.  Generally, rare alleles are lost by 

drift before common alleles, therefore in a population that has undergone contraction, there 

will be fewer rare alleles in the population than one would expect for a population at 

mutation-drift equilibrium (Luikart and Cornuet, 1998).  Because rare alleles do not 

contribute much to calculations of expected heterozygosity, an excess in observed 

heterozygosity will be seen in the population (Cornuet and Luikart, 1996).  In a species 

suspected to have been subject to a population bottleneck, these phenomena may serve as 

genetic flags that could support any historical observation of this fact.    

 

Microsatellites successfully cross-amplify between pinniped species (Coltman et al., 1996, 

Gemmell et al., 1997, Davis et al., 2002, Hoffman et al., 2007a) and also between species 

which are not too distantly related (Barbara et al., 2007), although conservation across wider 

taxonomic groups is now being found for a small, but significant subset of marker identified 

in whole genome comparisons (Buschiazzo, 2008, Vanpe et al., 2009, Buschiazzo et al., 

Submitted).  This new comparative genome mining may remove the necessity for costly de 
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novo development of microsatellites.   Here we apply microsatellites from other species to 

optimise a panel of 21 microsatellite loci that we use to examine genetic variability in the 

NZSL.    

 

2.1.3 Study of microsatellite variation in the NZSL 

 

Considering the NZSL is expected to be genetically compromised through low population 

numbers and severe isolation, it was surprising to observe relatively high levels of variation at 

microsatellite loci through the study of genetic predisposition to hookworm burden (Acevedo-

Whitehouse et al., 2009).  However, this study was limited to 39 individuals, a cohort which 

may not have been representative of variation at microsatellite loci in the NZSL population as 

a whole.   

 

Here, we use 12 microsatellite loci previously known to have broad utility in pinnipeds in 

combination with a further 12 microsatellite loci identified through the literature as having 

utility in the NZSL (Allen et al., 1995, Coltman et al., 1996, Gemmell et al., 1997, Goodman, 

1997a, Buchanan et al., 1998, Hoelzel et al., 1999a, Gelatt et al., 2001, Davis et al., 2002, 

Hernandez-Velazquez et al., 2005, Wolf et al., 2006), and use these to determine population-

wide levels of variation in the threatened NZSL.  We document overall heterozygosity at 

microsatellite loci and use these data to infer the genetic significance of the population 

bottleneck from which the NZSL population has failed to recover. 

 

 

2.2 Methods 

 

2.2.1 Sampling 

 

The New Zealand sea lion cohort consists of 1351 individual animals collected between the 

1997/1998 and 2006/2007 austral summer breeding seasons (Table 2-1).  Paired mothers and 

pups (n = 182 pairs) were collected in 2001/2002, and 41 females were branded in 2001/02 to 

allow their offspring in subsequent years to be recorded.  All NZSL samples in this study 



58 

 

were collected from sites within the Auckland Islands group (50°42′S 166°5′E).  The majority 

of NZSL samples were collected from Sandy Bay on Enderby Island, which is the most 

intensively monitored site.  A small proportion of samples were also collected from Dundas 

Island (n = 40) and Figure of 8 Island (n = 42) in the Auckland Islands group (Chapter 1 

Figure 1.2). 

 

 

 

Year Dead Pups Live Pups Live Adult Females Live Adult Males 

1997/1998 39 - - - 

1998/1999 28 - - - 

1999/2000 38 - - - 

2000/2001 9 - - - 

2001/2002 42 189 223 122 

2002/2003 7 67 - 120 

2003/2004 30 176 - - 

2004/2005 59 46 - - 

2005/2006 - 73 - - 

2006/2007 49 34 - - 

Total 301 585 223 242 

Table 2-1 - New Zealand sea lion cohort for this study.  Years represent austral summer breeding seasons where 

samples were collected, and each cell shows the number of animals sampled per year.  The colony was 

intensively studied after the first mass mortality event in 1997/98. 

 

 

 

2.2.2 DNA extraction 

 

DNA was extracted from NZSL skin biopsies or heart muscle tissue using Chelex 100 (Bio-

Rad, Hercules, CA, USA) and an adapted extraction protocol (Walsh et al., 1991).  Briefly, 

approximately 1mm
2
 of tissue was suspended in a digesting solution consisting of 5% Chelex 

100, 100mM NaCl, 50mM Tris (pH 8.0) 1% SDS and 10mM EDTA.  10mg/ml each of 

proteinase K and RNase was added and samples were digested overnight at 55
o
C.  Samples 

were centrifuged at 12,000 rpm for 1 minute to precipitate the debris and transferred to a new 
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tube containing 5% Chelex in TE (10mM Tris pH 8.0, 1mM EDTA).  Finally, samples were 

again centrifuged at 12,000 rpm and stored at -20
o
C until used.   

 

2.2.3 Microsatellite amplification and genotyping 

 

Primers for amplification of microsatellites previously isolated from other pinniped species 

were identified from the literature (Table 2-2, oligonucleotide sequences; Table 2-4, accession 

numbers and references).  The forward primer of each microsatellite was fluorescently 

labelled with either a VIC, PET, NED or FAM fluorophore (Applied Biosystems, Carlsbad, 

CA, USA) and all amplification of microsatellites was achieved by polymerase chain reaction 

(PCR) of genomic DNA in 10µl multiplex reaction volumes containing c. 50ng template 

DNA, 20mM Tris-HCl, 50mM KCl, 5nmol each dATP, dTTT, dGTP and dCTP, 1pmol each 

primer, 4.5mM MgCl2 and 0.1 unit Taq-Ti DNA polymerase (Fisher Biotec, Australia).  

Multiplex reactions had 3-4 pairs of primers per reaction, which were chosen based on their 

product size and fluorophore colour.  Thermal cycling parameters are shown in Table 2-3.  

PCR products were genotyped using an ABI 3730xl DNA Analyser (Genomic Analysis 

Service, University of Otago) and analysed using the program GeneMapper (both Applied 

Biosystems, Carlsbad, CA, USA).   

 

Raw microsatellite allele lengths were converted into allele bins using the program FlexiBin 

(Amos et al., 2007).  This program was chosen rather than automated binning using 

GeneMapper software because of the well-documented difficulties associated with the 

binning process which does not allow for imperfect repeat length sizes; alleles are rarely 

perfect di-, tri- or tetranucleotide repeat lengths (Amos et al., 2007, Matschiner and 

Salzburger, 2009).  GeneMapper requires predetermined bins, which, due to the differences in 

migration of microsatellite fragments as a result of flanking sequence differences (Wenz et 

al., 1998), often work well at one extreme of length distribution but not at the opposite (Ewen 

et al., 2000).  Allele frequencies, observed and expected heterozygosities, null allele 

frequencies (Pemberton et al., 1995) and conformation to Hardy Weinberg equilibrium 

(HWE) were determined using the program Cervus (Kalinowski et al., 2007).  In addition, ten 

per cent of PCR amplifications, and subsequent genotyping, were repeated for error checking 

purposes, and to ensure reliability of data.   
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The program GenePop (Rousset, 2008) was used to explore the presence of linkage 

disequilibrium between pairs of microsatellite loci.  FSTAT v2.9.3.2 (Goudet, 2001) was 

employed to provide global estimates of Fis (a form of inbreeding coefficient within a 

population), and also to determine the presence of population substructure (FST and RST).  

Finally, Bottleneck (Cornuet and Luikart, 1996) was implemented to detect the presence of 

heterozygosity excess or deficit, which could support historical observations of a population 

contraction. 

 

 

 

Locus Oligonucleotide sequence (5’ – 3’) Locus Oligonucleotide sequence (5’ – 3’) 

Lw10 AACACTAGCCCTGACTTC Lc28 TCATATAATACCCACCTCTGTAAG 

 
TTACAGAGCAGGAGTTCA 

 
TGCCTCGTGATGAAAAACT 

OrrFCB1 CTATAACTGGATAGATGATGGTGAC Pv9 TAGTGTTTGGAAATGAGTTGGCA 

 
CCCAAGCATAAGGTATCTTGGCC 

 
ACTGATCCTTGTGAATCCCAGC 

OrrFCB7 GAACCAGGGAGGAAGACAGAGTG PvcA 
 

 
CAGACTGTATCAGGAGGCTTTGG   

 

OrrFCB24 CATCTCCAATCCCTTCTTCCAAC G1A 
 

 
TAATTGTTTCTAATGGTCGCTACAAG 

  

Pvc78 GAGTATACCTCCATACTACAC Hg4.2 AATCGAAATGCTGAGCCTCC 

 
AGTTGTTCTCCTGACCCAAG 

 
TGATTTGACTTCCCTTCCCTG 

ZcCgDh5.8 GCACTATGCAACTGGGAATA Pv11 CAGAGTAAGCACCCAAGGAGCAG 

 
ACAGATAGGAGGCTTGGGAT 

 
GTGCTGGTGAATTAGCCCATTATAAG 

ZcwD01 ATACCGCTCTCAAGGTCCATTC Hg6.3 CAGGGGACCTGAGTGCTTATG 

 
CCAAGGGAAGTGATGTCAACTG 

 
GACCCAGCATCAGAACTCAAG 

ZcwE03 CTACACCTTTGGCTCCTCACTCT Hl16 CACTTATCTCGCCCTATATCCA 

 
GTCTCTTGCCATCTTGTGTGGT 

 
CAGCCACAGCCAACACAA 

ZcwC03 GGCCATGCTCATAACTCTTACC Hg6.1 TGCACCAGAGCCTAAGCAGACTG 

 
AGAACTAAGGAGCCTGTCTGTGG 

 
CCACCAGCCAGTTCACCCAG 

ZcCgDh1.8 GCACTACTTATTCAGTAGCA M11A TGTTTCCCAGTTTTACCA 

 
CCCCACTGTGTTCATTCAAC 

 
TACATTCACAAGGCTCAA 

ZcCgDh3.6 AATCACACATCCTTAGTCTC Lc5 ATCTTCAGGCTTTCTTCT 

 
GCCATAAAATTCTAGGTTG 

 
TTCACGGACTCAAATAAT 

ZcCgDh5.16 TGCTCAGTCACCCTTCTTG Hg8.10 TAGTGTTTGGAAATGAGTTGGCA 

 
CAGAAACGTGGAATACACAG 

 
ACTGATCCTTGTGAATCCCAGC 

Table 2-2 - Oligonucleotide primers trialled and used in these analyses 
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Temperature Time Notes 

94
o
C 5 minutes Initial denaturation 

94
 o
C 20 seconds 

10 cycles 65
 o
C 20 seconds 

72
 o
C 30 seconds 

94
 o
C 20 seconds 

40 cycles 

* -0.5
 o
C per cycle, to 45

 o
C 

65
 o
C * 20 seconds 

72
 o
C 30 seconds 

72
 o
C 5 minutes Final extension 

Table 2-3 - Polymerase chain reaction thermal cycling parameters for multiplex amplification of microsatellite 

loci 

 

2.3 Results 

 

2.3.1 Population statistics 

 

Of the 24 loci detailed in Table 2-2, two failed to amplify (Pvc78 and Lw10) and one was 

monomorphic (ZcwD01).  Therefore of the 1351 individuals in this study, 1047 (77%) were 

genotyped at all 21 successful loci, and 1321 (97%) were genotyped at 17-20 loci due to PCR 

failure in a small number of individuals at certain loci; individuals were subjected to repeat 

PCR three times before conceding lack of amplification of a locus in a particular individual.  

The genotype traces for three microsatellite loci (OrrFCB24, ZcCgDh5.8, ZcCgDh3.6) were 

difficult to discern due to the presence of stutter peaks, which made the resolution of alleles 

differing by only 2bp difficult.  Consequently, these three loci did not perform as well as other 

loci after error-checking of 10% of the genotypes and did not resolve upon complete re-

analysis of the genotypes of all individuals at these loci; the error rate with the nine loci 

presented here is 2.63% including the three error-prone loci, but 0.96% excluding.  Analysis 

of all 21 loci used in NZSL genotyping shows an error rate of 1.95% including the three error-

prone loci, but 0.67% without.  As a result of inconsistency upon error checking, certain 

analyses in these data are undertaken on all amplified loci (21 loci), followed by analyses with 

erroneous loci removed (18 loci) and are indicated as such. 
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Population-wide statistics were calculated over all 21 loci (Table 2-4).  Observed 

heterozygosity (HO) averaged over all loci was 0.64 (range 0.003 – 0.862) while expected 

heterozygosity (HE) was 0.67 (range 0.043 – 0.905).  Average allelic diversity across all 

microsatellite loci was calculated using Cervus and detected between 4 and 20 alleles at 

microsatellite loci within the NZSL population, average 9.3 (Table 2-4).  Four alleles were 

seen at the least variable locus (ZcwE03) and 20 at the most variable (ZcCgDh5.16).  

OrrFBC24 was the most heterozygous locus (observed heterozygosity, HO, 0.862) and the 

least heterozygous was ZcCgDh1.8 (HO, 0.003).  Five loci (Hl16, Hg6.3, ZcChDh1.8, 

ZcCgDh3.6, OrrFCB24 and ZcCgDh5.16) were shown to deviate from HWE, however only 

one (ZcCgDh1.8) remained significant after Bonferroni correction for multiple tests.  Null 

alleles (an excess of homozygotes potentially due to point mutations in flanking sequences) 

were detected at the same locus (ZcCgDh1.8) however this locus has a very high frequency of 

one allele in particular, for which a large proportion of the population are homozygous, 

therefore the predominance of one allele was thought to be driving the statistical deviation 

from HWE and the detection of null alleles at this locus. 
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Microsatellite Accession  Reference 
Fragment 

size (bp) 
k N Ho HE 

Null allele 

frequency 
HWE 

G1A - - 180-195 8 1338 0.596 0.634 0.0286 0.444 

Hg4.2 G02090 1 144-177 15 1341 0.817 0.821 0.0014 0.156 

Hg6.1 G02091 1 150-166 9 1342 0.65 0.644 -0.0048 0.741 

Hg6.3 G02092 1 230-250 8 1280 0.71 0.746 0.025 0.003 

Hg8.10 G02096 1 184-193 6 1330 0.444 0.427 -0.0204 0.670 

Hl16 AF140588 2 139-167 14 1347 0.705 0.779 0.0457 0.010 

Lc28 AF140584 2 134-150 6 1349 0.651 0.678 0.02 0.516 

Lc5 AF417694 3 156-186 5 1349 0.443 0.446 0.0037 0.914 

Lw10 AF140592 2 - - - - - - - 

M11A - 4 142-177 8 1345 0.604 0.633 0.0237 0.683 

OrrFBC1 G34933 5 178-210 12 1306 0.745 0.77 0.0161 0.074 

OrrFCB24 G34932 5 157-178 12 1243 0.862 0.861 -0.003 0.032 

OrrFCB7 G34928 5 200-212 7 1328 0.771 0.798 0.0186 0.067 

Pv11 U65444 6 156-179 9 1340 0.772 0.736 -0.0261 0.810 

Pv9 G02096 1 171-179 5 1346 0.46 0.486 0.0275 0.126 

Pvc78 L40983 7 - - - - - -  

PvcA - - 131-164 11 1346 0.736 0.728 -0.0048 0.760 

ZcCgDh1.8 AY676475 8 132-229 5 1308 0.003 0.043 0.4745 0.000 

ZcCgDh3.6 AY676476 8 229-239 6 1307 0.621 0.775 0.1106 0.005 

ZcCgDh5.16 AY676477 8 208-246 20 1316 0.829 0.905 0.043 0.024 

ZcCgDh5.8 AY676474 8 326-344 10 1327 0.771 0.757 -0.0118 0.345 

ZcwC03 AM039819 9 240-269 15 1166 0.771 0.84 0.0415 0.054 

ZcwD01 AM039817 9 - - - - - - - 

ZcwE03 AM039821 9 210-216 4 1327 0.531 0.539 0.0029 0.398 

Table 2-4 - Microsatellites used in this study.  k, number of alleles; N, number of individuals genotyped at each 

locus (out of a maximum of 1351); HO, observed heterozygosity; HE, expected heterozygosity; HWE, p-value of 

significance of Hardy Weinberg equilibrium.  References: 1, Allen et al. 1995; 2, Gellatt et al. 2001; 3, Davis et 

al 2001; 4, Hoelzel et al. 1999; 5, Buchanan et al. 1998; 6, Goodman et al. 1997; 7, Coltman et al. 1996; 8, 

Hernandez-Velazquez et al. 2005; 9, Wolf et al. 2006. 

 

 

Next, to take in to consideration biases from grouping NZSL samples from multiple years, 

observed heterozygosity, expected heterozygosity and allelic diversity at microsatellite loci 

were calculated for each of the status groups in this study, which are defined as dead pups, 

live pups and live adults for each year of the study (Table 2-5).  Dependent on status group, 

values for allelic diversity (k) ranged from 4.14 – 7.33, observed heterozygosity (HO) 0.59 – 

0.67 and expected heterozygosity (HE) 0.63 – 0.70.  Dead pups from 2000/2001 were the least 

heterozygous, although this may be a consequence of the smaller number of individuals 

sampled in this year.  Dead pups from 2001/2002 were the most heterozygous.  Live adult 

females from 2001/2002 have the highest allelic diversity, while dead pups from 2002/2003 
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have the lowest, although again the number of individuals represented in this subset of the 

cohort is low compared to other subsets.    

 

 

Status Year N k HO HE 

ALL - 1351 9.29 0.64 0.67 

Dead pups 1997/1998 39 6.38 0.63 0.671 

Dead pups 1998/1999 28 5.86 0.61 0.66 

Dead pups 1999/2000 38 6.10 0.64 0.67 

Dead pups 2000/2001 9 4.38 0.59 0.63 

Live pups 2001/2002 189 7.10 0.65 0.66 

Dead pups 2001/2002 42 6.52 0.67 0.70 

Live adult females 2001/2002 223 7.33 0.63 0.66 

Live adult males 2001/2002 122 6.90 0.61 0.66 

Dead pups 2002/2003 7 4.14 0.60 0.67 

Live adult males 2002/2003 120 7.14 0.66 0.67 

Live pups 2002/2003 67 6.00 0.65 0.66 

Dead pups 2003/2004 30 6.24 0.62 0.66 

Live pups 2003/2004 176 7.29 0.65 0.66 

Dead pups 2004/2005 59 6.38 0.65 0.66 

Live pups 2004/2005 46 5.95 0.64 0.65 

Live pups 2005/2006 73 6.57 0.64 0.66 

Dead pups 2006/2007 49 6.10 0.65 0.64 

Live pups 2006/2007 34 5.71 0.66 0.65 

Table 2-5 – k, number of alleles; N, number of individuals genotyped at each locus; HO, observed 

heterozygosity; HE, expected heterozygosity calculated by status group. 

 

 

To test for potential linkage disequilibrium (LD) between loci in the population, GenePop 

(Rousset, 2008) was employed using probability tests (Markov chain parameters: 

dememorisation 10000, 100 batches of 10000 iterations per batch).  LD was detected between 

a number of pairs of loci within the population (Table 2-6), which remained significant after 

Bonferroni correction for multiple testing (15/210 comparisons).  
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Locus # 1 Locus # 2 p-value S.E. 

GIA ZcCgDh3.6 0 0 

GIA ZcCgDh5.16 0 0 

GIA ZcwC03 5.70E-05 4.70E-05 

GIA ZcwE03 0.00005 1.80E-05 

Hg4.2 Pv11 0.00011 6.10E-05 

Hg6.3 Hg6.1 1.20E-05 1.20E-05 

HI16 ZcCgDh5.8 0.00014 8.70E-05 

Lc28 Hg4.2 3.90E-05 2.50E-05 

Lc28 ZcCgDh5.8 0.00021 6.60E-05 

ZcCgDh1.8 ZcCgDh3.6 0.00004 2.40E-05 

ZcCgDh3.6 ZcCgDh5.16 0 0 

ZcwC03 OrrFCB7 0 0 

ZcwC03 ZcCgDh1.8 0.00017 5.80E-05 

ZcwC03 ZcCgDh3.6 0 0 

ZcwC03 ZcCgDh5.16 5.00E-06 5.00E-06 

Table 2-6 - Microsatellite pairs for which linkage disequilibrium was detected. 

 

 

2.3.2 Calculation of Fis and inbreeding inferences 

 

Fis values, which range from -1 to 1 (Table 2-7 and Figure 2-1), were calculated for each 

microsatellite locus through FSTAT based on Weir and Cockerham (1984) and averaged 

across all loci in the population.  Using all individuals, Fis within the NZSL population is 

0.039 averaged across all 21 loci, and 0.036 after removal of error prone loci, however no 

significant departure from the expected mean of zero was detected.  
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Locus Population-wide Fis 

Lc28 0.04 

Pv9 0.054 

PvcA -0.011 

GIA 0.059 

Hg4.2 0.006 

Pv11 -0.049 

Hg6.3 0.048 

HI16 0.095 

Hg6.1 -0.009 

M11A 0.045 

Lc5 0.005 

Hg8.10 -0.039 

ZcwC03 0.082 

ZcCgDh1.8 0.93 

ZcCgDh3.6 0.198 

ZcCgDh5.16 0.084 

OrrFCB1 0.033 

OrrFCB7 0.034 

ZcCgDh5.8 -0.018 

OrrFCB24 -0.002 

ZcwE03 0.014 

Table 2-7 - Fis values per locus calculated using each individual in the population. 

 

 

 

 

Inbreeding 

avoidance 

Random 

mating 

Inbreeding 

occurrence 

-1 0 1 

 

Figure 2-1 - Fis values can indicate the occurrence of inbreeding within the population, or they can indicate the 

occurrence of inbreeding avoidance 

 

  

Fis was recalculated after separation of NZSL individuals into status groups according to their 

year of sampling, their generation (pups vs. adults) and whether they were live or dead (Table 

2-8).  Tests between all dead pups, live pups, live adult females and live adult males showed 

that dead pups, live adult females and live adult males had a value of Fis that was significantly 

larger than zero (p < 0.05).  When separated by year and status, values of Fis ranged from -

0.021 (live pups 2006/2007) to 0.11 (dead pups 2002/2003).  In general, pups from 2006/2007 
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were less related to each other than pups and adults from other years, as indicated by a 

negative value of Fis, although this was not significantly different from the hypothesised mean 

of zero.  Sequential t-tests against the population subset with the lowest Fis value (live pups 

2006/2007, Fis -0.021) determined that dead pups from 1997/1998, 1998/1999 and 2003/2004 

had a significantly higher Fis than live pups from 2006/2007 (two-sample t-test, all significant 

at p < 0.05).  In addition, live males from 2001/2002 were significantly higher in Fis than live 

pups from 2006/2007, as were live pups from 2005/2006. 

 

 

Group Global Fis 1997/1998 1998/1999 1999/2000 2000/2001 2001/2002 

All (21) 0.039           

p-value 0.0024      

All (18) 0.036           

p-value 0.0028      

Dead Pups 0.054 0.059 0.068 0.036 0.075 0.038 

p-value 0.0006 0.0033 0.0032 0.0398 0.0549 0.0226 

Live Pups 0.015         0.006 

p-value 0.0012     0.2673 

Live Females 0.038         0.038 

p-value 0.0006     0.0001 

Live Males 0.052         0.075 

p-value 0.0006     0.0001 

       Group 

 

2002/2003 2003/2004 2004/2005 2005/2006 2006/2007 

Dead Pups 

 

0.11 0.068 0.022   -0.012 

p-value  0.0216 0.0019 0.0892  0.2513 

Live Pups 

 

0.007 0.013 0.017 0.036 -0.021 

p-value  0.3259 0.0857 0.2013 0.0079 0.1739 

Live Males 

 

0.026         

p-value  0.012     

Table 2-8 – Mean Fis for all microsatellite loci, calculated for each status group using 21 loci unless otherwise 

stated.  Years relate to the breeding season in which the animals were sampled. P-values relate to the chance of 

having a value of Fis larger than that observed if positive (significant heterozygote deficit), and smaller than that 

observed if negative (significant heterozygote excess), and significant p-values are indicated in red.  P-values are 

determined based on randomisations of the dataset and are the probability of observing a value of Fis larger (if 

positive) or smaller (if negative) than the observed, with 95% confidence intervals calculated by bootstrapping.  

Critical p-values for global tests were: All (21), p = 0.00238; All (18), 0.00278; Dead Pups, Live Pups, Live 

Females, Live Males, 0.00060, 95% CI 0.012, 0.059.  Critical p-value for tests of each status group per year was 

0.00013, 95% CI 0.008, 0.051. 
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2.3.3 Bottleneck analyses 

 

Through use of the program Bottleneck (Cornuet and Luikart, 1996) we chose to model the 

population for a recent population bottleneck based on both the stepwise mutation model, 

SMM (Ohta and Kimura, 1973) and the infinite alleles model, IAM (Estoup et al., 1995).  

Both models were used because microsatellites only very rarely conform to strict SMM 

(Cornuet and Luikart, 1996).  Heterozygote excess was detected under the IAM (p = 0.00005) 

by the Wilcoxon sign-rank test.  Also under IAM, we see only one locus with heterozygote 

deficiency but 20 with heterozygote excess (p = 0.00013).  Modelling under the SMM 

resulted in the opposite output; the probability for heterozygote excess was p = 0.99 and 

heterozygote deficiency was p = 0.0001.  Due to these contrasting results, the two-phase 

model TPM (Di Rienzo et al., 1994) was implemented with the proportion of loci mutating 

under SMM as 70% and under the IAM as 30%, with variance set at the default of 30.  

Wilcoxon sign-rank test gave the probability of heterozygote excess under the TPM as p = 

0.03232.   

 

In order to determine if Bottleneck results were skewed by the inclusion of both adults and 

pups from a number of breeding seasons, one year was chosen for which there was a large 

amount of data.  Pups from 2001/2002 (n = 231) were chosen to provide a ‗genomic snapshot‘ 

of the level of variation in the NZSL population at this point in time, and the above analyses 

were repeated.  Under the IAM, the probability of heterozygote excess was p = 0.000 and 

under TPM p = 0.004.  Again, SMM showed the opposite result of heterozygote deficit at p = 

0.000, and results for this particular breeding season were therefore consistent with 

calculations for the population as a whole. 

 

2.3.4 Population differentiation 

 

Live pups from the 2003/2004 breeding season were used to test for population 

differentiation, from three different breeding beaches: Sandy Bay, n = 36; Dundas Island, n = 

40; Figure of 8 Island, n = 25.  FSTAT was used to test for population differentiation of 

microsatellite data using both FST and RST, which could indicate population substructure.  FST 

was calculated at 0.008 (Weir and Cockerham, 1984), with RST calculated at 0.0079 
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(Goodman, 1997b), values which are not significantly different from zero, indicating that 

there is no substructure detected in the NZSL population.   

 

 

2.4 Discussion 

 

2.4.1 Summary 

 

Here we present locus- and population-specific statistics for 21 microsatellite loci in the 

NZSL.  Average allelic diversity is 9.3 (range 4 – 20 alleles per locus) with an observed (HO) 

and expected (HE) of 0.67 and 0.64 respectively.  One locus appears to deviate from HWE; 

however we do not detect the presence of null alleles.  Three loci were prone to genotyping 

error and resulted in a high average error rate for microsatellite genotyping of 1.95%, which 

reduced to 0.67% upon removal of these loci.  Analyses with the program Bottleneck provide 

statistical evidence for a recent population size reduction, which was significant under both 

the infinite alleles model and the two-phase model of microsatellite mutation.  Finally, we 

provide a measure of Fis that is suggestive of inbreeding/non-random mating and is evidenced 

in dead pups, live adult females and live adult males the NZSL population at Sandy Bay, 

consistent with their recent population history of population number decline due to 

subsistence and exploitative hunting. 

 

2.4.2 Hardy-Weinberg equilibrium and linkage disequilibrium 

 

Allele frequencies in large, randomly mating populations come to rest at equilibrium when 

there are no mitigating factors such as inbreeding, population fragmentation, selection and 

migration, which can cause deviation of loci from HWE.  Equilibrium is expected in most 

outbreeding populations, however agreement with expectations does not mean that the loci are 

free from influences such as selection, since these effects are often small and difficult to 

detect.  Thus Hardy-Weinberg equilibrium provides a null hypothesis against which to detect 

inbreeding, selection, migration, or population substructure/fragmentation (Frankham et al., 

2002). 
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This study found four out of 21 polymorphic loci that deviated from HWE in a cohort of 1351 

NZSL individuals, one of which remained significantly out of HWE after Bonferroni 

correction for multiple testing.  One cause of departure from Hardy-Weinberg equilibrium is 

the presence of null alleles, which often occur as a result of point mutations in flanking 

sequences.  While this locus also had a null allele frequency greater than 0.05, this was likely 

due to the nature of allele distribution at this locus; a large proportion of individuals at this 

locus are homozygous for the most common allele.  We find no further evidence for null 

alleles in this cohort.  The NZSL is a relatively closed system and is not thought to have any 

population substructure and hence a large amount of gene flow should occur among breeding 

beaches, evidenced by the low values of FST and RST detected here and lack of detectable 

deviations from Hardy-Weinberg expectations. 

 

Of the 210 comparisons performed to test for LD between microsatellite loci, 15 of these were 

significant and remained so after Bonferroni correction.  However, given α = 0.05 as a 

standard level of significance, one would expect 11 significant linkages at this level purely by 

chance after α is reduced to account for multiple testing.  Considering that tests for LD 

between loci can be extremely sensitive, even when LD between two loci is highly 

significant, the actual linkage between a pair of loci may be very weak (Kalinowski et al., 

2007).  Furthermore, we provide evidence in Chapter 3 for lack of physical linkage based on 

syntenic mapping and as such it is likely that the loci used in this study are not linked. 

 

2.4.3 Heterozygosity and allelic diversity 

 

Average heterozygosity and allelic diversity over a panel of loci are commonly used to 

characterise genetic diversity in a species or population.  A previous study of microsatellite 

diversity in the NZSL described what was believed to be an unexpectedly high level of 

diversity, considering recent and current population trends of the NZSL (Acevedo-

Whitehouse et al., 2009).  Here we show that expected heterozygosity is similar to that seen in 

the New Zealand fur seal (NZFS) Arctocephalus forsteri (Robertson and Gemmell, 2005) 

which showed an observed heterozygosity of between 0.66 and 0.74 (average 0.70), varying 

by geographic location.  The NZSL and NZFS, both of which were heavily hunted up to and 

during the 19
th

 century (Childerhouse and Gales, 1998, Lalas and Bradshaw, 2001) show a 



71 

 

similar level of observed and expected heterozygosity at microsatellite loci.  This result is 

especially interesting considering that the NZFS is a thriving population while the NZSL has 

failed to recover to pre-hunting levels and is now in decline (Taylor, 1971, Wilkinson et al., 

2003, Wilkinson et al., 2006).  

 

However, simple observed and expected heterozygosity at a panel of microsatellite loci is 

unlikely to be indicative of genome wide genetic diversity, because a population bottleneck 

has to be sustained and severe before any large effect on overall levels of heterozygosity is 

detectable.  Population bottlenecks affect both allele frequency and heterozygosity, and the 

first evidence of a genetic bottleneck is the loss of rare alleles (Nei et al., 1975, Watterson, 

1984, Maruyama and Fuerst, 1985, Cornuet and Luikart, 1996).  This would result in a 

transient excess of heterozygous individuals in the population (Watterson, 1984, Cornuet and 

Luikart, 1996, Luikart et al., 1998) relative to the number of heterozygotes expected based on 

overall observed heterozygosity, with heterozygote excess only likely to be detectable for 0.2 

– 4Ne generations following the bottleneck, where Ne is the bottleneck effective size (Luikart 

and Cornuet, 1998).  In the NZSL population as a whole, the average allelic diversity of 9.3 is 

lower than the range in allelic diversity of the NZFS, which is  9.4 – 15.3 dependent on 

geographic location (Robertson and Gemmell, 2005).  Furthermore, when the NZSL 

population is separated into status groups, allelic diversity reduces to 4.14 – 7.33 dependent 

on group, while observed heterozygosity remains relatively high (0.59 – 0.67 by NZSL status 

group, compared to 0.66 – 0.74 in NZFS by geographic location).  This suggests that despite 

maintenance of observed heterozygosity, allelic diversity is low and provides some genetic 

evidence to support historical observations of a population bottleneck.  

 

2.4.4 Bottleneck analyses 

 

Most outbred, randomly-mating populations exist at mutation-drift equilibrium, and as such, 

there is an equal probability that a locus will show heterozygote excess or heterozygote 

diversity, so that approximately 50% of loci will show a slight heterozygote excess and 50% 

will show a slight heterozygote deficit (Luikart and Cornuet, 1998).  This is in contrast to 

recently bottlenecked populations which are expected to show a majority of loci with 

considerable heterozygote excess as a result of the loss of rare alleles.  The Wilcoxon sign-

rank test was implemented (Cornuet and Luikart, 1996) to determine if a population possesses 
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a significant number of loci with heterozygote excess.  This test can determine if the 

population has been recently bottlenecked, where recent is defined as within 4Ne generations 

(Cornuet and Luikart, 1996).    

  

However, the detection of heterozygosity excess or deficiency is dependent on the method of 

microsatellite mutation, which must be taken in to account because the relationship between 

the number of alleles and heterozygosity for loci evolving under the different mutation models 

can differ.  There are three main models of microsatellite mutation: i) step-wise mutation 

model (SMM) where each mutation event adds or subtracts a single repeat unit from the allele 

length, with addition or subtraction equally probable (Ohta and Kimura, 1973); ii) the infinite 

alleles model (IAM) where each new mutation produces a new allele, independent of existing 

allele size (Kimura and Crow, 1964); iii) the two-phase model (TPM) which is an 

intermediary mutation model, where microsatellite loci mutate by SMM but a certain number 

of loci can also evolve by IAM (Di Rienzo et al., 1994).  The subtleties of microsatellite 

mutation and evolution are not yet fully understood (Buschiazzo and Gemmell, 2006), 

however microsatellite mutation is expected to be the result of slippage during DNA 

replication (Levinson and Gutman, 1987), which would increase or decrease the size of the 

microsatellite by sizes relative to the base-pair repeat size (SMM).  Furthermore, other larger 

mutational steps are also possible and can be generated by processes other than slippage, such 

as unequal crossing over.  For this reason, microsatellites will rarely conform to strict SMM.  

IAM and SMM represent two extremes of microsatellite mutational model and the two-phase 

model is recommended for analyses of heterozygote excess in microsatellites, where mostly 

one-step changes occur along with a small percentage of multi-step changes (Luikart and 

Cornuet, 1998).  The TPM is thought to be more precise when determining the relationship 

between allele number and heterozygosity with respect to bottleneck detection, because 

intermediate models of mutation such as the TPM rarely show heterozygote deficiency in 

bottlenecked populations (Cornuet and Luikart, 1996). 

 

The NZSL population shows significant heterozygote excess under the IAM, which could 

indicate that the population has undergone a population size bottleneck within the last 4Ne 

generations.  However, it is interesting to observe opposite results between the IAM and the 

SMM; heterozygote deficiency was detected under the SMM in the NZSL population.  

Research has shown that heterozygote excess has really only been identified for alleles 

mutating under the IAM and that under strict SMM it is uncommon for heterozygote excess to 
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be observed (Cornuet and Luikart, 1996).  This is because it is unusual for loci to follow a 

strict SMM and loci will begin to show heterozygote excess as soon as they depart from SMM 

and move towards the IAM.  Under the SMM, both heterozygote excess and deficiency can 

occur, which is dependent on the variability of the loci and the time that has elapsed since the 

bottleneck (Cornuet and Luikart, 1996).  Analysis of the NZSL population using the TPM, 

when 70% of the loci are evolving under the SMM, shows significant heterozygote excess.  

This suggests that microsatellite loci in the NZSL population are more likely to be evolving 

under the TPM or the IAM, with evidence of heterozygote excess aiding the confirmation of 

the recent population history of a bottleneck.   

 

2.4.5 Estimation of potential non-random mating 

 

While inference of a bottleneck is valuable, it is also helpful to know if inbreeding is 

occurring in the population, which may be a consequence of reduced population size 

following a bottleneck.  Fis can be used to estimate inbreeding within the population and in 

the context of this study it measures deviation of loci from Hardy-Weinberg equilibrium in 

the population as a whole, which is the mean reduction in heterozygosity of an individual 

potentially due to non-random mating within a population.  As such, Fis describes the 

relationship of pairs of alleles within individuals, relative to other individuals in the 

population (Frankham et al., 2002).  This measure can indicate that inbreeding is occurring in 

the population if the calculated values of Fis are large across multiple loci within a population.   

 

Estimations of Weir and Cockerham‘s F statistic Fis (Weir and Cockerham, 1984) within the 

NZSL population are positive for dead pups as a whole, as well as for live adult females and 

live adult males, suggestive of the presence of inbred individuals in these subsets of the cohort 

and may indicate non-random mating within the population.  This is in contrast to live pups as 

a group, and could suggest that a higher proportion of inbred individuals are present within 

the cohort of dead pups, relative to live pups.   

 

Upon division of the population into subsets based on year of sampling and status, it is 

apparent that pups from the 2006/2007 breeding season have a lower Fis (potentially more 

outbred) than those from preceding breeding seasons, although this value of Fis is not 

significantly different from zero.  The years 1997/1998, 2001/2002 and 2002/2003 were years 
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of unusually high mortality in the New Zealand sea lion population (Chapter 1) attributable to 

infection with opportunistic bacterial pathogens (Baker, 1999, Chilvers et al., 2006, 

Wilkinson et al., 2006, Castinel et al., 2007c, Castinel et al., 2007d).  Fis values of dead pups 

from 1997/1998 up to 2003/2004 are higher than other years.  While these values of Fis were 

not significantly higher than zero, dead pups from 1997/1998, 1998/1999 and 2003/2004 were 

significantly higher in Fis when compared to live pups from 2006/2007.  This suggests that 

pups dying in these years show a higher level of allele sharing and are potentially more inbred 

than live pups from 2006/2007.  This is perhaps reflective of the selection pressure which 

opportunistic pathogens exert in epizootic years, whereby more homozygous pups may be 

more susceptible to disease e.g. Coltman et al., 1999.  As such, pups which are more 

homozygous are over-represented in cohorts of dead pups in these years.  This is an 

interesting possibility that could bear some further investigation.  It is also interesting to note 

that live males sampled in 2001/2002 show a level of Fis that could suggest a degree of 

consanguinity, and live females from this year likewise have a value of Fis that is significantly 

higher than zero.  This could be indicating long-term low population size and relatedness 

among breeding adults.   

 

2.4.6 Conclusions 

 

The New Zealand sea lion is an interesting model of disease resistance or susceptibility, in 

that it has experienced a prolonged small population size and exists in relative isolation.  As 

such, it is a good model through which to examine the genetic signatures of inbreeding as a 

consequence of both historic population exploitation and recurrent epizootic events.  The 

detrimental effects of this on the genetic variation of the species could consequently render 

this species more susceptible to infection, which is evidenced by its unusually high level of 

mortality in response to bacterial infection.  The characterisation here of levels of variation at 

microsatellite loci has provided interesting insights into the population dynamics of this 

species and we hypothesise that low genetic variability, potentially as a result of a population 

bottleneck and non-random mating leading to inbreeding, is affecting the capability of 

individual NZSLs to resist disease. 
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CHAPTER 3 -  DEVELOPMENT OF A PREDICTED PHYSICAL MAP OF 

MICROSATELLITE LOCUS POSITIONS FOR PINNIPEDS, WITH WIDER 

APPLICABILITY TO THE CARNIVORA 

 

Abstract 

 

 

Understanding genetic variation responsible for phenotypic differences in natural populations 

is significantly hampered by a lack of genomic data for many species.  Levels of variation 

can, however, be estimated using microsatellite markers, which may be useful for relating 

individual fitness to genetic diversity.  Prior studies have demonstrated correlations between 

heterozygosity and individual fitness in some species.  These correlations are sometimes 

driven by a subset of markers and it is unclear whether this is because those markers best 

reflect genome-wide heterozygosity, or whether they are linked to fitness-related genes.  

Differentiating between these scenarios is hindered when the genomic location of markers is 

unknown.  Here, we develop a predicted genomic map of pinniped microsatellite loci based 

on conservation of primary sequence and genomic location between dog, cat and giant panda.  

We mapped 210 out of 260 (81%) microsatellites from pinnipeds to locations in dog, cat and 

giant panda genomes. Based on the demonstrable synteny between the genomes of closely-

related taxa within the Carnivora we use these data to identify those microsatellites with the 

greatest chance of cross-species amplification success and demonstrate successful 

amplification of 21 out of 26 loci for cat, dog and two seal species.  We also demonstrate the 

potential to identify candidate genes that may underpin the functional relationship with 

individual fitness.  Overall, we show that this approach provides a rapid and robust method to 

elucidate genome organisation for non-model organisms and have established a resource that 

facilitates further genetic research on pinnipeds that also has wider applicability to other 

carnivores.   
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DEVELOPMENT OF A PREDICTED PHYSICAL MAP OF MICROSATELLITE LOCUS 

POSITIONS FOR PINNIPEDS, WITH WIDER APPLICABILITY TO THE CARNIVORA 

 

 

3.1 Introduction 

 

3.1.1 Measuring genetic diversity 

 

Genetic variation responsible for phenotypic change in natural populations is poorly 

understood, primarily because of the paucity of genome data for non-model, wild species.  

This genomic information would facilitate many analyses, such as quantitative trait loci 

(QTL) mapping to investigate the genetic basis of continuous trait variation in natural 

populations (Slate, 2005, Ellegren and Sheldon, 2008).  Likewise, heterozygosity-fitness 

correlations (HFCs) could be estimated to establish the relationship between genome-wide 

heterozygosity of supposed neutral markers and fitness traits such as survivorship and 

reproductive success (Chapman et al., 2009). 

 

Measurement of genome-wide levels of variation in relation to individual fitness is, at present, 

most commonly measured by microsatellites because of their ubiquity, selective neutrality 

and codominant inheritance (Jarne and Lagoda, 1996).  These presumed neutral loci have 

been used as surrogates for full genome information to determine the extent of inbreeding and 

species fitness in many vertebrates (Coltman and Slate, 2003, Chapman et al., 2009), with 

varying success.  Studies in a wide range of species (reviewed by Chapman et al., 2009), 

including pinnipeds (Coltman et al., 1998a, Coltman et al., 1998b, Bean et al., 2004, Pastor et 

al., 2004, Acevedo-Whitehouse et al., 2006, Hoffman et al., 2006a, Kretzmann et al., 2006, 

Rijks et al., 2008), have demonstrated that heterozygosity at microsatellite loci is associated 

with traits related to fitness. 

 

One explanation for the regularity with which significant HFCs are reported is that 

homozygosity at a handful of neutral loci may be a surrogate for genome-wide homozygosity, 

which itself may be an indicator of inbreeding coefficient and individual fitness (Weir and 

Cockerham, 1973, Balloux et al., 2004, Slate et al., 2004, DeWoody and DeWoody, 2005).  
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However, there is a second, more intriguing explanation, which is that these markers may be 

indicative of gene-specific fitness effects.  Microsatellites often successfully cross-amplify 

between pinniped species (Coltman et al., 1996, Gemmell et al., 1997, Davis et al., 2002, 

Hoffman et al., 2007a) and because of this a number of studies have used overlapping sets of 

markers rather than de novo development.  There are several examples where heterozygosity 

at specific loci has shown an association with fitness-related traits in one or more pinniped 

species (Coltman et al., 1998a, Acevedo-Whitehouse et al., 2006, Kretzmann et al., 2006).  

These loci may mark genomic regions that contain genes that explain individual fitness 

variation.  Unfortunately, with no knowledge of the genomic location of these loci there is no 

prospect of identifying candidate genes that lie in linkage disequilibrium with them. 

 

3.1.2 Predictive alignment between species 

 

A solution to this problem is to exploit the chromosomal synteny between species of the same 

or closely related phylogenetic orders to determine the location of microsatellites within the 

genome of a non-model organism (Dawson et al., 2006).  The genomes of related species are 

often highly conserved; among mammals, large blocks of DNA can be shared by distantly 

related species (Ferguson-Smith and Trifonov, 2007).  While there has been extensive 

rearrangement of carnivore karyotypes (Yang et al., 1999, Graphodatsky et al., 2001), most 

pinnipeds share conserved synteny (Fay et al., 1967, Arnason, 1974).  It is generally believed 

that ursids, mustelids and procyonids are the closest terrestrial relatives to pinnipeds 

(Novacek, 1992, Ledje and Arnason, 1996, Fronicke et al., 1997).  To date, no pinniped 

genome has been fully sequenced or mapped, and since no full genome sequence exists for 

any of these families, the dog, of suborder Caniformia, Canis lupus familiaris (Lindblad-Toh 

et al., 2005) was chosen as the next closest relative of the pinnipeds for which a genome 

sequence has been determined and whose genome has been assembled into chromosomes 

(CanFam2.0; accession number AAEX02000000).  In addition, we utilise the domestic cat, 

suborder Feliformia, Felis catus (Pontius et al., 2007) and the giant panda, suborder 

Caniformia, Ailuropoda melanoleuca (Li et al., 2010) genomes to demonstrate conservation 

between the microsatellite flanking sequences of four extant carnivores and use this 

information to develop a virtual genomic alignment of microsatellite loci for pinnipeds which 

has wider applicability to other carnivore species. 
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The predicted microsatellite alignment of the pinniped genome presented here utilises 

microsatellite markers isolated from 12 pinniped species (Appendix 1), which have been 

aligned to the dog, cat and giant panda genomes.  There are three main applications of these 

data.  First, we show the degree of conservation of microsatellites and their flanking 

sequences in three extant members of the Carnivora, representative of most carnivore 

genomes.  Second, we show that putative candidate genes in close proximity to microsatellites 

associated with fitness based on HFC studies can be rapidly identified even in a non-model 

species.  Third, this alignment can be used to help plan studies where linkage (and therefore, a 

high likelihood of linkage disequilibrium) of typed markers is undesirable, as this will lead to 

non-independence of marker information (e.g. for parentage or population structure studies).  

Specifically, we provide a tool with which to identify those microsatellite markers which 

show the greatest conservation within the Carnivora for use in other non-model species.  

Likewise, with knowledge of genomic sequence available for dog, cat and panda, these data 

can be used to identify additional genetic markers for the deeper investigation of genomic 

regions of interest in a study species, where otherwise such investigation would not be 

possible.  It is our hope that this virtual microsatellite alignment will provide the starting point 

for what could evolve into a principal resource for the conservation and population genetics of 

pinnipeds, and potentially other Carnivora.  In addition we build on earlier work (Dawson et 

al., 2006) to show a further proof of practice of the power of this comparative approach for 

developing inferred physical alignments for species, this time in a mammal, where no such 

genomic resource was available.   

 

 

3.2 Methods 

 

3.2.1 Obtaining microsatellite sequences 

 

All pinniped microsatellite sequences, excluding Hawaiian monk seal, Monachus 

schauinslandi (HMS) microsatellites (Schultz et al., 2010) comprising a repeat motif and 

associated flanking sequence, were identified by searching GenBank 

(http://www.ncbi.nlm.nih.gov/) with the terms 'phocidae [orgn] OR otariidae [orgn] OR 

odobenidae [orgn] AND microsatellite'.  HMS microsatellites were provided for this 
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publication prior to their general release in GenBank.  In total 314 microsatellite sequences 

were identified.  A number of sequences (20) were removed from the analysis because they 

were too short (19-23bp) to be positioned uniquely in sequence similarity searches.    

 

 

3.2.2 Predictive alignment of pinniped microsatellites 

 

3.2.2.1 Comparative genomes 

Full genome sequences were downloaded from the following sites:  

Dog - http://www.broadinstitute.org/mammals/dog 

Cat - http://www.broadinstitute.org/ftp/pub/assemblies/mammals/cat/felCat3/  

Giant panda -

ftp://public.genomics.org.cn/BGI/panda/panda.scafSeq.gapFilled.noMito.GeneScaffold.fa.gz 

 

3.2.2.2 Repeat masking 

Repeat motifs of pinniped microsatellite sequences were masked using Repeatmasker (Smit et 

al., 1996-2010), to avoid spurious hits in subsequent sequence similarity searches.  For the 

purpose of masking, input sequences were assumed to be dog, as the repeat information for 

pinnipeds is incomplete.  The length of the unmasked stretch of pinniped microsatellite 

sequence was required to be at least 11 unmasked bases, meaning an additional 17 markers 

were removed from further analysis, leaving 277 of 314 pinniped microsatellite sequences 

available for alignment.   

 

3.2.2.3 Detection of microsatellites 

Microsatellites within the masked regions were detected using sputnik 

(http://espressosoftware.com/sputnik/index.html).  A microsatellite had to have: 1) a 

minimum simple sequence repeat length at least 12bp (6 dinucleotide repeats); 2) a minimum 

unit length 2bp (dinucleotide) and; 3) a maximum unit length of 4bp (tetranucleotide).  One 

imperfection every 10bp was allowed.  The exact command used was: 

 

sputnik –s 11 –v 2 –u 4 –L 12 



81 

 

 

Those markers lacking detectable microsatellites under the criteria outlined above (17 loci) 

were removed from the analysis, leaving a total of 260 markers.    

 

3.2.2.4 Sequence similarity searches 

We used the stand-alone version of BLAST (Altschul et al., 1997) to determine if any of the 

microsatellites used in this study were orthologues of the same microsatellite sequence 

isolated from different species.  For assignment of pinniped microsatellites to target genomes, 

BLAST settings were chosen to be conservative (repeats were masked, low-complexity 

regions filtered out and a stretch of at least 20bp had to be identical between the marker and 

the dog genome).  The exact command used was 

 

megablast –U T –F “m D” –W 20 –D 2 –m 8 –v 10 –b 10 

 

A microsatellite was assigned a location in the target genome if it provided a unique hit with 

an Expectation value (E value) of 1e
−5

 or less (i.e. better).  The E value represents the number 

of times this match would be expected to occur purely by chance in a search of the whole 

genome sequence.  Where a locus provided multiple hits at 1e
−10

, an adjusted E value was 

calculated (the top hit divided by the next best hit).  Hits falling within 1kb of each other were 

clustered.  A location was assigned to a marker if the adjusted E value was 1e
−10

 or less (i.e. 

best hit had an E value of at least 10 decimal places smaller than the next best hit).  Of 260 

pinniped sequences tested using these stringent criteria, 179 aligned to giant panda, 155 

aligned to dog and 106 aligned to cat.  Based on the top hit for each pinniped sequence an 

additional 2kb of sequence (1kb left, 1kb right) was extracted from the matching genome, if 

available.  Extracted sequences were aligned with the respective pinniped sequences with 

relaxed constraints (bl2seq – p blastn –U F –F F –t 200 –G 1 –E 1).  Only 

alignments of at least 80% of the pinniped sequence to dog/cat/giant panda were examined 

further. 

 

3.2.2.5 Alignment of microsatellites 

At present only the dog genome is arranged into chromosomes, so pinniped microsatellites 

were aligned to this genome first and represented diagrammatically based on their assigned 

chromosomal location in the dog genome using the program MapChart (Voorrips, 2002).  
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Alignment positions are available as a custom track for the UCSC genome browser 

(http://genome.ucsc.edu/). 

 

3.2.2.6 Wider sequence similarity 

The 10kb of sequence flanking the microsatellite loci of interest (5kb left, 5kb right) was 

extracted in each of the three target species to assess wider sequence similarity between 

species.  Where insufficient flanking sequence was available (e.g. at the end of a contig) the 

sequence was padded with Ns to retain the microsatellite in the middle of the 10kb sequence.  

Corresponding pairs of sequences were sequentially aligned using Gepard (Krumsiek et al., 

2007) to create dotplots, visual representations of sequence similarity levels. 

 

3.2.2.7 Evidence of X-linked loci 

Pinniped microsatellites where laboratory genotyping studies had previously found evidence 

of linkage to the X chromosome (Coltman et al., 1996, Gemmell et al., 1997) were 

investigated for assignment to that location in the three target genomes.  Any concordance 

between in silico and laboratory chromosomal assignments would support the validity of our 

alignment approach. 

 

3.2.3 Validation of cross-species amplification ability 

 

Primers for amplification of those 26 microsatellites predicted to have the best chance of 

success for cross-species amplification (>80% similarity of a 2kb region surrounding the 

microsatellite in all three target species) were designed using Primer3 (Rozen and Skaletsky, 

2000) based on the microsatellite flanking sequences of the species of origin.  While we were 

unable to obtain genomic DNA from the giant panda, we present data from 7 individuals each 

of New Zealand sea lion (Phocarctos hookeri), New Zealand fur seal (Arctocephalus forsteri), 

dog (Canis lupus familiaris) and cat (Felis catus).  Forward primers were designed with a 5‘ 

M13 tag (Schuelke, 2000) and all amplification of microsatellites was achieved by 

polymerase chain reaction (PCR) amplification of genomic DNA in 10μL reaction volumes 

containing c. 50ng template DNA, 20mM Tris-HCl, 50mM KCl, 5nmol each dATP, dTTT, 

dGTP and dCTP, 1pmol each primer, 1.5mM MgCl2, 6% DMSO, 75mM TMAC and 0.2 units 

Taq-Ti DNA polymerase (Fisher Biotec, Australia).  Primer sequences and thermal cycling 
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parameters are shown in Appendix 1.  PCR products were visualised and quantified using 

agarose gel electrophoresis, and genotyped using a 3730xl DNA Analyser (Applied 

Biosystems, Carlsbad, CA, USA) at the University of Otago Genetic Analysis Service.  

Fragment analysis was undertaken using GeneMapper v4.0 (Applied Biosystems, Carlsbad, 

CA, USA). 

 

 

3.3 Results 

 

3.3.1 Orthologues 

 

Analysis of the 277 microsatellite loci revealed three orthologous loci, which between them 

had been submitted to GenBank as seven separate submissions: m451 (GenBank accession 

AJ489586) - orthologues m392 (AJ489584) and m452 (AJ489585); Ms231 (n/a) – orthologue 

Ms207 (GU206394); Ms333 (GU206428) – orthologues Ms572 (GU206488) and Ms147 

(GU206391).  Where putative orthologues were detected, the microsatellite with the lowest 

(best) E value was selected for the alignment and the remainder were discarded.  

 

3.3.2 Assignment of pinniped microsatellites to target genomes 

 

A total of 210 microsatellites were assigned locations to at least one of the dog, cat and giant 

panda genomes, with 71 (34%) of pinniped microsatellites assigned to the genomes of all 

three species (Figure 3-1 and Appendix 2).  Pinniped microsatellites were aligned to this 

genome first and represented diagrammatically based on their assigned chromosomal location 

in the dog genome using the program MapChart (Voorrips, 2002) (Appendix 3).  Calculation 

of the percentage sequence homology between the pinniped microsatellite sequences with all 

three target genomes shows the degree of sequence conservation between all four species and 

therefore which markers are the best conserved across taxa.  We show those markers which 

have at least 80% homology of microsatellite flanking sequence between pinnipeds and each 

of dog, cat and giant panda (Figure 3-2) and are therefore the most conserved across species.  

Also we show a large amount of extended sequence homology between the dog, cat and giant 
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panda genomes (Appendix 4).  The sequences which are most highly conserved between taxa 

are evenly distributed throughout the dog genome.  Microsatellite loci and their assigned 

positions in the dog genome are freely available and can be downloaded from 

http://www.crg.org.nz/supplementarymaterial.aspx and viewed as a custom track in the UCSC 

genome browser (http://genome.ucsc.edu/).  The track is annotated with a score indicative of 

per cent homology between the dog genome and the pinniped microsatellite, and also 

indicates conservation of the microsatellite in the cat and giant panda.  

 

 

 

Figure 3-1 - Venn diagram showing the number of pinniped microsatellite sequences aligned in the dog, cat and 

giant panda genomes.   
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Figure 3-2 - Pinniped microsatellite flanking sequences which have at least 80% homology in each of dog (blue) 

cat (red) and giant panda (green) genomes are shown.  Each vertical bar appertains to a specific pinniped 

microsatellite and each coloured bar represents the percentage sequence homology between that species and the 

pinniped sequence.  The graph indicates which pinniped microsatellites are the most conserved between species 

and therefore those that should be most successful in cross-species amplification.  

 

 

3.3.3 Validation of cross-species amplification utility 

 

A panel of 26 primer pairs was developed from those loci predicted to have the greatest 

chance of cross-species amplification success based on high observed homology of flanking 

sequence (>80%) between the dog, cat and giant panda.  Of the 26 primer pairs developed, 11 

(42%) successfully amplified in all four species and 21 (81%) amplified in one, two or three 

species (Table 3-1).  In each species, 6 - 14 of these microsatellites were polymorphic.  Five 

loci were unable to be amplified; three from the Hawaiian monk seal (Ms501, Ms622, 

Ms327), one from the walrus (Odobenus rosmarus, OrrFCB21), and one from the California 

sea lion (Zalophus californianus, ZcCgDhB.14).   
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Locus Cat Dog NZFS NZSL Focal Species 

Ag5 0.57 na 0.67 1.00 0.56 

Lc5 0.00 0.00 1.00 0.57 0.80 

Ms225 0.00 0.00 0.00 0.00 0.00 

Ms265 1.00 0.57 na 0.71 0.50 

Ms310 0.00 0.00 0.00 0.00 0.00 

Ms327 na na na na 0.00 

Ms355 na 0.00 0.71 0.57 0.00 

Ms358 0.00 na na na 0.00 

Ms436 0.00 na na 1.00 0.00 

Ms479 0.86 0.00 0.43 0.14 0.00 

Ms485 0.43 0.00 0.57 0.86 0.00 

Ms501 na na na na 0.00 

Ms527 0.00 0.00 1.00 1.00 0.00 

Ms586 na na na 0.00 0.00 

Ms594 0.00 0.14 0.00 0.00 0.00 

Ms622 na na na na 0.00 

Ms647 0.00 0.57 0.86 0.71 0.44 

Ms675 0.14 0.00 0.83 0.14 0.00 

Msc06 0.14 0.86 na na 0.00 

Msc24 0.71 0.57 na na 0.00 

OrrFCB21 na na na na 0.80 (HE) 

Pvc26 0.00 0.00 0.00 0.29 0.00 

ZcCgDhB.14 na na na na 0.25 

ZcwB07 0.00 na 0.71 0.43 0.42 

ZcwE03 0.00 0.00 0.86 0.57 0.37 

ZcwE04 0.00 0.29 0.83 0.86 0.70 

      

 Cat Dog NZFS NZSL  

Number amplified 19 16 15 18  

% amplified 73 62 58 69  

Number polymorphic 7 6 11 14  

% polymorphic 37 38 73 78  

Table 3-1 - Observed heterozygosities of 21 microsatellites (out of 26 identified in figure 2) amplified in the cat, 

dog, New Zealand fur seal and New Zealand sea lion samples.  Published observed heterozygosities from the 

species from which the loci were isolated are provided for comparison (Appendix 2 provides details for loci).  

Five loci were unable to be amplified in any of the four species.  Values of 0 show amplification of the loci but 

reflect a monomorphic state; >0 are the observed heterozygosities of the loci; na microsatellite was unable to be 

amplified in the species. 

 

 

 

3.3.4 Linkage to candidate genes 

 

Studies describing associations between single microsatellite loci and fitness traits (defined 

here as parasite loads, survival and reproductive success) in pinnipeds identified two loci of 

particular interest.  The first is Hg4.2 (Allen et al., 1995), involved in survivorship of harp 

seal pups (Phoca groenlandica) (Kretzmann et al., 2006) and the prevalence of hookworm-
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related anaemia in California sea lion pups (Zalophus californianus) (Acevedo-Whitehouse et 

al., 2006).  A search 1Mb up and downstream of the assigned location of Hg4.2 on 

chromosome 33 of the dog genome revealed a gene of potential interest to fitness, 

karyopherin alpha-1 (KPNA1, Figure 3-3).  The second microsatellite locus of interest, 

ZcCgDh3.6 (Hernandez-Velazquez et al., 2005), is associated with the occurrence of 

hookworm-related anaemia in the New Zealand sea lion Phocarctos hookeri (Acevedo-

Whitehouse et al., 2009).  It was assigned to a relatively gene-sparse region of dog 

chromosome 15; however one gene of interest, follistatin-related protein 5 precursor (FSTL5), 

is located within a 2Mb region (Figure 3-3).   

 

 

Figure 3-3 - A schematic showing wider homology and conservation of chromosomal structure between the dog, 

cat, giant panda and pinniped genomes.  A 9.4Mb region of dog chromosomes 15 and 33 is shown, with pinniped 

microsatellites and genes of interest placed in their assigned location in the dog genome.  ‗Start‘ indicates the 

start of the region on the dog genome where the cat and giant panda sequence retrieved through alignment to 

pinniped microsatellites is homologous.  ‗Stop‘ indicates where this sequence similarity ends, however this is 

due to the short length of cat and giant panda contigs, and similarity likely extends beyond these limits.   
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3.3.5 Investigation of predicted X-linked microsatellite loci 

 

Microsatellites appearing to exhibit X-linked behaviour, i.e. where all genotyped males in 

earlier studies had a single allele (Coltman et al., 1996, Gemmell et al., 1997) were not able to 

be uniquely assigned to the dog genome under the strict criteria employed here.  However, 

locus Pv17 (Gemmell et al., 1997) had a best alignment to the X chromosome (E value of 1e
-

16
), but was unassigned as the next  best hit was to chromosome 4 at 2e

-06
, meaning it was 

only fractionally outside of the parameters for unique assignment.  Pvc74 (Coltman et al., 

1996) did not provide a match to the dog genome in this study.  

 

3.3.6 Wider homology in genomic areas of interest to fitness 

 

The 1Mb (500kb up- and downstream) region of sequence surrounding the microsatellite in 

each of the three target genomes was sequentially aligned using Gepard (Krumsiek et al., 

2007) to create dotplots, a local comparison of two nucleotide sequences to graphically 

represent wider sequence conservation (Appendix 5).  ZcCgDh3.6 shares a large amount of 

wider sequence similarity between the dog and the panda, with less in the cat due to missing 

sequence information.  The genomic region around Hg4.2 is highly conserved between the 

dog, cat and giant panda.  Two putative X-linked loci showed no great sequence homology 

between any of our three target species (data not shown).   

 

 

3.4 Discussion 

 

3.4.1 Summary 

 

Here we present a predicted microsatellite alignment of the pinniped genome, with 

chromosomal locations for pinniped microsatellites assigned using the dog genome 

(Lindblad-Toh et al., 2005), with demonstrated conservation in the cat (Pontius et al., 2007) 

and giant panda (Li et al., 2010) genomes, which are representative of most carnivore 

genomes.  This alignment can be used to select microsatellites for use in pinniped population 
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genetics such as HFC studies and for QTL mapping, where development of species-specific 

microsatellite markers may prove too costly and time consuming (Barbara et al., 2007).  

Likewise, we show those markers which have at least 80% flanking sequence homology 

between the pinniped, dog, cat and giant panda genomes, because they are likely to have the 

greatest potential for cross-species amplification.  Predictive alignment may have wider 

applicability to other carnivore species due to the high level of synteny between carnivore 

genomes (Arnason, 1974, Ferguson-Smith and Trifonov, 2007), and the capacity for cross-

amplification of microsatellites both between pinniped species (Coltman et al., 1996, 

Gemmell et al., 1997, Davis et al., 2002, Hoffman et al., 2007a), and others within the same 

phylogenetic order (Davis and Strobeck, 1997, Griffin et al., 2001, Verwey et al., 2004), 

therefore this alignment has the potential for wider use in other Carnivora. 

 

3.4.2 Predictive mapping 

 

We show that a large proportion (210 of 260, or 81%) of microsatellites from pinnipeds are 

able to be assigned to locations in the dog, cat and giant panda genomes based on 

conservation of nucleotides comprising the flanking regions of microsatellites, a result 

consistent with the observation of conservation of microsatellite sequences and their flanking 

regions across broader timescales (Buschiazzo and Gemmell, 2010).  It is generally accepted 

that a high level of conservation exists between carnivore genomes (Ferguson-Smith and 

Trifonov, 2007) and this study supports this previous evidence by showing a high degree of 

conservation between microsatellite flanking sequences in four extant carnivore species, 

representative of most species within the order Carnivora.  This conservation also extends to 

the microsatellite sequences themselves, as shown previously by Buschiazzo and Gemmell 

(2010) and supported by this study (Appendix 2).  That the most highly conserved 

microsatellite sequences are evenly distributed throughout the dog genome shows that there is 

no preferential conservation of microsatellites in specific areas of the genome, a feature which 

is essential for most population and conservation genetic studies.   

 

The order Carnivora comprises the suborders Feliformia and Caniformia.  In the main, 

carnivore genomes are very highly conserved, with the exception of the canids and ursids, 

which are caniforms (Fronicke et al., 1997, Nash et al., 1998, Yang et al., 1999).  Of the 

carnivore species, pinnipeds, felids, mustelids and ailurids have the lowest rate of 
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chromosomal evolution (Ferguson-Smith and Trifonov, 2007).  All four have a large amount 

of correspondence to the putative ancestral carnivore karyotype (ACK) (Arnason, 1977) from 

which all extant carnivores are proposed to have evolved and there is consequently a large 

amount of synteny, some extending to whole chromosomes, between the felid, pinniped and 

mustelid karyotypes (Fronicke et al., 1997, Graphodatsky et al., 2002).  There exists a high 

degree of homology between cat and giant panda karyotypes (Nash et al., 1998), as well as 

between bears and giant pandas (O'Brien et al., 1985).  Thus it stands to reason that there 

should be a high degree of synteny between cat (2n = 38), giant panda (2n = 42) and 

pinnipeds (2n = 32-34), especially considering the observed similarity between pinniped and 

cat chromosomes (Fronicke et al., 1997).  

 

Dogs, in contrast, have very highly rearranged karyotypes compared to the ACK and other 

carnivores (Yang et al., 1999) with chromosomes that are evolving quickly compared to the 

cat (Nash et al., 2001).  However, dog chromosomes (2n = 78) are simply mosaics of two to 

four ACK chromosomes each, with dog and cat genomes sharing 67 conserved chromosomal 

segments (Nash et al., 2001), most of which have one-to-one correspondence in G-banding 

patterns (Yang et al., 2000).  Thus, despite an apparently large number of rearrangements, the 

syntenic blocks of dog, cat, giant panda and pinniped genomes still retain enough homology 

to have maintained linkage groups and therefore linkage disequilibrium between genomic 

areas of interest. 

  

3.4.3 Validation of utility of predictive mapping 

 

We validate the utility of this resource by demonstrating that 11 of the 26 microsatellites 

predicted here to have the greatest chance of cross-species amplification successfully amplify 

in all four species (New Zealand sea lion, New Zealand fur seal, cat and dog).  Across all loci 

21 of 26 amplify in at least one species and 6 - 14 of these are polymorphic across the 4 

species tested (Table 3-1), consistent with past work that demonstrated that substantial 

proportions of microsatellite loci are conserved across evolutionary timeframes and that in 

addition to this conservation, these microsatellites can also be polymorphic (Gemmell et al., 

1997, Buschiazzo and Gemmell, 2010).  This is in concordance with and slightly exceeds 

estimations of microsatellite conservation of Gemmell et al. (1997) who showed that for 

species which diverged 10-20 million years ago, 40-50% of primer sets will amplify a 
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microsatellite, of which approximately half will be polymorphic.  Pinnipeds diverged from the 

cat and the dog ~43 million years ago (Higdon et al., 2007).  Our demonstration of an 

amplification success in cats and dogs of 62-73%, and subsequent evidence that 38% of 

pinniped microsatellites are polymorphic in cats and dogs (Table 3-1) further validates the 

utility of this resource. 

   

We were unable to test linkage between all of the markers predicted to be in close genomic 

association because we lacked appropriate pedigree data.  However, linkage disequilibrium 

was not detected between any of the markers used for analysis in the seven individuals of 

each species used in these analyses.  We have also shown physical conservation of synteny 

using the published genome sequences for cat, dog and giant panda, and thus the prediction 

that pinnipeds also retain this arrangement is likely, based on an assumption of parsimony. 

 

3.4.4 Identification of putative candidate genes for fitness traits 

 

The identification of predicted candidate genes surrounding loci associated with fitness traits 

is a useful advance in the analysis of the genetics of complex traits in non-model species.  

Prior efforts to elucidate the genetic mechanisms underlying quantitative traits such as 

survival and disease resistance have relied on the use of anonymous markers with no insight 

into function.  Here we suggest putative functional mechanisms for the differences in fitness 

associated with specific microsatellite loci in three independent studies (Acevedo-Whitehouse 

et al., 2006, Kretzmann et al., 2006, Acevedo-Whitehouse et al., 2009), which has the 

potential to further knowledge of the genetic variation underlying the phenotypic traits 

studied. 

 

Microsatellite locus Hg4.2 has been associated with survival and hookworm-related anaemia 

in pinniped pups (Acevedo-Whitehouse et al., 2006, Kretzmann et al., 2006), where 

significant allele frequency differences were seen at this locus in surviving pups compared to 

non-surviving pups (Kretzmann et al., 2006).  The gene KPNA1, also known as SRP1, is 

predicted to be located within 1kb of Hg4.2 and functions in the formation of B and T 

lymphocytes (Schatz and Baltimore, 1988, Cortes et al., 1994).  We hypothesise that certain 

alleles of this microsatellite may be in linkage disequilibrium with KPNA1, and that mutations 

may be affecting the generation of an adequate immune response.  Differences at this locus 
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may be involved in survivorship of harp seal pups, due to the potential microsatellite repeat 

length variation has for altering the expression of genes (Buschiazzo and Gemmell, 2006, 

Kashi and King, 2006).  No genes predicted to be within 2Mb of microsatellite locus Hg4.2 

appear to be those with a putative function which could influence hookworm-related anaemia 

via changes in blood coagulation (Acevedo-Whitehouse et al., 2006).  However, since linkage 

disequilibrium may extend over relatively large areas in inbred and bottlenecked populations 

(Pritchard and Przeworski, 2001, Reich et al., 2001, Gray et al., 2009), genes involved in this 

process may be outside the stringent window examined in this study.   

 

Locus ZcCgDh3.6 was associated with susceptibility to hookworm-related anaemia in New 

Zealand sea lion pups (Acevedo-Whitehouse et al., 2009) and in the dog genome is located 

near to follistatin-related protein 5 precursor, FSTL5.  Proteins from the FSTL family can act 

on macrophages to increase tumour necrosis factor (TNF) and interleukin 1B (IL1B) 

production and interleukin 6 (IL6) activity (Miyamae et al., 2006).  Any perturbation of 

FSTL5 will likely impact on immune function, since TNF is essential for the formation and 

maintenance of protective granulomas (Roach et al., 2002) and IL6 is essential for B cell 

maturation (Muraguchi et al., 1988).  Again, none of the genes predicted to be in this region 

have putative functions involved in blood coagulation, although it is possible that FSTL5 may 

be affecting the course of hookworm infection and in turn, associated anaemia.  

 

3.4.5 Extension of linkages between microsatellites and predicted genes 

 

Showing the conservation of these linkages in other carnivores is crucial for the confirmation 

of this methodology.  At the time of submission, the cat and giant panda genomes were not 

assembled into chromosomes, making investigation of these linkages more challenging.  Cat 

contigs and giant panda scaffolds are generally relatively short; linkages apparent in the dog 

may not be evident in these species at first glance, especially considering that there are many 

large gaps in the cat genome.  However, we were able to show preliminary conservation of 

these linkages through assignment of the cat and giant panda contigs containing first the 

conserved microsatellite and second the associated gene sequences to the same chromosomal 

region of the dog genome which contained the microsatellite and the gene in close proximity 

(Figure 3-3).  That is to say, while microsatellite and gene were, unsurprisingly, on different 

contigs in each of the cat and panda genomes, both contig sequences were homologous to the 
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chromosomal region of the dog genome containing both the microsatellite and the gene.  This 

result indicates that, despite the extensive rearrangement of the dog genome compared to most 

other carnivores, linkages between neutral loci and genes of functional importance to fitness 

appear to be maintained throughout the Carnivora and potentially beyond.  However, although 

based on strong bioinformatic evidence, such linkages should be viewed as predicted and 

speculative. Here we provide a tool for identifying predicted candidate genes, which may 

warrant further investigation. 

 

Some evidence for the robustness of this alignment methodology is shown through extended 

synteny between other mammalian non-carnivore species.  Using BLAST, pinniped 

microsatellite locus Hg4.2 can be assigned to chromosome 1 of the cow (Bos taurus) genome 

(Zimin et al., 2009), and KPNA1 is present 0.4Mb upstream of this (data not shown).  This is 

strikingly similar to the results presented here from the dog genome, and demonstrates the 

wider applicability of this method to other species.    

 

We hypothesised that through this alignment we would be able to identify other 

microsatellites within genomic areas of interest to see if the same locus/fitness associations 

were seen with other microsatellites in the region.  This would provide an understanding of 

the mode of action of the microsatellite on the fitness trait, specifically whether the effect was 

a general or local effect (David, 1998, Hansson and Westerberg, 2002) and would help to 

localise the phenotype to a more precise genomic region.  An homology search of the nearest 

microsatellites to Hg4.2 (locus Ms621) and ZcCgDh3.6 (locus Ms368) provided unique 

contig assignments to the cat and giant panda genomes which, while again different to the 

locus showing fitness associations, were able to be assigned to the same dog chromosomal 

region as the loci and genes of interest (Figure 3-3).  From this we provide further support for 

this technique and reiterate that while the canine genome is rearranged, it does not appear to 

be so rearranged as to mask any linkage disequilibrium that may exist between adjacent loci 

within carnivore genomes as a whole, and certainly not at local megabase scales.  This serves 

to validate our use of the dog genome as a framework on which to build our predicted 

alignment of the pinniped genome. 
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3.4.6 Conclusion 

 

We show here that microsatellite alignment of a non-model species to a closely related 

genome has the potential to localise genes of functional importance for individual fitness 

differences, and possibly for species conservation, as identified through putative linkage 

disequilibrium of microsatellites with genes in the immediate region.  Fundamentally, the 

localisation of genes in one species allows prediction of location in others with a reasonable 

degree of certainty (Johansson et al., 1995), contributing to the knowledge of the genomic 

architecture of non-model species.  This microsatellite alignment may also be used to 

investigate variation at genes of known function, either by screening the genes directly, or 

through genotyping microsatellites around the gene of interest.  These data will also pave the 

way for analyses of the extent of linkage disequilibrium around genes of interest to fitness, 

and would provide further information on the conservation of haplotypic blocks between 

carnivore species.   

 

This chapter provides an independent proof-of-principle of the technique pioneered by 

Dawson and colleagues (2006) in birds.  We show that this method can be readily applied to 

other vertebrate groups of conservation and ecological importance; in this case the pinnipeds 

(class Mammalia).  Alignment of microsatellites from the genomes of non-model species as 

described here contributes much to current knowledge of genome organisation and function, 

and aids the molecular dissection of the genetic basis of phenotypic variation in other species, 

with particular utility in species of conservation, ecological and evolutionary importance 

where genomic studies remain a distant prospect. 
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CHAPTER 4 -  HETEROZYGOSITY-FITNESS CORRELATIONS AND THE 

INFLUENCE OF GENETIC VARIABILITY IN SUSCEPTIBILITY TO DISEASE 

EPIZOOTICS IN THE NEW ZEALAND SEA LION, PHOCARCTOS HOOKERI 

 

Abstract 

 

 

It is well established that the loss of genetic diversity resulting from a reduction in the 

effective population size can lower the probability of the persistence of that population, by 

way of inbreeding effects and the increased expression of deleterious recessive alleles, an 

affliction of many species of conservation significance.  The genetic study of non-model 

populations in the wild is often arduous, due to the necessity for non-invasive sample 

collection and difficulties in attaining pedigree information.  Despite this, the advent of 

molecular technologies in recent years has led to the ability to infer levels of genome-wide 

variation using microsatellites and other markers.  Microsatellites remain the marker of choice 

for many conservation and population genetic studies because of their high heritability, high 

mutation rate and their presumed selective neutrality.  Measures of allelic richness and 

heterozygosity at microsatellite loci can be good indicators of evolutionary potential because 

they may reflect overall levels of genetic variation.  This trait has been exploited to produce 

heterozygosity-fitness correlations (HFCs), a popular method of evaluating the impact of 

genetic variation on traits relative to fitness, because they can correlate genomic 

heterozygosity at ‗neutral‘ loci with traits relative to individual fitness.  There are many 

proposed explanations for HFC generation in natural populations.  For example, recent 

bottlenecks, genetic drift, consanguinity, and admixture or immigration have all been shown 

to influence the generation of HFCs in the wild.  As such, there are thought to be two main 

mechanisms by which these factors generate HFCs; the local effect, and the general effect, 

and the validity of these competing hypotheses has been the subject of many recent scientific 

publications.  In addition to HFCs, the correlation in heterozygosity across markers 

(heterozygosity-heterozygosity correlations) may be used to determine how well a marker set 

reflects total genomic heterozygosity/diversity and potentially inbreeding. 
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Here, we evaluate the main methods of HFC determination, which use a variety of measures 

of microsatellite variation.  We show that heterozygosity at microsatellite loci is implicated in 

survival of New Zealand sea lion pups through harsh epizootic episodes, and that pups 

succumbing to bacterial infection have a significantly lower level of heterozygosity than pups 

dying from other causes.   We show that one measure of heterozygosity in particular, internal 

relatedness (IR) is useful for predicting whether a NZSL pup is alive or dead, and likewise, 

whether its cause of death was bacterial infection or otherwise.    

 

We suggest that levels of heterozygosity in NZSL pups are contributing to their susceptibility 

to novel pathogens in the environment.  Heterozygosity is correlated between loci using 

heterozygosity-heterozygosity correlations, showing that the panel of microsatellite loci 

employed here display a degree of identity disequilibrium, and that they are reflective of 

genome-wide variation.  This suggests that pups with a low IR may be more inbred than those 

with a higher level.  We find no evidence for single-locus effects in the NZSL population, and 

conclude that the general effect is driving the correlation seen here.  In addition we review the 

current methods of HFC detection using the New Zealand sea lion population as a model, and 

add to the current debate surrounding the appropriateness of the different metrics currently 

used to measure HFC. 
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HETEROZYGOSITY-FITNESS CORRELATIONS AND THE INFLUENCE OF GENETIC 

VARIABILITY IN SUSCEPTIBILITY TO DISEASE EPIZOOTICS IN THE NEW 

ZEALAND SEA LION, PHOCARCTOS HOOKERI 

 

 

4.1 Introduction 

 

4.1.1 Genetic variation in a threatened species 

 

Genetic changes caused by a reduction in effective population size can lower the probability 

of the persistence of that population (Jimenez et al., 1994, Lande, 1994, Mills and Smouse, 

1994, Frankham, 1995, Newman and Pilson, 1997, Saccheri et al., 1998, Keller and Waller, 

2002, Hanski and Saccheri, 2006).  Since genetic diversity and reproductive excess are 

required for population evolution (Frankham et al., 1999), low genetic variation and 

inbreeding are generally accepted to play an important role in the extinction risk of most 

species (Newman and Pilson, 1997, Frankham, 2005).  Accordingly, understanding genetic 

variation in threatened species is important to their conservation management and survival. 

 

The genetic study of non-model populations in the wild is often an arduous task, due to the 

necessity for non-invasive sample collection and a lack of pedigree information (Pemberton, 

2004, Grueber and Jamieson, 2008).  Measures of allelic richness and heterozygosity can be 

good indicators of evolutionary potential (Willi et al., 2006) because it is thought that 

quantitative variation is important in fitness traits, rather than single locus variation (Franklin, 

1980).  The advent of molecular technologies in more recent years has facilitated genetic 

analyses through the development of neutral marker methods of estimation of genetic 

parameters such as heterozygosity-fitness correlations (hereafter HFCs). 

 

4.1.2 Heterozygosity-fitness correlations 

 

HFCs are the correlation of genomic heterozygosity at ‗neutral‘ loci with traits relative to 

individual fitness, and are widespread in natural populations of a variety of organisms (Zouros 
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et al., 1980, Mitton and Grant, 1984, Coltman and Slate, 2003, Chapman et al., 2009).  Early 

theory surrounding HFCs proffered the use of microsatellite loci to separate inbred 

homozygous individuals from outbred heterozygous ones, and proposed that HFCs could 

indicate selection against genome-wide homozygous individuals (David, 1998, Hansson and 

Westerberg, 2002, Coltman and Slate, 2003).  This is because heterozygosity at a panel of 

‗neutral‘ microsatellite loci is expected to be correlated with heterozygosity elsewhere in the 

genome (Vali et al., 2008). 

 

Genome-wide levels of variation are, at present, most commonly measured using 

microsatellites, because of their high heritability, high mutation rate and their presumed 

selective neutrality (Jarne and Lagoda, 1996, Ellegren, 2000, Buschiazzo and Gemmell, 2006) 

although in recent years allele length variants have been associated with expression of linked 

genes (Kashi and King, 2006).  Mutations within microsatellites are generally non-functional, 

meaning repeat-length polymorphisms are readily heritable (Jarne and Lagoda, 1996, 

Ellegren, 2000, Buschiazzo and Gemmell, 2006), qualities which make microsatellites the 

ideal marker for studies of population and conservation genetics.  These presumed neutral 

markers can, in some circumstances, provide an overall measure of the relative level of 

genomic variability at fitness loci (Hansson and Westerberg, 2002) if the markers are 

reflective of genome-wide variation.  Where a positive association is detected, inbreeding 

depression or heterosis is generally thought to be acting on the trait in question (Slate and 

Pemberton, 2002).  Because traits with a direct effect on fitness have a complex genetic 

architecture (Crnokrak and Roff, 1995, DeRose and Roff, 1999) correlations of overall levels 

of genetic diversity with fitness-related traits should be expected, especially if a panel of 

neutral markers is reflective of genome-wide variation, and theoretically the inbreeding status 

of individuals within the population, although this effect is generally weak (Balloux et al., 

2004, Pemberton, 2004, Slate et al., 2004, Szulkin et al., 2010). 

 

 

4.1.3 General versus local effects 

 

There are many proposed explanations for HFC generation in natural populations (Balloux et 

al., 2004).  For example, recent bottlenecks (Bierne et al., 2000), genetic drift (Ohta, 1971), 

consanguineous matings (Ohta and Cockerham, 1974, Szulkin et al., 2010), and admixture or 
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immigration (Tsitrone et al., 2001) have all been shown to influence the generation of HFCs 

in the wild.  The magnitude of HFCs will vary depending on selection pressure, 

environmental conditions and the state of the individual (Husband and Schemske, 1996, 

Keller and Waller, 2002, Armbruster and Reed, 2005), with individual age and stressful 

conditions seen to strengthen HFCs (Dudash, 1990, Borsa et al., 1992, Crnokrak and Roff, 

1999, Meagher et al., 2000, Richardson et al., 2004, Lesbarreres et al., 2005, Kempenaers, 

2007, Von Hardenberg et al., 2007, Keller et al., 2008).   

 

There are thought to be two main mechanisms by which these factors generate HFCs; the 

local effect, and the general effect (David, 1998, Hansson and Westerberg, 2002).  The local 

effect postulates that microsatellite loci are in linkage disequilibrium with genes involved in 

fitness traits, generating HFCs though this linkage of neutral with functional loci.  This theory 

has gained a reasonable degree of support in a variety of species (Merila and Sheldon, 2000, 

Merila et al., 2003, Hansson et al., 2004, Acevedo-Whitehouse et al., 2005, Da Silva et al., 

2006, Ferreira and Amos, 2006, Lieutenant-Gosselin and Bernatchez, 2006, Brouwer et al., 

2007, Charpentier et al., 2008, Malo and Coulson, 2009) as well as in pinnipeds (Coltman et 

al., 1998a, Bean et al., 2004, Hoffman et al., 2004, Acevedo-Whitehouse et al., 2006).  HFCs 

due to linkage are expected to be more likely when the effective population size is small 

(Balloux et al., 2004), conditions under which the local effect has been suggested to be the 

primary mechanism of HFC generation (Hansson and Westerberg, 2002, Balloux et al., 

2004).  However, caution is required when interpreting the nature of genetic variation leading 

to HFCs since, under the general effect hypothesis outlined below, it is expected that five per 

cent of loci will show an association with a fitness trait purely by chance (Chapman et al., 

2009) due to the polygenic and quantitative nature of most fitness traits (Crnokrak and Roff, 

1995, DeRose and Roff, 1999).   

 

Under the general effect hypothesis, markers and fitness loci are predicted to be in identity 

disequilibrium (David, 1998).  That is to say, increasing heterozygosity at microsatellite 

markers reflects increasing heterozygosity elsewhere in the genome, and the correlation of 

this heterozygosity with fitness traits reflects the fitness consequences of widespread 

homozygosity in the genome (David, 1998, Hansson and Westerberg, 2002).  As such, HFCs 

can be caused by inbreeding or significant linkage disequilibrium (Balloux et al., 2004, 

Hansson et al., 2004, Pemberton, 2004, Slate et al., 2004) and in most cases will only show 

general effects when the markers are reflective of the inbreeding coefficient (Hansson and 
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Westerberg, 2002, Balloux et al., 2004, Pemberton, 2004, Slate et al., 2004, DeWoody and 

DeWoody, 2005).  It should be noted that the general effect is the only hypothesis that 

invokes inbreeding as a cause of HFCs (Slate et al., 2004).  However, the general effect relies 

heavily on variance of inbreeding within the population; because highly inbred populations 

would be expected to have low variance in the inbreeding coefficient, it is thought that they 

would not show strong HFCs, and certainly no more than outbred populations (Balloux et al., 

2004, Overall et al., 2005).  Despite this, the general effect hypothesis has also gained some 

support in various species (Charpentier et al., 2005, Lesbarreres et al., 2005, Cohas et al., 

2009, Mainguy et al., 2009) and likewise in other pinnipeds (Hoffman et al., 2004).   

 

Some studies have shown that while HFCs can appear to be driven by one or a few loci (local 

effects), general effects may also be detected (Hoffman et al., 2004, Ortego et al., 2007), so 

the real cause of any HFCs observed in a natural population is likely to be complex.  Indeed, 

since most studies use overlapping sets of anonymous microsatellite loci, one cannot be sure 

if these loci are really marking loci linked to genes under selection (Osborne et al., 2011).  In 

such cases, distinguishing between genuine linkage and chance single-locus associations can 

be difficult.     

 

4.1.4 Detection of heterozygosity-fitness correlations 

 

HFC frequently exhibit only a weak signal, explaining at most a few per cent of the variation 

in the fitness trait (Britten, 1996, David, 1998, Coltman and Slate, 2003, Chapman et al., 

2009).  Indeed, in populations with little linkage or identity disequilibrium, hetero- or 

homozygosity within the genome would occur independently of other loci within the genome, 

therefore marker heterozygosity would not reflect genome wide heterozygosity in a large, 

randomly-mating population (Szulkin et al., 2010).  Thus in large, panmictic populations, a 

high number of markers would be required to accurately capture HFC effects, and the 

reliability of studies using only a small number of markers (i.e. ≤10)  for inference of HFCs 

has been widely questioned (Balloux et al., 2004, Slate et al., 2004, DeWoody and DeWoody, 

2005, Hansson and Westerberg, 2008, Vali et al., 2008).  Therefore, the number of markers 

typically used in HFCs might not be enough to capture information about genome-wide 

heterozygosity unless the population displays evidence of linkage or identity disequilibrium 

(Chakraborty, 1981, Slate et al., 2004).  It has likewise been suggested that the number of 
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markers required to determine accurate HFCs might be restrictively high for most populations 

(DeWoody and DeWoody, 2005), the exception being those that are highly inbred 

(Pemberton, 2004).   

 

There are numerous methods of HFC determination, using a variety of measures of 

microsatellite variation.  Most studies at present use a number of different metrics to show 

HFCs and generally report the most significant one, either because the metrics are 

demonstrated to be equivalent to one another (Chapman et al., 2009, Frere et al., 2010), or 

because only one of them reaches significance.  These metrics are summarized in Table 4-1. 

 

 

HFC measure Description Reference 

Multilocus 

heterozygosity, MLH 

 

The proportion of heterozygous microsatellite loci of the total 

number of genotyped loci 

 

 

- 

Standardised 

multilocus 

heterozygosity, 

sMLH 

 

The mean heterozygosity of all genotyped loci.  The proportion of 

typed loci is divided by the mean heterozygosity of each locus.  

This reduces error from missing genotypes in the dataset 

 

(Coltman et al., 

1999) 

Internal relatedness, 

IR 

The contribution of each allele is weighted in a homozygosity 

index where the frequency of each allele is considered.  The 

sharing of rare alleles is weighted more in the homozygosity index 

than the sharing of common ones, thus more homozygous 

individuals have a higher IR score 

 

(Amos et al., 

2001) 

Homozygosity-by-

loci, HL 

The contribution of each locus, rather than the contribution of each 

allele, is weighted in a homozygosity index.  This gives more 

weight to markers with many alleles, since loci with less alleles are 

less diverse.  Thus a higher HL score relates to lower levels of 

heterozygosity. 

 

(Aparicio et al., 

2006) 

Mean d
2
 The squared difference between repeat units of a microsatellite 

locus, averaged across all loci.  Individuals with a lower mean d
2
 

score are thought to be the offspring of parents whose alleles are 

more similar in length and are therefore more related to each other 

(Coulson et al., 

1998, Pemberton 

et al., 1999) 

Table 4-1 - Measures of microsatellite variation for heterozygosity-fitness correlation detection. 

 

 

Several studies have used the various measures to investigate HFCs and found them all to be 

equivalent (Chapman et al., 2009, Mainguy et al., 2009, Frere et al., 2010) and in actuality, 

simple MLH is thought to often reflect the same amount of variation as more complicated 

measures (Mainguy et al., 2009). 
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In addition, evaluating the correlation in heterozygosity across markers (heterozygosity-

heterozygosity correlations, HHC, Balloux et al., 2004; g2, David et al., 2007) is suggested to 

become a routine part of HFC studies (Chapman et al., 2009) in order to determine how well 

a marker set reflects total genomic heterozygosity.  Such measures can provide evidence for 

identity disequilibrium and therefore potentially inbreeding.  Heterozygosity at microsatellite 

loci will only reflect the state of those markers alone, and not elsewhere in the genome, if 

there is no correlation between marker loci (Chakraborty, 1981, Slate et al., 2004, Szulkin et 

al., 2010).  The testing of covariance in heterozygosity across markers can indicate how well 

a marker set is reflecting total genomic heterozygosity (Chapman et al., 2009), and as such, 

should be widely used in studies of HFCs. 

 

4.1.5 The New Zealand sea lion as a model system for HFC investigation 

 

The NZSL has current low population size (Geschke and Chilvers, 2009) and is predicted to 

have suffered from a population bottleneck (Chapter 2).  The species also appears to be 

unusually susceptible to bacterial pathogens, falling victim to episodic disease events that 

result in high levels of mortality of pups especially, but also affect adults.  Such disease 

events have occurred three times since the first known event was observed in 1997, attributed 

to infection by a Campylobacter bacterium (Baker, 1999), and again in 2001/2002 and 

2002/2003, with infection by the opportunistic bacterium Klebsiella pneumoniae (Wilkinson 

et al., 2006).   

 

While microsatellites have been isolated for a great many pinniped species, in the main they 

have been used for estimates of allelic variation or parentage analyses; few of these 

progressed to search for correlations between heterozygosity and traits relative to fitness.  The 

exceptions are studies of the California sea lion (Acevedo-Whitehouse et al., 2003, Acevedo-

Whitehouse et al., 2006), harp seal (Kretzmann et al., 2006), Antarctic fur seal (Hoffman et 

al., 2004, Hoffman et al., 2006a, Hoffman et al., 2007b, Hoffman et al., 2010), the New 

Zealand sea lion (Acevedo-Whitehouse et al., 2009), grey seals (Amos et al., 2001) and 

harbour seals (Coltman et al., 1998a, Rijks et al., 2008).   

 

Here we investigate the relationship between HFC at microsatellite loci and survivorship 

through epizootic events. We show that heterozygosity at microsatellite loci is implicated in 
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survival of New Zealand sea lion pups through harsh epizootic episodes, and that pups 

succumbing to bacterial infection have a significantly lower level of heterozygosity than pups 

dying from other causes. 

 

We suggest that levels of heterozygosity in NZSL pups are contributing to their susceptibility 

to novel pathogens in the environment.  Heterozygosity is correlated between loci, showing 

that the panel of microsatellite loci employed here is reflective of genome-wide levels of 

variation.  We find no evidence for single-locus effects in the NZSL population, and conclude 

that the general effect is driving the correlation seen here.  In addition we review the current 

methods of HFC detection using the New Zealand sea lion population as a model, and add to 

the current debate surrounding the appropriateness of the different metrics currently used to 

measure HFC. 

 

 

4.2 Methods 

 

4.2.1 Sample collection 

 

The New Zealand sea lion cohort is outlined in Chapter 2 (section 2.2.1).  Additionally, for 

110 pups, their cause of death was determined by autopsy (Table 4-2).  Death by bacterial 

infection diagnosed at autopsy and defined here as ‗bacteria‘ includes animals dying from 

polyarthritis, septicaemia and peritonitis, while pups dying from enteritis due to heavy 

hookworm burden were documented as and are defined here as ‗enteritis‘.  Other causes of 

death are non-infectious causes and are here defined as death from trauma, malnutrition and 

stillbirth.  It is important to note here that live pups pertain to those pups which were alive at 

the time of sampling.  To the best of our knowledge and for the purpose of these analyses, 

pups designated as live survived through the breeding season during which they were 

sampled.  
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  Cause of Death 

Year Bacteria Enteritis Other 

2000/01 4 - 3 

2001/02 1 - 16 

2002/03 1 - 6 

2003/04 6 18 5 

2004/05 14 14 22 

Total (n) 26 32 52 

Table 4-2 - Pups autopsied after death where cause of death could be determined.  Year refers to the austral 

summer breeding season.  Column classes: Bacteria, pups dying from diagnosed bacterial infection; Enteritis, 

pups diagnosed with hookworm-related enteritis; Other, pups dying of other causes, which are trauma, 

malnutrition and stillbirth. 

 

 

4.2.2 DNA extraction 

 

DNA extraction, microsatellite amplification by PCR, genotyping and binning of raw 

microsatellite fragments, and repeat genotypes for error checking were carried out in 

accordance with methods in Chapter 2 (sections 2.2.2 and 2.2.3). 

 

4.2.3 Heterozygosity measurement 

 

Heterozygosity at binned microsatellite loci was analysed using the program GENHET 

(Coulon, 2010) which runs in the R platform (R Core Development Team, 2010).  GENHET 

determines five different metrics of heterozygosity, as outlined in Table 4-1 (with the 

exception of mean d
2
).  As a comparison between automated and non-automated methods, 

simple multilocus heterozygosity and standardised heterozygosity measurements were 

calculated using formula functions in Microsoft Excel (J. Slate, personal communication) by 

coding each individual at each locus as 1 (heterozygous) or 0 (homozygous).  These were 

averaged to provide the mean heterozygosity for each individual, ranging from 0 (completely 

homozygous at all loci) to 1 (heterozygous at all loci).  Predicted heterozygosity at each locus 

was determined by calculating the number of heterozygous individuals at each locus and 
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dividing by the total number of individuals typed at that locus.  Predicted heterozygosity was 

then used to complete missing data points in the cohort, and following completion of missing 

data points, standardised heterozygosity for each individual was calculated.  This measure 

varies around 1: animals more homozygous than expected are <1; animals more heterozygous 

than expected are >1.  Hence each individual in the cohort has seven scores: five scores 

ascertained from GENHET and two scores determined by long-hand calculation in Microsoft 

Excel.  We chose not to use the metric mean d
2
 (Coulson et al., 1998) in these analyses due to 

difficulties with the interpretation of its output under certain circumstances.  Mean d
2
 is 

thought to be of use only under very strict conditions, those being a very large and a recently 

admixed population  (Tsitrone et al., 2001, Hansson, 2010), neither of which is appropriate to 

the NZSL population.   

 

4.2.4 Statistical analyses 

 

All analyses of heterozygosity data were undertaken using R (R Core Development Team, 

2010) unless otherwise stated.  Individual NZSL pups were given ‗status‘ identifiers of 

DeadPup or LivePup.  Initial analyses of heterozygosity in these states were determined by 

general linear model with the lme4 package (Bates and Maechler, 2009) using the command: 

 

 > glm (response ~ predictor, data = “data.set”, family = “binomial”) 

 

where the binomial response variable was the status of the pups (dead or live), the predictor 

variable was the mean measure of the heterozygosity factor of interest (e.g. PHt, IR etc.) and 

―data.set‖ denoted the comma-delimited file containing heterozygosity information.  This 

provided p-values of significance and determined whether the metrics in question were useful 

for predicting the state of NZSL pups.  In addition, linear regression was used to examine 

whether dead and live pups showed any difference in their mean heterozygosity scores for the 

different metrics, using the command: 

 

> lm (response ~ predictor, data = data.set) 

 

where the response variable was the heterozygosity metric and the predictor was the state of 

the individuals.   
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Next, multinomial logistic regression using the R package nnet (Ripley, 2009) was employed 

to explore the effect of heterozygosity on the different causes of death of the NZSL pups for 

which autopsy data is available (Table 4-2).  The command used was: 

 

> multinom (response ~ predictor, data = data.set) 

 

where the multinomial response was the cause of death of NZSL pups (live, bacteria, enteritis, 

other) and the predictor was the mean measure of heterozygosity for the above four predictor 

variables.  Similarly, a linear regression model was constructed to show the variance in the 

means of these four groups and their significant differences from the live state, using the 

command: 

 

> lm (response ~ predictor, data = data.set) 

 

where in this case, the response was the mean measure of heterozygosity for each of the four 

groups above, and the predictor was the primary cause of death.  Following this, an analysis 

of variance (ANOVA) was carried out to determine the significance of the model, i.e. if there 

was a significant difference between the mean heterozygosity of the four causes of death.   

 

4.2.5 Heterozygosity-heterozygosity correlations 

 

In order to differentiate between local and genome wide effects of HFC generation, if such a 

correlation exists, two methods of quantifying and indicating the significance of the 

covariance in heterozygosity were employed.  First, heterozygosity-heterozygosity 

correlations, HHC (Balloux et al., 2004) were performed.  This is a permutation test whereby 

the microsatellite dataset was randomised and split into two groups, and the correlation in 

heterozygosity between these two groups calculated.  This was repeated 10,000 times and a 

mean correlation and 95% confidence intervals were calculated.  Such analyses were carried 

out on the NZSL population in its entirety, but also within individual status groups from the 

year 2001/2002, the breeding season for which the largest amount of genetic data exists in the 

form of live and dead pups (n = 231), adult females (n = 223), adult males (n = 104) and adult 

territorial males (n = 18).  Second, calculation of the value g2 (David et al., 2007) was 

undertaken in the groups above.  g2 measures the excess of double heterozygotes at two loci, 

relative to the expectation under random association (covariance in heterozygosity).  It is then 
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standardised by the average heterozygosity of the loci.  The markers were subject to 10,000 

permutations to see how often the permuted value of g2 exceeds the calculated value, and the 

significance of the test is based on the number of times the permuted value is positive.  R 

scripts for both analyses were provided by J. Slate.  In addition, to explore genome-wide 

coverage of the NZSL genome using this panel of microsatellites, all loci used in this study 

were aligned to a dog genome scaffold following methods outlined in Chapter 3, to visually 

represent these loci on the predicted physical map of the pinniped genome.  

 

4.2.6 Relatedness estimation 

 

The program Coancestry (Wang, 2010) was employed to determine the level of pairwise 

relatedness between male NZSLs from 2001/2002, in relation to the level of pairwise 

relatedness between territorial males from 2001/2002, and was calculated within three subsets 

of NZSL males: (i) all males 2001/2002 (n = 122); (ii) non-territorial males 2001/2002 (n  = 

104); (iii) territorial males (n = 18).  Relatedness is presented here as the relatedness metric as 

described by Queller and Goodnight (1989).  The number of bootstrapping samples was set at 

100.  Sequential two-sample t-tests were used to compare the relatedness relative to each 

subset.  One-sample t-tests with an hypothesised mean of zero were used to determine if each 

subset showed a significantly different mean level of relatedness compared to that expected 

under neutrality.   

 

 

4.3 Results 

 

4.3.1 Microsatellite genotyping 

 

Population- and locus-level statistics including observed and expected heterozygosities, allelic 

diversity, success rate of amplification and calculated error rates are outlined in Chapter 2 

(section 2.3.1). 
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4.3.2 Heterozygosity measurement 

 

Heterozygosity metrics were determined in the first instance using all 21 loci and 

subsequently repeated with 18 loci (those loci with high error rates removed) to determine if 

results differed significantly after removal of loci exhibiting relatively high levels of error 

compared to loci for which the error rate was very low.  Each metric (different measure of 

heterozygosity) for the 21-loci dataset was highly correlated with the equivalent metric from 

the 18-loci dataset (Table 4-3). Therefore while those microsatellite loci with high error rates 

do not inordinately contribute to the heterozygosity score, the dataset does not benefit from 

either their inclusion or removal.  Nonetheless in the interests of caution these loci were 

removed from the final analyses (except for some single-locus associations of interest, see 

below).  Similarly, each of the heterozygosity metrics calculated with 18 loci were correlated 

with those calculated using 21 loci at α = 0.001 (Appendix 6) and all heterozygosity metrics 

were co-correlated.  Thus we conclude that the variance in each of the metrics is highly 

similar and that all metrics are measuring essentially the same parameter.  

 

 

Analysis method Metric Pearson’s correlation coefficient p-value of correlation 

GENHET 

PHt 0.935 <0.001 

Hs_obs 0.935 <0.001 

Hs_exp 0.935 <0.001 

IR 0.931 <0.001 

HL 0.916 <0.001 

EXCEL 
MLH 0.935 <0.001 

sMLH 0.935 <0.001 

Table 4-3 - Correlation coefficients between each metric of heterozygosity using 21 vs. 18 loci. 

 

 

4.3.3 Statistical analyses 

 

Mean heterozygosities at 18 loci were calculated for each of the three status groups using each 

of the different measures of heterozygosity.  A distinct pattern emerges on simple descriptive 

statistical analysis; for each metric, the live pups have the highest level of heterozygosity and 

the live adults have the lowest (Table 4-4 and Figure 4-1).  Of note is the coefficient of 
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variation, CV, which is often lower in live pups, suggesting that live pups have less variability 

in their heterozygosity than dead pups and live adults.  The CV is very high for internal 

relatedness, suggesting that there is much more variation around the mean for IR compared to 

other measures of heterozygosity.  The differences between the means of status groups are 

often due to live adults with very low scores (more homozygous) in the heterozygosity metric, 

rather than very high scores (more heterozygous).   

 

 

Variable
 

Status N
 

Mean SEM CV Minimum Median Maximum 

 

PHt DeadPup 301 0.62 0.01 18.38 0.25 0.61 0.89 

 LiveAdult 465 0.61 0.01 18.63 0.20 0.61 0.89 

 LivePup 585 0.63 0.00 16.82 0.29 0.65 0.89 

         

Hs_obs DeadPup 301 1.00 0.01 18.29 0.39 0.98 1.43 

 LiveAdult 465 0.98 0.01 18.38 0.36 0.98 1.43 

 LivePup 585 1.02 0.01 16.81 0.45 1.05 1.42 

         

Hs_exp DeadPup 301 0.96 0.01 18.28 0.38 0.94 1.39 

 LiveAdult 465 0.94 0.01 18.37 0.34 0.94 1.39 

 LivePup 585 0.98 0.01 16.81 0.43 1.02 1.37 

         

IR DeadPup 301 0.05 0.01 342.08 -0.35 0.04 0.62 

 LiveAdult 465 0.06 0.01 277.19 -0.38 0.05 0.64 

 LivePup 585 0.02 0.01 937.25 -0.34 0.01 0.58 

         

HL DeadPup 301 0.32 0.01 37.48 0.05 0.32 0.78 

 LiveAdult 465 0.33 0.01 34.97 0.04 0.33 0.69 

 LivePup 585 0.31 0.00 36.48 0.05 0.30 0.68 

         

MLH DeadPup 301 0.62 0.01 18.38 0.25 0.61 0.89 

 LiveAdult 465 0.61 0.01 18.63 0.20 0.61 0.89 

 LivePup 585 0.63 0.00 16.82 0.29 0.65 0.89 

         

sMLH DeadPup 301 1.02 0.01 18.29 0.40 1.00 1.46 

 LiveAdult 465 1.00 0.01 18.41 0.37 1.00 1.46 

 LivePup 585 1.04 0.01 16.81 0.46 1.07 1.46 

 

Table 4-4 - Descriptive statistics showing the mean, standard error, variation and range of the NZSL dataset 

when analysed via different measures of heterozygosity.  N, number of individuals;  SEM, standard error of the 

mean; CV, coefficient of variation; minimum, median and maximums show the data range 
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Figure 4-1 - Seven different mean measures of heterozygosity by NZSL status.  GENHET measures of 

heterozygosity: PHt, multilocus heterozygosity; Hs_obs and Hs_exp, standardised multilocus heterozygosity 

based on observed and expected heterozygosity respectively; IR, internal relatedness; HL, homozygosity by loci.  

Long-hand measures of heterozygosity in Microsoft Excel: MLH, multilocus heterozygosity; sMLH, 

standardised multilocus heterozygosity.  Note the differing scales of the vertical axes of each plot. 

 

 

4.3.4 Pup state 

 

A linear regression was used to evaluate the relationship between measures of heterozygosity 

and pup status (dead or live).  Mean internal relatedness (IR) was significantly different 

between dead and live pups at α = 0.01 (Table 4-5).  No other metric showed a significant 

difference among pup states.  The association between measures of heterozygosity and status 
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was investigated using a generalised linear model with a binomial response variable (dead or 

live), which showed that IR has a significant effect on the status of pups (α = 0.01) although 

the odds ratio for this difference was modest at -1.28.  We found no significant difference in 

IR of pups between different breeding seasons, whether comparing between states (dead vs. 

live) or within state.  Considering this, and given that we have strong reason to believe that 

the NZSL population may show a degree of inbreeding (Chapter 2), IR was the metric chosen 

to take forward for further analyses, because of its predicted utility in studies of populations 

that display a degree of inbreeding (Amos et al., 2001). 

 

 

 Linear regression Generalised linear model 

Heterozygosity  

metric 

Mean 

dead 

pups 

Mean 

live pups 

F 

statistic 

p-value of 

difference 

p-value 

of  glm 

Odds ratio / 

effect size 
AIC 

PHt 0.62 0.63 2.023 0.160 0.155 0.92 1137.6 

Hs_obs 1.00 1.01 2.230 0.140 0.136 0.60 1137.4 

Hs_exp 0.96 0.98 2.029 0.158 0.155 0.59 1137.6 

HL 0.32 0.31 2.561 0.111 0.110 -0.98 1137.0 

IR 0.05 0.01 8.129 0.005 ** 0.005 ** -1.28 1131.5 

MLH 0.62 0.63 2.023 0.160 0.155 0.92 1137.6 

sMLH 1.01 1.03 2.496 0.118 0.115 0.63 1137.1 

Table 4-5 – Linear regression and generalised linear model of seven methods of HFC determination and pup 

status. Asterisks (**) indicate significance at α = 0.01.  Degrees of freedom for each model were 884.  F statistic, 

ratio of two mean squares (dead pups vs. live pups); AIC, Akaike information criterion (model goodness of fit). 

 

 

4.3.5 Comparison of pups and adults 2001/2002 

 

The difference between IR in adult females, adult males, dead pups and live pups from 

2001/2002 was compared by multinomial logistic regression (Figure 4-2).  Adults were 

significantly higher in internal relatedness, and therefore less heterozygous than both dead and 

live pups in this breeding season (α = 0.05).  There is no significant difference between adult 

males and adult females, but interestingly, territorial males show a significantly lower level of 

heterozygosity (α = 0.05).  Multinomial linear regression showed that for every unit increase 

in IR, the chance of being a territorial male increases by 2.97 units, a 3-fold increase.   
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Figure 4-2 – Mean internal relatedness (IR_18) scores of dead pups, live adult females, live pups, live adult 

males and live territorial males from the 2001/2002 breeding season.  The box and whisker plot relates to the 

data range: boxes show where 50% of the values fall; thick line is the median value; cross-bars at the top and 

bottom show 95% of the data range; small circles are outliers. 

   

 

4.3.6 Pups with known cause of death 

 

A linear regression was used to explore the relationship between heterozygosity and primary 

cause of death of dead pups versus those which did not die.  This showed a significant 

increase in mean IR of pups dying from bacterial infection compared to pups known to have 

died from enteritis or other causes (trauma, malnutrition, stillbirth) all determined relative to 

live pups, significant at α = 0.001 (Figure 4-3).  Multinomial logistic regression to investigate 

the effect sizes of measures of heterozygosity shows that IR is useful in predicting the cause 

of death of NZSL pups; an increase in IR by one unit increases the relative risk of dying from 

bacterial infection by 4.18 units.  When compared to the same measure for enteritis (0.40) and 

other causes (0.97) this is a 4-fold increase in relative risk at the expense of a 1 unit increase 

in internal relatedness (more homozygous).  Interestingly, the effect size (odds ratio) of each 
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measure of heterozygosity, not only IR, each show a similar magnitude in bacterial infection, 

relative to pups dying from enteritis or other causes (Table 4-6). 

 

 

 

Figure 4-3 - Mean internal relatedness (IR) of live pups vs. pups with known cause of death.  The box and 

whisker plot relates to the data range: boxes show where 50% of the values fall; thick line is the median value; 

cross-bars at the top and bottom show 95% of the data range; small circles are outliers. 

 

 

 

Metric Bacteria Enteritis Other 

PHt -5.36 -0.39 -0.22 

Hs_obs -3.42 -0.24 -0.13 

Hs_exp -3.53 -0.25 -0.13 

HL 5.04 0.60 0.30 

IR 4.18 0.40 0.97 

MLH -5.36 -0.39 -0.22 

sMLH -3.37 -0.23 -0.13 

Table 4-6 - Effect sizes (odds ratio) from multinomial linear regression to determine if the heterozygosity 

metrics are useful for predicting cause of death of pups. 
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4.3.7 Heterozygosity-heterozygosity correlations 

 

The mean correlation (HHC, Balloux et al., 2004) after 10,000 permutations of microsatellites 

in this dataset is 0.042 (95% CI 0.006-0.08, Table 4-7).  This was a positive correlation which 

suggests that heterozygosity is correlated among microsatellite loci and that the markers are 

not hetero- or homozygous independently of each other (identity disequilibrium, ID).  This 

may therefore reflect a degree of inbreeding within the NZSL population.  Comparison of 

pups, adult males, adult females and adult territorial males from 2001/2002 using the same 

methodology found that, in agreement with the high IR seen in adult males, heterozygosity at 

microsatellite loci in adult males is highly correlated among loci, although the confidence 

interval spans zero and as such cannot be interpreted as significant.  Calculation of the 

measure g2 (David et al., 2007) in all NZSLs showed that heterozygosity was not quite 

significantly correlated among loci, although like HHC, adult NZSL males showed an 

increased level of correlation among loci, which was significant in this instance.   

 

Furthermore, predictive mapping of microsatellites to a dog genome scaffold (Appendix 7) 

showed that the loci used in this study are well distributed throughout the predicted pinniped 

genome.  Therefore, considering this and the correlation in heterozygosity among loci, the 

panel of microsatellites employed in this study are predicted to be representative of genome-

wide variation.  

 

Group n 
Mean 

HHC 

95% confidence interval of 

HHC 
g2 

p-value of 

significance  

All NZSL 1351 0.042 0.006, 0.081 0.011 0.068 

Pups 231 0.0095 -0.082, 0.1074 -0.009 0.514 

Dead pups 42 -0.03 -0.248, 0.209 -0.208 0.671 

Live pups 189 0.019 -0.084, 0.126 0.029 0.43 

Adult females 223 -0.025 -0.123, 0.076 -0.101 0.701 

Adult males 104 0.120 -0.045, 0.277 0.461 0.047 

Territorial 

males 
18 0.090 -0.223, 0.437 0.266 0.309 

Table 4-7 - Mean heterozygosity-heterozygosity correlations (HHC) and calculated g2 for entire NZSL cohort 

(1997/1998 – 2006/2007), followed by separate analyses for each group of animals from the 2001/2002 breeding 

season. 
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4.3.8 Single-locus associations 

 

Sequential removal of each locus and re-calculation of the internal relatedness measure 

excluding one locus per re-calculation showed that the significances of IR were not affected 

by removal of any one locus.  As such, no single locus was seen to contribute inordinately to 

the ability of IR to predict the status of NZSL pups (dead or live), or the ability of the metric 

to predict the cause of death of dead pups in relation to live pups (Appendix 8). 

 

Of interest to this study is the association between the microsatellite locus ZcCgDh3.6 and 

hookworm-related anaemia in a small cohort of NZSLs described previously (Acevedo-

Whitehouse et al., 2009).  While we found that genotyping of this locus was prone to error 

due to the presence of stutter-bands that made discrimination between 2bp allelic differences 

difficult (Chapter 2, section 2.3.1), our analyses show that its inclusion or exclusion does not 

significantly alter the calculation of any heterozygosity metric, including IR (Table 4-8). The 

differences between three measures of IR utilising 21, 20 and 18 loci were investigated by 

Student‘s t-test and no significant difference was found between them (p = > 0.1 for all 

measures).  As a conservative measure we have chosen not to use this locus in our broader 

analyses, but we investigated it here to explore further this interesting prior association.   

 

 

 Linear regression Generalised linear model 

 Dead pups Live pups p value  Odds ratio p value AIC 

IR_21 0.0546 0.0237 0.00223   -1.504 0.00246 1130.4 

IR_20 0.0448 0.0155 0.00461 -1.346 0.00530 1131.8 

IR_18 0.0479 0.0163 0.00491 -1.280 0.00470 1131.6 

Table 4-8 - Investigation of the effect of the microsatellite locus ZcCgDh3.6 on estimates of internal relatedness, 

IR.  IR_21, entire dataset including those loci removed after error checking; IR_20, entire dataset with 

ZcCgDh3.6 removed; IR_18, the dataset with error-prone loci removed, including ZcCgDh3.6. 

 

 

Since the locus ZcCgDh3.6 has previously been associated with a disease state (Acevedo-

Whitehouse et al., 2009), we sought to determine if inclusion or exclusion of this 

microsatellite locus had any effect on the cause of death of NZSL pups.  Multinomial logistic 

regression showed that all measures of IR were equivalent regardless of presence of 

ZcCgDh3.6, and that the inclusion or exclusion of this locus did not alter whether a pup was 
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more likely to succumb to bacterial infection, enteritis or another cause of death (trauma, 

malnutrition, stillbirth, Table 4-9).  Interestingly, the Akaike information criterion (AIC) 

which measures the goodness of fit of the model, is lowest in the 18-loci dataset that excludes 

ZcCgDh3.6 and two other loci which were prone to error, suggesting that the 18-loci dataset 

(without ZcCgDh3.6) is a better fit to the statistical model employed for these analyses.   

 

 

Heterozygosity 

measure 
Cause of death AIC 

 
Bacteria Enteritis Other 

 

IR_21 3.95 0.05 1.04 898.6 

IR_20 4.01 0.05 0.76 898.3 

IR_18 3.9 0.12 0.7 897.7 

Table 4-9 - Relative risk (odds ratio) of change in cause of death with a 1 unit increase in internal relatedness, 

IR, relative to live pups.  IR_21, entire dataset including those loci removed after error checking; IR_20, entire 

dataset with ZcCgDh3.6 removed; IR_18, the dataset with error-prone loci removed, including ZcCgDh3.6.  

AIC, Akaike information criterion, measures the goodness of fit of the model. 

 

 

Lastly, we used a multinomial logistic regression to explore whether heterozygosity at 

ZcCgDh3.6 only was affecting cause of death of NZSL pups, but no significant difference 

was seen.  Hetero- or homozygosity at this locus does not appear to be affecting cause of 

death from bacterial infection, enteritis or other causes, relative to live pups or when cause of 

death is relative to other causes of death of pups.  

 

 

4.3.9 Relatedness estimation 

 

Coancestry (Wang, 2010) was used to calculate pairwise relatedness between individuals in 

three subsets of NZSL males: all males 2001/2002; non-territorial males 2001/2002; territorial 

males 2001/2002.  Within each subset, pairwise relatedness was calculated for each individual 

compared to every other individual (Table 4-10).  Mean relatedness between animals within 

each subset varied between groups but was lowest in territorial males.  Each pairwise 

comparison plotted as a frequency distribution for each subset revealed that the distribution 

was normal (Figure 4-4); however territorial males demonstrated a slight right-skew, 

consistent with their lower mean pairwise relatedness as a group.  
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As a group, all males from 2001/2002 were not significantly more or less related to each other 

(p = 1.725e-05, not significant after Bonferroni correction for multiple comparisons, Table 

4-10).  However, non-territorial males and territorial males as individual groups showed a 

level of relatedness that was significantly different from zero (p = 8.589e-07 and p = 4.409e-

06, significant after Bonferroni correction for multiple comparisons), suggesting individuals 

within each of these groups are less related to each other than one would expect considering 

that pairwise relatedness between any two individuals in a randomly mating population is 

expected to be zero.  Two-sample t-tests confirmed that there was no difference in mean 

pairwise relatedness between all males compared to non-territorial males, but that mean 

relatedness of territorial males was significantly less than non-territorial males (Table 4-11). 

 

 

  All Males Non-territorial (sub) Territorial 

N  122 104 18 

Number of comparisons 6903 4950 153 

Mean -0.009 -0.011 -0.062 

t (mean vs. not 0) -4.784 -4.928 -4.763 

p 1.73e-05 8.59e-07 4.41e-06 

95% CI -0.013, -0.005 -0.015, -0.007 -0.087, -0.36 

Significance (corrected 

multiple comparisons) 

NS (0.05/6903 = 

7.24e-06) 

Significant (0.05/4950 = 

1.01e-05) 

Significant (0.05/153 = 

3.27e-04) 

Table 4-10 – Statistical analyses of pairwise relatedness between all males, non-territorial males, and territorial 

males. t values are the results of one-sample t-test to determine if the mean pairwise relatedness between subsets 

of NZSL males was significantly different from zero.     

 

 

 

Comparison t (d.f.) p (sig) 95% CI 

All male vs. non-territorial 4.02 (158.54) 8.90e-05 (***) 0.027, 0.0781 

Non-territorial vs. territorial 3.86 (161.162) 1.66e-04 (***) 0.025, 0.0762 

Non-territorial vs. all males -0.67 (10658.75) 0.50 (NS) -0.007, 0.004 

Table 4-11 - Two-sample t-tests for assessment of differences between mean internal relatedness between 

subsets of NZSL males.   
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Figure 4-4 – Histograms of a) all NZSL 

males 2001/2002; b) non-territorial 

(subordinate) males 2001/2002; c) 

territorial males 2001/2002.  Frequency 

describes the frequency of each value of 

pairwise relatedness calculated by Queller 

and Goodnight‘s (1989) measure of 

relatedness.  Red dashed line indicates the 

hypothesised mean of zero, where this 

measure of relatedness would fall if 

animals were neither more or less related 

to each other than expected under 

neutrality. 

 

a) 

 
 a) 

b) 

c) 
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4.4 Discussion 

 

4.4.1 Summary 

 

Here we investigate seven different measures of heterozygosity in a large New Zealand sea 

lion cohort and evaluate the utility of these in predicting fitness traits.  We show that only 

one, internal relatedness (Amos et al., 2001), is related to fitness in the NZSL, where fitness is 

defined as both the live status of pups, and also the survival of pups through harsh bacterial 

epizootics.  We show that dead pups on the whole have a significantly higher level of internal 

relatedness than live pups and that IR is a useful predictor of the cause of death of NZSL 

pups; those pups dying from bacterial infection have a significantly higher IR score than live 

pups or pups dying from other causes (trauma, malnutrition, stillbirth).  Heterozygosity is 

correlated among microsatellite loci in this dataset using HHC, and loci are well distributed 

throughout the predicted pinniped genome, suggesting these loci are reflective of genome-

wide variation (Balloux et al., 2004), which also supports the general effect hypothesis of 

HFC generation (David, 1998, Hansson and Westerberg, 2002).  Accordingly, we find no 

evidence of single-locus effects contributing to the generation of the association between IR 

and fitness traits we describe here.  

 

4.4.2 Comparison of measures of heterozygosity 

 

Much debate surrounds the utility and applicability of HFCs in natural populations (Szulkin et 

al., 2010).  The NZSL cohort is a population which fulfills proposed criteria for detection of 

HFCs, if HFCs have been generated in this population (Coltman and Slate, 2003, Chapman et 

al., 2009, Szulkin et al., 2010).  Despite assertions that one should be able to detect HFCs by 

the simplest measures if they are a real phenomenon (Chapman et al., 2009), it is interesting 

that a significant association is seen here only with IR (Amos et al., 2001), which is by no 

means a simple measure of heterozygosity.  This may be because IR could be more accurately 

reflecting the nature of variation at these loci and therefore capturing more information about 

demographics and life-history than simple microsatellite heterozygosity measures, for the 

reasons outlined below. 
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Multi-locus heterozygosity (MLH, in these data also described as PHt) measures the 

proportion of heterozygous loci of those genotyped in an individual.  This measure provides 

an estimate of the overall heterozygosity, however it does not take into account any gaps in 

the assembled dataset since the proportion of heterozygous loci is always relative to the total 

number of loci genotyped, not the total scored for each individual.  Secondarily, when the 

correlation in heterozygosity between loci (HHC) is not investigated, this metric will only 

reflect the state of those markers genotyped, and will not usually be correlated to 

heterozygosity elsewhere in the genome unless the population displays a degree of inbreeding 

(Slate et al., 2004, Szulkin et al., 2010).  Standardised multi-locus heterozygosity, on the 

other hand, (sMLH, Coltman et al., 1999, in these data also described as Hs_obs and Hs_exp) 

makes use of the mean heterozygosity of all the genotyped loci.  sMLH divides the proportion 

of heterozygous typed loci by the mean heterozygosity of each locus, thereby reducing any 

potential errors from incomplete data.   

 

Genetic bottlenecks, such as that believed to have affected the NZSL (Chapter 2), are 

expected to cause the loss of low-frequency, rare alleles from the population; heterozygosity 

is only detectably lost when the effective population size remains small for long periods of 

time (Amos and Harwood, 1998), and a recent population bottleneck will firstly result in the 

loss of rare alleles, rather than noticeably affecting overall heterozygosity (Nei et al., 1975, 

Watterson, 1984, Cornuet and Luikart, 1996, Luikart et al., 1998).  Therefore measures based 

purely on levels of heterozygosity such as MLH and sMLH might not accurately capture the 

nature of HFC generation in recently bottlenecked populations. 

 

An alternative method of measuring heterozygosity is to consider the internal relatedness (IR) 

of the individuals within a population (Amos et al., 2001), a measure of parental relatedness 

and allele sharing.  It is based on a measure of genetic relatedness between individuals 

(Queller and Goodnight, 1989) and IR weights the contribution of each allele to a 

homozygosity index by considering allele frequency in the final score so that the sharing of 

rare alleles is weighted more than common ones.  This gives higher internal relatedness 

(homozygosity) scores to individuals bearing low frequency alleles than to those bearing 

common ones, however, this becomes problematic in populations where there is immigration 

because new alleles would then be considered rare (Aparicio et al., 2006).  The expected loss 

of rare alleles in recently bottlenecked populations means that, when allele frequency is used 

to scale the relatedness measure as in IR, the mean relatedness values for the population will 
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alter, as most individuals will share a substantial proportion of common alleles.  However, 

measures of MLH do not have this weighting, and assuming the theory behind the IR metric 

is correct, this might account for the lack of observed correlation between any of the ‗simpler‘ 

measures of heterozygosity and fitness traits investigated here.   

   

Considering the recent population history of the NZSL, IR might be a more appropriate 

measure of heterozygosity when a recent population bottleneck is detected, because it may be 

more sensitive than other measures at correlating heterozygosity with traits relative to fitness 

in recently bottlenecked species and could reveal biologically relevant variation.  This study 

therefore contributes to the recurrent debate surrounding the detection of HFCs; they are not 

ubiquitous and are a complex phenomenon (Hansson and Westerberg, 2002, Slate and 

Pemberton, 2002, Coltman and Slate, 2003, Balloux et al., 2004, DeWoody and DeWoody, 

2005, Grueber et al., 2008, Chapman et al., 2009, Szulkin et al., 2010).  Likewise, while one 

may use IR to infer the presence of inbreeding within a population, the detection of an HFC 

effect should not be taken as definitive evidence that inbreeding is occurring in the population 

(Balloux et al., 2004, Slate et al., 2004, DeWoody and DeWoody, 2005, Hansson and 

Westerberg, 2008), because HFCs can be due to causes other than inbreeding, e.g. local 

effects.  More specifically, while IR may be useful in assessing overall heterozygosity at 

microsatellite loci, recent research has demonstrated empirically that IR is not necessarily able 

to differentiate between inbred and outbred individuals in a species that has suffered a severe 

bottleneck (Grueber et al., 2011).  As such, conclusion of inbreeding within a population 

where pedigree information is unknown should not be based on IR alone. 

 

The non-detection of HFC effects in a population where they are expected to be present via 

simpler methods of heterozygosity calculation could be due to the lack of variation in the 

inbreeding coefficient within the population (Balloux et al., 2004); if all animals within the 

population are equally inbred, then heterozygosity would not show an association with a 

fitness trait even if there was very low heterozygosity within the population (Balloux et al., 

2004, Overall et al., 2005).  Overall low heterozygosity is not detected within this population, 

as determined by the observed heterozygosity of 0.64 at microsatellite loci (Chapter 2, section 

2.3.1) which is comparable to the New Zealand fur seal Arctocephalus forsteri (Robertson and 

Gemmell, 2005) which is a thriving New Zealand pinniped species.  As such, if there is 

variation in the inbreeding coefficient, HFCs should be detected in this population, if they are 

being generated.  As is the case for many studies of wild and free-ranging populations, no 
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pedigree information is available for the NZSL population and so calculation of inbreeding 

coefficients, and estimation of variation therein, is not possible (Pemberton, 2004).  We have 

examined the possibility that inbreeding might affect later results, however assignment of 

paternity to pups with known mothers using the program Cervus (Kalinowski et al., 2007) 

failed to assign paternity at a level that was deemed sufficiently significant to be of use in 

constructing pedigrees.  Notwithstanding this however, we can conclude that because there 

exists a reasonable degree of heterozygosity within the population, a correlation between IR 

and death from bacterial infection could therefore be expected despite a lack of correlation 

using simpler measures of heterozygosity, if loci are exhibiting heterozygosity excess as a 

consequence of a recent population bottleneck (Chapter 2), and if microsatellite loci are 

reflective of genome-wide variation, since most traits relating to disease resistance or 

susceptibility are polygenic by nature (Merila and Sheldon, 1999).  

 

4.4.3 Comparison of pups and adults 

 

Comparison of levels of heterozygosity between adult NZSLs and pups was undertaken using 

individuals from the 2001/2002 breeding season because adult males and females in the 

cohort were sampled during this breeding season.  In 2001/2002, adults were significantly less 

heterozygous than both dead and live pups, which might be a consequence of fitness 

differences being maximum in early life (Koehn and Gaffney, 1984).  A more pertinent 

question to ask is whether the males and females from this year are significantly different 

from one another, however no significant difference was found, suggesting on average that 

females as a group show the same amount of genetic diversity as the males.  Contrary to 

observations from other studies in this area (Hoffman et al., 2004), territorial NZSL males are 

significantly lower in heterozygosity than other males.  It was hypothesised that this might be 

a result of the comparatively low number of territorial males (n = 18) present in the breeding 

ground relative to other males from 2001/2002 (n = 104), or that perhaps territorial male 

NZSLs may be forming coalitions with other male relatives to secure breeding success, as has 

been demonstrated in territorial male lions (Packer et al., 1991) and dolphins (Parsons et al., 

2003).  Analyses of pairwise relatedness, however, showed that territorial NZSL males were 

in fact lower in relatedness to one another, relative to subordinate (non-territorial) males.  

Thus, as a group, territorial males are low in internal relatedness, but less related to each other 

than expected under random conditions.  One possible, but speculative, explanation for this 
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pattern could be that the territorial males present at Sandy Bay (the primary monitoring site) 

are perhaps migrants from other breeding beaches, which themselves are effectively a variety 

of discrete, small subpopulations, albeit not highly genetically differentiated (Chapter 2, 

Section 2.3.4).  This may explain why territorial males, as a group, appear to be less related to 

each other than non-territorial males.    

 

4.4.4 Pup cause of death 

 

Internal relatedness is a useful predictor of death from bacterial infection, and we have shown 

that estimates of IR from pups succumbing to bacterial infection are significantly higher than 

seen in other causes of death.  Thus high levels of internal relatedness may be increasing the 

susceptibility of NZSL pups to infection by bacterial pathogens. Indeed we found that a one 

unit increase in IR led to a 4-fold increased risk of death from bacterial infection relative to 

live pups.  IR does not appear to affect the relative risk of death from enteritis or death from 

other causes.   

 

4.4.5 Heterozygosity-heterozygosity correlations 

 

Heterozygosity-heterozygosity correlations (HHC) are frequently used to test whether 

heterozygosity is correlated among loci in an individual (David, 1998, Balloux et al., 2004) 

and if positive, these are expected to firstly suggest that heterozygosity is correlated among 

loci, and secondly, suggest the presence of inbred individuals within a population.  This is 

because if heterozygosity is correlated among loci, then the loci are not hetero- or 

homozygous independently of each other, and as such, they may show increased identity 

disequilibrium (ID) that is common in inbred individuals (Weir and Cockerham, 1973, David, 

1998, Szulkin et al., 2010).  We find that heterozygosity at microsatellite loci in the NZSL 

population as a whole is correlated among loci using HHC (Balloux et al., 2004), but that 

calculation of g2, an alternative method (David et al., 2007), is not significant.  These 

methods are difficult to directly compare because HHC provides correction coefficients that 

are not independent, while g2 uses information on all loci simultaneously (Szulkin et al., 

2010).  However, for HFCs to be generated, there must be ID, and both HHC and g2 test for 

and give the significances of ID.  Since ID can be generated by consanguineous matings or 
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the genetic drift that occurs within e.g. small and/or bottlenecked populations (Ohta, 1971, 

Ohta and Cockerham, 1974, Bierne et al., 2000), these measures should reflect the level of ID 

and provide an estimate of whether inbreeding is occurring in the population.  From the 

positive mean correlation coefficient of HHC, we can infer that a proportion of the individuals 

within the NZSL cohort may be showing evidence of inbreeding effects, supportive of Fis 

values (Chapter 2).  Calculation of g2 was not significant, aside from adult male NZSLs from 

2001/2002, which mirrors the patterns of significance seen with IR, whereby NZSL males as 

a group displayed the highest level of IR.  However, non-significant values of g2 do not 

necessarily contradict the HFC effect, and this is because of the polygenic nature of fitness 

traits; a fitness trait reflects the effects of many more loci than the number of markers used to 

infer the HFC (Szulkin et al., 2010).  Thus a non-significant value of g2 should not be used to 

refute inference of HFC in these data, and should be viewed in concert with HHC, all of 

which serves to reiterate the complexities of these analyses in wild populations.       

 

4.4.6 Single-locus associations 

 

In addition, through the investigation of single-locus effects, we can conclude that there is no 

evidence of disproportionate contributions of individual microsatellite loci to the effect of 

internal relatedness on traits relative to fitness. This is in contrast to the findings of Acevedo-

Whitehouse et al. (2009) who surmised from their data that heterozygosity was not correlated 

among loci using HHC and concluded a lack of inbred individuals in the population sampled.  

These authors also noted the significant effect of certain alleles of a single microsatellite 

locus, ZcCgDh3.6, on the greatly increased risk of hookworm-related anaemia, which was 

taken as evidence of single-locus (local) effects of HFC generation (Acevedo-Whitehouse et 

al., 2009).  It is important to note that only 39 NZSL pups were available for the study by 

Acevedo-Whitehouse and colleagues, compared to a total of 1351 in this study.  We find no 

evidence that heterozygosity or homozygosity at this locus is affecting the course of disease in 

NZSL pups, nor evidence of single-locus effects.  We suggest that, in our expanded dataset, 

the general effect of HFC generation is responsible for the correlation we see here and that is 

it likely that inbreeding effects are contributing to the observed fitness differences between 

individuals within the population. 

 



125 

 

4.4.7 Variation in HFC calculations 

 

It is interesting to note that while IR was the only metric to show significant HFC effects in 

the NZSL population, the effect size (odds ratio of effects) of other metrics was equivalent to, 

or even slightly exceeded, that of IR.  That is to say, the effect size of IR as predictive of 

cause of death of NZSL pups was of the same magnitude as the effect size of other measures 

of heterozygosity, yet the other metrics did not reach statistical significance.  Why was IR the 

only statistically significant metric when all the metrics were highly correlated with one 

another and were essentially equivalent?  Simple descriptive statistics are useful for shedding 

light on this effect.  Firstly, one can be confident that the correlation between IR and cause of 

death does not reflect a type I error for the following reasons: i) we provide evidence of 

increased homozygosity in the NZSL population whereby patterns of Fis match patterns of 

mean internal relatedness (Chapter 2, section 2.3.2) and ii) we demonstrate repeated 

significant correlations using the IR metric in multiple analyses on different subsets of these 

data.   

 

The coefficient of variation (CV) for internal relatedness was much higher than the CV for 

other measures of heterozygosity (Table 4-4), despite all metrics being statistically equivalent 

and showing the same mean trend (dead pups have a lower level of heterozygosity than live 

pups).  Perhaps the high variance in the data range of IR (-0.35 to 0.65) is driving the 

difference between the means of dead and live pups to statistical significance, while the effect 

size in general remains comparable to other measures of heterozygosity.  Certainly, molecular 

ecologists in particular are tending to move away from simple measures of significance in 

preference to effect sizes (Nakagawa and Cuthill, 2007), although uptake of this methodology 

has been limited thus far.  Increased variance in measures of IR are expected in a species 

which has undergone a population bottleneck, because of the increased weight given to rare 

alleles in the IR metric; IR may better reflect the nature of genetic variation in a bottlenecked 

species than more simple measures of MLH, because this weighting takes into account the 

presence of rare alleles, not merely the level of heterozygosity, which we have seen in a 

bottleneck species may be transiently maintained following a bottleneck (Cornuet and 

Luikart, 1996, Luikart et al., 1998, Luikart and Cornuet, 1998). 

 

Nonetheless, equivalence of measures of HFC have been demonstrated in other studies 

(Chapman et al., 2009, Frere et al., 2010), and as such, the data presented here would suggest 
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an overall effect of heterozygosity on an increased risk of death by bacterial infection, by way 

of large effect sizes of all measures of heterozygosity.  Intriguingly, previous studies of 

Antarctic fur seals reported no correlation between heterozygosity and fitness traits (Hoffman 

et al., 2004, Hoffman et al., 2006a), yet females were shown to display active choice for 

males that were unrelated and more heterozygous (Hoffman et al., 2007b).  Heterozygosity 

therefore appeared to be driving mate choice, but was not seen to have any effect on fitness in 

this population.  This is interesting because it clearly shows that heterozygosity is important 

in population dynamics, but does not necessarily result in a significant fitness increase in 

offspring.   

 

We report this significant effect of IR with caution, especially considering recent meta-

analyses which have shown the newer methods of detecting HFCs (IR, HL) are apparently no 

more sensitive at detecting heterozygosity effects on fitness-related traits than simple MLH 

and go as far as to advocate the use of simple MLH until the mechanisms of microsatellite 

mutation are better understood (Coltman and Slate, 2003, Chapman et al., 2009).  However, it 

is interesting to note that, if the circumstances are unknown, despite reiterations that the 

simplest methods are preferential and should be adequate if a real effect exists (Chapman et 

al., 2009, Mainguy et al., 2009), use of different metrics is encouraged because it may lead to 

useful information regarding life-history and population dynamics.  Specifically, the detection 

of HFCs with IR (which is itself purported as a measure of inbreeding/parental relatedness) 

and not through other methods may be reflective of the bottleneck history and the potential for 

inbreeding which accompanies it, thus revealing important information regarding the nature 

of genetic variation underlying complex traits in wild species, which may be missed if only 

one measure of heterozygosity is used for analyses.  However, we are aware that we cannot 

advocate this as a strict method since inbreeding coefficients determined by pedigrees with 

which to verify the existence of inbred individuals within the NZSL population are at present 

unable to be attained.     

 

4.4.8 Conclusion 

 

This is the first study of a pinniped species to show that heterozygosity as measured by 

microsatellite loci may be important in death by bacterial infection.  We validate the utility of 

this microsatellite dataset by showing that it is capable of accurately reflecting genome-wide 
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variation and supports current methodology surrounding this principle.  We provide support 

for the general effect hypothesis of HFC generation and suggest that low heterozygosity, and 

potentially inbreeding effects, are likely responsible for the reduction in fitness seen in 

individual NZSL pups.  We add to the current debate surrounding methods of HFC detection 

in species where no pedigree information is available, and provide evidence of equivalence in 

effect size on fitness traits between all measures of heterozygosity currently advocated.  We 

hope that this information will be useful in the conservation management of the NZSL 

population and that genetic data will be used to guide conservation practices of this species in 

the future.  
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CHAPTER 5 -  DOES HETEROZYGOSITY AT MICROSATELLITE LOCI 

CORRELATE WITH BIRTH WEIGHT AND GROWTH RATES IN NEW 

ZEALAND SEA LION PUPS? 

 

Abstract 

 

 

Small population sizes are known to lead to a reduction in genetic variation within the 

population and heightened consanguinity, the detrimental effects of which can lower fitness.  

Marker-based estimates of allelic heterozygosity at microsatellite loci have frequently been 

used as estimates of total genomic variation.  Because of their demonstrated utility in 

reflecting overall genomic variation in some circumstances, heterozygosity at microsatellite 

loci has been used as a surrogate of the inbreeding coefficient.  As such, microsatellites have 

been used to infer relationships between a variety of life-history traits and molecular measures 

of heterozygosity.  

 

Studies in various mammals have shown that low genetic variation has been linked to a 

reduction in birth weights and growth rates, and that survival to adulthood is often dependent 

on these traits.  In marine mammals, many early life-history traits have been associated with 

survival in later life.  Therefore here we extended analyses from Chapter 4 into twenty-two 

NZSL mother – pup pairs, to identify if heterozygosity of mothers and/or their pups, as 

measured by microsatellites, is predictive of life-history traits such as pup birth weight and 

growth rate.    

 

We detected a strong association between pup heterozygosity (measured by internal 

relatedness, IR) and pre-weaning survival, measured through the 7 – 11 day post-birth 

monitoring period of this study.  We found no association of birth weight and growth rates 

with either mother or pup IR, suggesting that these factors are not governed solely by 

genetics, although these analyses suffer from relatively low statistical power.  
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DOES HETEROZYGOSITY AT MICROSATELLITE LOCI CORRELATE WITH BIRTH 

WEIGHT AND GROWTH RATES IN NEW ZEALAND SEA LION PUPS? 

 

 

5.1 Introduction 

 

5.1.1 Marker-based estimates of heterozygosity 

 

It is generally accepted that small population sizes propagate a reduction in fitness due to 

decreased genetic variation and the detrimental effects of inbreeding (Franklin, 1980, 

Frankham et al., 2002).  There is a link between inbreeding and lower productivity in small 

and endangered populations, serving as a feedback loop towards population decline (Ortego et 

al., 2007), and low genetic variation is considered to contribute towards extinction of species 

when population numbers are low (Newman and Pilson, 1997, Reed and Frankham, 2003, 

Spielman et al., 2004b).   

 

As discussed in Chapter 4, marker-based estimates of allelic heterozygosity at microsatellite 

loci can in some circumstances be good indicators of total genomic variation (Hansson and 

Westerberg, 2002) and because of this, heterozygosity at microsatellite loci has been used as a 

surrogate of the inbreeding coefficient (Coulson et al., 1998, Coltman et al., 1999, Amos et 

al., 2001, Slate and Pemberton, 2002, Aparicio et al., 2006).  Genomic diversity in the broad 

sense is dependent on effective population size and many different demographic and 

environmental factors.  These are expected to be correlated, and consequently, ‗neutral‘ 

markers should be a useful indicator of evolutionarily important variability (Willi et al., 2006, 

Vali et al., 2008), in many threatened populations including NZSLs.  Genetic studies using 

microsatellites to investigate components of individual fitness within populations, termed 

heterozygosity-fitness correlations (hereafter HFCs) have gained in popularity because of the 

relative ease of investigation in populations where non-invasive sampling is a necessity, and 

pedigree information is not available, as is the case with most large, long-lived and free-

ranging mammals. 
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5.1.2 Correlations of heterozygosity with life-history traits 

 

In the past, microsatellites have been used to infer relationships between a variety of life-

history traits and molecular measures of heterozygosity, with varying success (Coltman and 

Slate, 2003, Grueber et al., 2008, Chapman et al., 2009).  Despite an apparent and common 

bias towards publication only of positive results (Coltman and Slate, 2003), these associations 

are expected to remain positive even in light of this bias, albeit weakly (Britten, 1996), a 

conclusion which has been  supported by further studies (Chapman et al., 2009, Szulkin et al., 

2010). 

 

In wild populations, HFCs can be expected to decrease with age (David and Jarne, 1997) 

since fitness traits are predicted to be at their maximal in early life and individuals with 

unfavourable genotypes are not expected to survive to adulthood (Koehn and Gaffney, 1984, 

David, 1998).  The magnitude of HFCs may vary with selection pressures and may be 

dependent on the environmental conditions and the state of the individual (David, 1998, 

Keller and Waller, 2002, Armbruster and Reed, 2005).  Studies in various mammals have 

shown that low genetic variation has also been linked to a reduction in birth weights and 

growth rates.  For example: red deer calves (Cervus elaphus) with high mean d
2
 had higher 

birth weights and hence had higher juvenile survival that those with low mean d
2
 (Coulson et 

al., 1998, Coulson et al., 1999); more outbred bighorn sheep (Ovis canadensis) had earlier 

breeding and hence birthing opportunities and produced larger lambs (Hogg et al., 2006); 

offspring heterozygosity significantly affected the offspring‘s weight in the common frog 

Rana temporaria (Lesbarreres et al., 2007); and survival of sub-adult brown bears (Ursus 

arctos) increased with increasing yearling body size, which strongly associated with 

heterozygosity (Dahle et al., 2006). 

 

 

5.1.3 Significance of birth weight and growth rates in mammals 

 

Studies show that survival is often dependent on birth weights and growth rates.  For 

example, birth date and birth weight are known to contribute to total fitness in red deer 

(Kruuk et al., 1999) and Soay sheep Ovis aries (Clutton-Brock et al., 1992, Jones et al., 
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2005).  In Soay sheep, lambs born heavier and later in the season showed greater survival in 

early life (Wilson et al., 2005). 

 

In marine mammals, many early life-history traits have been associated with survival in later 

life.  Body mass at weaning is an important determinant of post-weaning survival of Weddell 

seals Leptonychotes weddellii (Proffitt et al., 2008), while body mass is seen to correlate with 

juvenile survival rate in Northern fur seals (Callorhinus ursinus), sub-Antarctic fur seals 

(Arctocephalus tropicalis), grey seals (Halichoerus grypus) and southern elephant seals 

(Mirounga leonina) (Baker and Fowler, 1992, Boltnev et al., 1998, Hall et al., 2001, Beauplet 

et al., 2005, McMahon and Burton, 2005).  Pre-weaning survival has also been correlated 

with birth weight in Antarctic fur seals Arctocephalus gazella (Chambellant et al., 2003). 

 

Physiology of mothers can also affect the physiology of their pups.  In the NZSL, heavier 

mothers produced heavier pups, and maternal mass and length were correlated with pup birth 

week and pup birth mass (Chilvers et al., 2006) and as such, body mass of mothers is likely to 

be very important in growth rate and survival.  Young sub-Antarctic fur seal mothers, which 

are smaller than more mature mothers, are observed to birth earlier in the season and to birth 

smaller pups (Georges and Guinet, 2000).  In contrast, pups born later in the breeding season 

grow faster, probably because they are both bigger at birth and have more experienced 

mothers (Georges and Guinet, 2000). In addition, pup weight may reflect the reproductive 

success or fitness of the parents (Baker and Fowler, 1992), which is logical since birth weight 

has been shown to be influenced by heterozygosity at microsatellite loci. 

 

Factors other than parental physiology and genetics which may influence juvenile survival 

rate include predation, environmental variation, or parasites, all of which can lead to 

alterations in body condition or food supply (Wickens and York, 1997). For example, the 

probability of survival post-weaning of sub-Antarctic fur seals was negatively related to sea 

surface temperature anomalies (Beauplet et al., 2005), which can affect food availability 

(Vieyra et al., 2009).  Direct influences of such perturbations on juvenile survival include 

alterations in food availability and female foraging success, but they may also act indirectly, 

by altering energy budgets and thus maternal energy stores and the available energy to 

transfer during lactation (McMahon and Burton, 2005).   
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Since birth weight and growth rates can be correlated with an increase in survival to weaning, 

and heterozygosity is also seen to influence birth weight and juvenile survival, this study 

seeks to identify any association that may exist between the two, specifically, if 

heterozygosity of mothers and their pups is predictive of life-history traits such as pup birth 

weight and growth rate.  We explore the relationship between microsatellite heterozygosity of 

mothers and their pups, and also seek to explain how heterozygosity of both may be 

influencing pup life-history traits.    

 

 

5.2 Methods 

 

5.2.1 Sample collection 

 

New Zealand sea lion females were tagged and their offspring monitored for the first 7-11 

days of life (B.L. Chilvers).  Samples and data for 20 mother and pup pairs from the Austral 

summer 2002/03 breeding season, and 2 pairs from the 2003/04 summer breeding seasons 

were collected.  Traits studied include pup birth week, birth weight, growth rate during study 

period, length, girth, kg/cm and maternal age.   

 

5.2.2 Laboratory work and heterozygosity measure calculation 

 

DNA extraction, microsatellite amplification by PCR, genotyping and binning of raw 

microsatellite fragments, and repeat genotypes for error checking were carried out in 

accordance with methods in Chapter 2 (sections 2.2.2 and 2.2.3).  Measurement of 

heterozygosity was carried out as described in Chapter 4, section 4.2.3. 

 

5.2.3 Statistical analyses 

 

All analysis of heterozygosity data was undertaken in the program R (R Core Development 

Team, 2010).  Analysis was performed using individual NZSL pups and their mothers (n = 22 
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pairs).  Fathers for these pups are unknown as we were unable to assign paternity with a 

degree of confidence that we felt acceptable (30% assigned with 95% confidence, Chapter 4).   

 

Firstly, linear regression was used to examine the relationship between mean heterozygosity 

and death for the different measures of heterozygosity, using the command: 

 

lm (response ~ predictor, data = data.set) 

 

Secondly, linear regression was used to explore the influence of maternal age, maternal 

heterozygosity and pup heterozygosity on pup condition, using the command above.  In 

addition, one-way ANOVA models were constructed to investigate the relationship between 

categorical variables and continuous response variables, namely whether the maternal age 

category influenced pup condition.  Likewise, we investigated whether birth week had any 

effect on pup variables.   

 

Post-hoc power analyses were undertaken using the R package pwr (Champely, 2009), firstly 

to determine the power of each of the tests.  The commands used for this were: 

 

Linear regression:  

pwr.f2.test (u = xx, v = xx, f2 = xx, sig.level = 0.05, power = NULL) 

where ‗u‘ is the numerator degree of freedom, ‗v‘ is the denominator degree of freedom, ‗f2‘ 

is the effect size (in this case, the correlation coefficient), ‗sig.level‘ is simply the α level (p-

value) and ‗power‘ is termed NULL, so that the model can estimate the power of the analyses. 

ANOVA: 

pwr.anova.test (k = xx, n = xx, f = xx, sig.level = 0.05, power = NULL) 

where ‗k‘ is the number of groups, ‗n‘ is the sample size of each group, ‗f‘ is the effect size 

(again, in this case the correlation coefficient) and ‗power‘ is termed as null. 

 

In comparison, the above commands were used again where ‗v‘ (linear regression) and ‗n‘ 

(ANOVA) were set as the null variables, in order to determine how many individuals would 

need to be sampled to detect an effect size of 0.35 (linear regression) and 0.40 (ANOVA) at a 

power of 0.80.  Effect sizes of 0.35 for linear regression and 0.40 for ANOVA are considered 

to be large (Cohen, 1988).  The following commands were used: 

 

Linear regression:  
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pwr.f2.test (u = 1, v = NULL, f2 = 0.35, sig.level = 0.05, power = 0.80) 

ANOVA:  

pwr.anova.test (k = 2, n = NULL, f = 0.4, sig.level = 0.05, power = 0.80) 

 

 

5.3 Results  

 

5.3.1 Heterozygosity measure calculation 

 

All seven measures of heterozygosity used were found all to be statistically equivalent, 

consistent with findings from Chapter 4.  Therefore we chose to use internal relatedness (IR), 

for further analyses with these data for consistency with Chapter 4 and due to the predicted 

utility of this metric in species where a population bottleneck is suspected (Amos et al., 

2001). 

 

5.3.2 Statistical analyses 

 

Mean values are shown ± the SE of the mean.  Mean IR for pups was 0.046 ± 0.025 with a 

data range of 0.443.  For mothers, mean IR was 0.0188 ± 0.0381 with a data range of 0.633.  

A two-tailed t-test showed no significant difference between the mean IR scores of mothers 

and their pups (t = -0.61, p > 0.1, 95% CI -0.1200 – 0.0647).   

 

Mean maternal age in this cohort was 11 ± 0.4 years (range 8 - 17 years) and mean pup 

weight was 10.16kg ± 0.27 (range 6.6 - 12kg).  16 pups (72%) lost weight during the study 

period (defined as the day of birth of each individual and follow-up 7-11 days later), the mean 

relative growth rate per day was -0.317 ± 0.202 based on a per-day average weight change of 

-0.03kg ± 0.0205.   

 

For the following analyses, degrees of freedom for each model were 18.  Weight varied 

significantly by sex (one-way ANOVA p = 0.0004, adjusted R
2
 49.25%, F = 19.22, n = 13 

males vs. 9 females) with male pups born significantly heavier than female pups.  IR did not 

vary by sex (binomial glm, p = 0.552; AIC = 31.165).  Pups that died during the 7-11 day 
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monitoring period had a significantly higher level of IR than pups that survived this period, 

although the sample size for each category was somewhat unbalanced (one-way ANOVA, p = 

0.005, adjusted R
2
 30.83%, F = 10.5, n = 5 dead pups vs. n = 17 live pups).  Neither growth 

rate nor post-natal weight change varied by sex (one-way ANOVA; growth rate, p = 0.884, 

adjusted R
2
 = -0.05, F 0.3287; post-natal weight change, p = 0.829, adjusted R

2
 = -0.05 F = 

0.04807).  All variables were approximately normally distributed (data not shown).   

 

Table 5-1 shows analyses of both maternal age and pup IR with pup traits relative to fitness.  

We found no relationship between maternal NZSL age and any variable relating to pup 

condition (birth weight, post-natal weight change, relative growth rate, length, girth, IR; linear 

regression all insignificant at p > 0.1).  Similarly, we found no relationship between maternal 

IR score and pup condition (birth weight, post-natal weight change, relative growth rate, IR; 

linear regression all insignificant at p > 0.1).  Pup IR was not correlated with their birth 

weight, post-natal weight change or their relative growth rates (linear regression all 

insignificant at p > 0.1).   

 

 

Maternal Age p F Adjusted R
2
 

Pup birth weight 0.193 1.832 0.04 

Post-natal weight change 0.867 0.029 -0.05 

Pup relative growth rate 0.754 0.102 -0.05 

Pup body length 0.075 3.582 0.12 

Pup body girth 0.264 1.332 0.01 

Pup IR 0.359 0.886 -0.01 

    
Pup IR p F Adjusted R

2
 

Pup birth weight 0.293 1.174 0.01 

Post-natal weight change 0.416 0.693 -0.01 

Pup relative growth rate 0.445 0.610 -0.02 

Pup body length 0.356 0.898 -0.02 

Pup body girth 0.111 2.802 0.08 

Table 5-1 – Linear regression analyses of maternal age and pup internal relatedness (IR) on pup traits relative to 

fitness; p = p-value of significance, F = ratio of sample variances, adjusted R
2
 = correlation coefficient.  Degrees 

of freedom for each analysis were 18. 

   

 

Previous studies of the NZSL have shown a significant correlation between birth week and 

growth rate; pups born in the middle of the pupping season have higher relative growth rates 
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(Chilvers et al., 2006).  While the majority of pups are born in the middle of the pupping 

season, in this cohort we find no significant difference between relative growth rates and 

week of birth (p > 0.1), nor an association between birth week and any other pup condition 

variable (post-natal weight change, length, IR, one-way ANOVA all insignificant at p > 0.1). 

 

Investigation of the relationship between maternal IR and pup IR was expanded to include 

other paired mothers and pups from different breeding seasons for which growth data was not 

available.  Of all the branded females in the NZSL cohort, 11 mothers have identified and 

genotyped pups for the 2003/04, 2005/06 and 2006/07 breeding seasons.  Linear regression of 

maternal IR and pup IR in each of the breeding seasons found no relationship between 

mothers and pups from 2003/04 and pups from 2005/06, but pups from 2006/07 showed a 

significant negative correlation (Pearson‘s correlation coefficient -0.659, p = 0.02).  Paired t-

tests of IR between mothers and their pups from each breeding season showed no significant 

differences (p > 0.1).  This is supported by the calculation of the correlation coefficient 

between maternal IR and pup IR, which is highly significant (Pearson‘s correlation 

coefficient, 0.911, p < 0.05). 

 

 

 

5.3.3 Post-hoc power analyses 

 

Analyses of statistical power were undertaken for each of the comparisons in these analyses, 

with β values are given in Table 5-2.  All β values are less than the acceptable level of 0.80 

apart from two correlations of pup weight and length, which were correlated with pup sex at a 

high power.  In addition, the number of individuals needed for each of the tests was 

determined, in order to calculate the number needed to show significant effect sizes.  For 

linear regression, the denominator degree of freedom (‗v‘) in this study was 18 (when 

comparing two variables).  Post-hoc power analysis determined that ‗v‘ should be at least 22 

for large effect sizes of at least 0.35 to be detected at α of 0.05 with a power of 0.80.  

ANOVA analyses were undertaken with 22 individuals; however power analysis determined 

that this should be at least 25 to detect a large effect size of at least 0.40 at α of 0.05 with a 

power of 0.80. 

 



139 

 

 

 
Pup weight Pup growth rate Pup IR Pup post-natal weight gain Length 

Maternal age 0.46 0.21 0.5 0.13 0.77 

Pup birth week 0.46 0.4 0.61 0.62 0.28 

Sex 0.99 0.06 0.14 0.06 0.91 

Table 5-2 - β values (power) of analyses using a cohort of 22 individuals.   

 

 

5.4 Discussion 

 

5.4.1 Summary 

 

Here we show that, despite limited statistical power due to small sample size, pre-weaning 

survival of NZSL pups is highly correlated with their internal relatedness (IR), a measure of 

parental similarity and heterozygosity.  Pup birth weight differed significantly between males 

and females; however this difference was not attributable to IR.  Heterozygosity of NZSL 

mothers and their pups, as calculated through internal relatedness, does not influence pup 

birth weight or growth rates.  Maternal age was not detected to have any significant effect on 

pup birth weight.  Overall, we find that maternal age and heterozygosity do not influence pup 

growth traits, specifically birth weight and growth traits, or survival. However, pup IR 

strongly predicts pre-weaning survival in this study.   

 

5.4.2 Correlations between pup IR and birth traits 

 

Our data suggest a strong association between IR and pre-weaning survival.  A study of the 

grey seal Halichoerus grypus (Bean et al., 2004) also found that IR was correlated with pre-

weaning survival, which supports the association detected here, although as noted in Section 

5.3.2, the sample size was unbalanced in favour of pups which survived.  Birth mass was not 

influenced by week of birth in this study, contrary to previous findings that pups born during 

peak pupping (weeks 2-3 of the generally 4-week pupping season) had higher birth mass 

(Chilvers et al., 2006) and higher relative growth rates compared to early or later born pups.  

However, we do observe that male NZSL pups were born significantly heavier than females, 
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supporting the pattern shown in the harbour seal, Phoca vitulina (Bowen et al., 1994).  Higher 

birth mass in male pups may be the consequence of differing maternal investment in males 

versus females, which may be advantageous in a polygynous species such as the NZSL where 

high quality males have the potential to gain disproportionately high reproductive success and 

small differences among males at birth may be the difference between becoming a successful 

territorial male or not (Clutton-Brock, 1989).  Alternatively, differing birth mass may simply 

be due to the differences in fat percentages in body compositions of female pups relative to 

male pups (Arnould et al., 1996).    

 

5.4.3 Power analyses 

 

Post-hoc power analyses of these data showed that the majority of correlations attempted in 

this study lacked sufficient statistical power to detect a strong effect size, if such an effect 

were present (all less than 0.80) except for correlations between pup sex with (i) pup birth 

weight and (ii) pup length, two variables which were highly correlated, but also pup IR and 

death during the study period, which had adequate statistical power even with a small sample 

size.  Power analyses also showed that the number of individuals in the study would only 

need to be increased by a handful of individuals (approximately 4 but preferably at least 10), 

to reach a size large enough where lack of statistical power would cease to impede 

experimental analyses.   

    

5.4.4 Correlations between pup IR and birth weight 

 

Birth weight appears to be an important factor for an individual‘s future fitness in many 

systems.  For example, it has been positively correlated with male lifetime breeding success 

of red deer, Cervus elaphus (Kruuk et al., 1999).  Furthermore, in harbour seals (Phoca 

vitulina) and red deer, microsatellite variation was associated with birth weight and neonatal 

survival (Coltman et al., 1998a, Coulson et al., 1998).  While we found no association 

between IR and birth weight in NZSLs this is not necessarily unusual.  Marker-based 

estimators of inbreeding for both mothers or offspring were unable to explain significant 

variation in lamb (Ovis aries) birth weight or its chances of surviving the neonatal period 

(Overall et al., 2005), likewise, no relationship was seen between IR and fitness in Antarctic 
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fur seal (Arctocephalus gazella) pups (Hoffman et al., 2006a).  The reasons for this may be 

many, however one potential cause is that male NZSLs have an observed level of dispersal 

that is unexpectedly high for an otarid species (Robertson et al., 2006).  Male dispersal and 

mobility might reduce the opportunity for inbreeding at the study site, and therefore the 

general effect of inbreeding and a correlation between fitness traits and maternal and pup IR 

may not be observed.  Interestingly, observations from grey seals (Halichoerus grypus) have 

shown that territorial males do not father as many offspring as expected considering their 

dominant status (Worthington Wilmer et al., 1999), and it was suggested that aquatic mating 

or mate fidelity was operating in this population, which may offset the potential for 

inbreeding.  It is entirely possible that this mechanism is in operation in the NZSL population 

as well, although this has not been observed.  Despite their appeal, the above theories run 

contrary to findings from Chapters 2 and 4 which suggest the presence of a proportion of 

inbred individuals within the population, especially within dead pups.  Within the NZSL 

breeding colonies there exists the potential for inbreeding due to high female breeding site 

fidelity and a limited area of occupancy of the NZSL in general, however detailed pedigree 

information would be necessary to confirm this (Pemberton, 2004). 

 

5.4.5 Detection of HFCs 

 

The correlation sometimes seen between multilocus heterozygosity (MLH) at microsatellite 

loci and the inbreeding coefficient (f) is assumed to exist because inbreeding is expected to 

increase identity by descent, and therefore heterozygosity should decrease (Coltman et al., 

1998a, Coltman et al., 1999, Coulson et al., 1999).  MLH (of which IR is a variation) and f 

should be negatively correlated, and the strength of this correlation will rest on the variance in 

f (Bierne et al., 2000, Slate et al., 2004).  Studies have supported this hypothesis and have 

shown that MLH and f are correlated in house sparrows (Passer domesticus) and Soay sheep 

(Overall et al., 2005, Jensen et al., 2007).  However, in most wild populations, the mean and 

variance in the inbreeding coefficient are low and therefore correlations between MLH and f 

are weak, if present at all (Balloux et al., 2004, Slate et al., 2004, Chapman et al., 2009, 

Szulkin et al., 2010).  If IR is reflective of the inbreeding coefficient - which is in itself a 

contentious issue (Balloux et al., 2004) - then we would expect to see low variance in f in this 

population, since pups have a lower coefficient of variation for IR than do NZSL mothers.  

This low variation might be masking any HFC effect that could be present in the population.  



142 

 

Indeed, other studies have shown that while survival was not correlated with MLH, it was 

correlated with f (Taylor et al., 2010).  Thus, while we do not see a correlation between IR 

and birth weight, this does not necessarily mean that inbreeding is not occurring in this 

population, we simply lack the statistical power with only 22 pairs to detect it through use of 

IR (β = 0.36).  Further, average IR is often lower in large populations (Bean et al., 2004), so if 

dispersal is increasing the expected ‗size‘ of the population relative to expectations based on 

terrestrial observations of breeding, male-female partnership may not be as limited as one 

might perceive, and this may make detection of correlations between IR and fitness traits 

more difficult. 

 

Alternatively, perhaps the mechanisms that generate HFCs for disease resistance (Chapter 4) 

are different to those that generate HFCs for birth weight and growth rate.  For example, 

while the microsatellite set used in Chapter 4 might have been reflecting a panel of genes that 

influence disease resistance, they may not adequately represent the variation that is important 

for governing differences in birth weights and growth rates.  Previously we suggested that this 

panel of loci should be reflective of genome-wide heterozygosity and may indicate the 

presence of inbred individuals within the population.  If this is true, and if birth weights and 

growth rates are influenced by genetic variation and potential inbreeding effects, then a 

correlation between heterozygosity and birth weight/growth rates should be detectable with 

these loci.  That we are not detecting this correlation is likely indicative of mechanisms other 

than genetic variation influencing these pre-weaning traits.   

 

The conditions that generate HFCs are expected to be stronger in years of high stress 

(Meagher et al., 2000, Armbruster and Reed, 2005, Brouwer et al., 2007, Kempenaers, 2007, 

Nowak et al., 2007).  Of 22 pups in this study, 20 were born in 2002/03, an epizootic year 

during which very high pup mortality was attributed to infection with the bacterium 

Klebsiella pneumoniae.  If differences in birth weight were the result of genetic variation, 

then one would expect them to be more easily detectable here.  That we are not seeing 

correlation between HFC and birth weight probably reflects either: (i) IR is not correlated 

with the inbreeding coefficient in this population; (ii) birth weight and growth rates are more 

influenced by external factors than by inbreeding.   

 

A competing hypothesis is that birth weight and growth rate are simply not affected 

significantly by inbreeding effects or low genomic heterozygosity.  Under this scenario, these 
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traits might be more dependent on the maternal condition, for example female mass; however 

we lack the field data to test this here.  Our youngest mother in these analyses is 9 years old, 

and this is important to note, especially in a species where reproduction begins before growth 

is completed (Childerhouse et al., 2010).  All females in these analyses would have ceased 

growth before the study period, which in turn means that mass differences in females (if 

present) would most likely be due to overall body condition as a result of food availability and 

foraging ability.  This could have a significant effect on birth weight and growth weight, 

because pup nutrition at this early stage would be provided by female energy stores (Chilvers 

et al., 2006), and further studies in this area would be wise to include a measure of maternal 

weight.  A study of harbour seals Phoca vitulina (Bowen et al., 1994) found that maternal 

mass was strongly correlated with pup mass.  Thus, it is possible that these traits are affecting 

birth weight and growth rates more so than levels of heterozygosity, which is potentially why 

correlations between genetic variation and these traits are not detected in this study. 

 

There exists a strong bias toward publication of positive findings in the literature surrounding 

the correlation between multilocus heterozygosity at microsatellite loci and traits relative to 

fitness (Coltman and Slate, 2003, Chapman et al., 2009, Szulkin et al., 2010).  Considering 

this, it is possible that positive correlations between heterozygosity and fitness traits are the 

exception, rather than the general rule.  Indeed, contrary to expectations from the wealth of 

positive literature, one should not expect to see HFCs in populations where inbreeding is 

expected to be present (Hansson and Westerberg, 2002, Aparicio et al., 2006).  Inbreeding can 

strengthen HFCs, but does not generate them (Szulkin et al., 2010), and perhaps it is more 

common for there to be no correlation, especially in species of conservation peril,  but these 

findings are generally unpublished.  One should therefore not necessarily be surprised that no 

correlation has been detected in this study, since the conditions expected to favour HFC 

generation are likely to be complex (Hansson and Westerberg, 2002, Coltman and Slate, 

2003, Szulkin et al., 2010).   

 

5.4.6 Conclusion 

 

We find no association with fitness traits of birth weight and growth rates, suggesting these 

factors are not governed solely by genetics and that the elucidation of the mechanisms 

underlying fitness traits is challenging.  A lack of statistical power impedes these analyses; 
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these data utilise information gathered from 22 NZSL females and their pups and an increase 

in the number of mother-pup pairs for which life-history data are available, by at least 4 and 

preferably at least 10, will be required for a thorough investigation of this question.  This 

would enable determination with more certainty of the relationship between genomic 

heterozygosity as measured by IR, and traits relative to fitness, since lack of correlation here 

could be incorrectly interpreted and lead to type II error.  Nonetheless, our study provides 

further data to the debate surrounding the utility of molecular markers to detect fitness 

differences in wild populations. 
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CHAPTER 6 -  IS VARIATION IN THE GENE SLC11A1 (NRAMP1) IMPORTANT IN 

SUSCEPTIBILITY TO INFECTION IN THE NEW ZEALAND SEA LION? 

 

Abstract 

 

 

Some marine mammals are regularly subjected to epizootic episodes and mass mortality 

events are disturbingly frequent. In addition many species have undergone severe population 

declines in recent years due to direct and indirect conflict with humans and it is unsurprising 

that some species are now highly endangered.  The New Zealand sea lion population, which 

has a small and declining population size, appears to be unusually susceptible to bacterial 

pathogen assault and understanding the nature of genetic variation which may increase the 

susceptibility of the New Zealand sea lion to these bacterial pathogens is crucial if further 

population decline is to be avoided.   

 

The gene solute carrier family 11 member a1 (SLC11A1, previously known as natural 

resistance associated macrophage protein 1 NRAMP1) was initially seen as a strong candidate 

for human susceptibility to tuberculosis.  Since its initial isolation, it has been associated with 

numerous autoimmune and infectious diseases in humans, dogs and livestock, and has been 

implicated in resistance or susceptibility to a wide range of bacterial pathogens.  The gene 

itself encodes a membrane protein which plays an important role in innate immunity, 

preventing bacterial growth in the early stages of infection. At the present time, this intriguing 

gene has not been investigated for its role in bacterial disease outbreaks in wild populations.    

 

Here we have isolated and sequenced a portion of the NZSL promoter region of the gene 

SLC11A1 which was shown to be associated with disease resistance in dogs.  We have also 

characterised a polymorphic microsatellite in the first intron of the gene.  SLC11A1 partial 

promoter region from NZSL is 85% identical to that of canines, with one polymorphic site in 

377bp.  We identify putative shared transcription factor binding motifs between canine and 

NZSL and we provide evidence of conservation of a microsatellite in the first intron of 

SLC11A1, which demonstrates the conservation of this gene sequence across taxa.   
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This study finds no evidence that either the promoter polymorphism or different microsatellite 

alleles identified in SLC11A1 are affecting cause of death of NZSL pups.  However, lack of 

significance may well be due to the complex nature of genetic susceptibility to disease in wild 

mammal populations.  While we find no association between genetic variants in the promoter 

region of the SLC11A1 gene in the NZSL population, this work aids in the inference of 

conserved structure of SLC11A1 between canids and otarids.  A larger population sample with 

assigned causes of death would be required to more thoroughly investigate whether SLC11A1 

affects disease resistance.  Our preliminary data leave open the possibility that further 

exploration of SLC11A1 in this population could aid the understanding of susceptibility to 

infection in the NZSL.   
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IS VARIATION IN THE GENE SLC11A1 (NRAMP1) IMPORTANT IN 

SUSCEPTIBILITY TO INFECTION IN THE NEW ZEALAND SEA LION? 

 

 

6.1 Introduction 

 

6.1.1 Prevalence of epizootics in marine mammals 

 

The regularity with which marine mammals are subject to epizootic episodes is well 

documented (Harwood and Hall, 1990) and mass mortality events are far from rare 

(Wilkinson et al., 2006).  Many pinniped species have undergone severe population declines 

in recent years mainly due to viral pathogens such as influenza (Geraci et al., 1982), 

herpesvirus (Borst et al., 1986) and more commonly morbilivirus (Osterhaus et al., 1988, 

Osterhaus, 1989, Osterhaus et al., 1998, Kennedy et al., 2000), however bacterial infection 

has also been seen (Vedros et al., 1971).  Studies aiming to elucidate the potential genetic 

factors relevant to these outbreaks are lacking, and understanding how genetics may impact 

on species susceptibility to common and novel pathogens is important for the management 

and conservation of at-risk species. 

 

Initially seen as a strong candidate for human susceptibility to tuberculosis (Liu et al., 1995), 

solute carrier family 11 member a1 (SLC11A1, previously known as natural resistance 

associated macrophage protein 1 NRAMP1) has been associated with autoimmune and 

infectious disease in human conditions such as rheumatoid arthritis, multiple sclerosis, 

pulmonary tuberculosis, visceral leishmaniasis and meningococcal meningitis (Blackwell et 

al., 2003).  In non-humans, SLC11A1 is responsible for resistance to a wide range of bacterial 

pathogens, including Salmonella typhimurium, Leishmania donovani, Mycobacterium bovis, 

Mycobacterium lepraemurium and Mycobacterium intracellularae (Bellamy, 1999).  At the 

present time, this intriguing gene which is of known involvement in a large number of 

livestock diseases has not been investigated for its role in bacterial disease outbreaks in wild 

populations.  
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6.1.2 Structure and function of SLC11A1  

 

SLC11A1 plays an important role in innate immunity, preventing bacterial growth in the early 

stages of infection (Vidal et al., 1993).  It performs a key function in host defence against 

infection and may either contribute to bactericidal activities of macrophages or be involved in 

more general processes of macrophage activation (Blackwell et al., 1994).  SLC11A1 is 

expressed exclusively in macrophages and polymorphonuclear leukocytes (Vidal et al., 1993, 

Cellier et al., 1997, Govoni et al., 1997), in contrast to its homolog SLC11A2, which is 78% 

identical but ubiquitously expressed (Gruenheid et al., 1995).  The gene encodes a membrane 

protein that has structural homology to transport proteins (Vidal et al., 1993), and functions as 

a transporter of divalent cations through the phagolysosome membrane of cells (Gruenheid et 

al., 1997, Forbes and Gros, 2003).  The protein prevents replication of intracellular parasites 

by pumping iron ions from macrophage phagolysosomes to the cytoplasm in infected 

individuals, as depicted in Figure 6-1 (Nelson, 1999, Zwilling et al., 1999), and primes 

macrophages for a potent inflammatory response to lipopolysaccharide (LPS) or interferon-

gamma (IFN-γ) stimulation (Barton et al., 1999).  Excess iron in phagolysosomes supports 

pathogen proliferation (Alford et al., 1991) and the iron pump function starves the 

phagolysosomal compartment, and consequently the pathogen, of this essential cation (Gomes 

and Appelberg, 1998).   
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Figure 6-1 - Function of SLC11A1 (NRAMP1) in macrophage cells.  It functions as a pump to starve the 

pathogen of essential iron ions (blue spheres) needed for its proliferation (Fortin et al., 2007).  Live pathogens 

are shown here in pink while dead pathogens are depicted in yellow and grey.  

 

 

 

The SLC11A1 gene was initially isolated by positional cloning (Vidal et al., 1993).  It is 

located at 2q35 in humans (Blackwell et al., 1995) and is present as a 53kDa integral 

membrane protein with 550 amino acids.  SLC11A1 is a common membrane-associated 

protein with a structure and function that has been highly conserved through evolution (Vidal 

et al., 1993, Govoni et al., 1995).  That SLC11A1 homologs are widely identified and highly 

conserved from yeast to humans (Cellier et al., 1995) suggests an ancient origin of at least one 

billion years (Cellier et al., 1996).  
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6.1.3 SLC11A1 in health and disease 

 

A microsatellite detected in the 3' untranslated region of bovine SLC11A1 was associated with 

resistance to brucellosis infection in cattle and water buffalo (Feng et al., 1996, Adams and 

Templeton, 1998, Barthel et al., 2001, Borriello et al., 2006, Capparelli et al., 2007).  

Furthermore, an association between certain alleles of this microsatellite were documented 

with cases of paratuberculosis (Johne‘s disease) in cattle (Pinedo et al., 2009).  In 

macrophages, the 'resistant' allele of this microsatellite appeared to be implicated in survival 

of Mycobacterium bovis (Qureshi et al., 1996) but a later study found no such association 

(Barthel et al., 2000).  Still, certain alleles of a microsatellite in the first intron of SLC11A1 

were linked with resistance to and severity of paratuberculosis infection in sheep (Reddacliff 

et al., 2005); while in chickens, a single amino acid change was identified only in cell lines 

susceptible to Salmonella enterica (Hu et al., 1997). 

 

6.1.4 Murine studies of Slc11a1  

 

The Slc11a1 gene in mice is associated with resistance to intracellular pathogens such as 

Mycobacterium, Salmonella and Leishmania (Bradley et al., 1979, Gros et al., 1981, Lissner 

et al., 1983, Vidal et al., 1993, Vidal et al., 1995).  Susceptible strains of mice have an 

impaired ability to restrict the growth of these pathogens (Bellamy, 1999), and this 

susceptibility is caused by a single null allele (Vidal et al., 1993, Malo et al., 1994);  a glycine 

to aspartate mutation in the fourth transmembrane domain of the Slc11a1 protein that 

abrogates expression of the mature protein in murine macrophages (Vidal et al., 1996).  Not 

only are these mice unable to control the expression of Mycobacterium, Salmonella and 

Leishmania in their macrophages, they are equally susceptible to Calmette-Guérin bacillus 

(BCG; tuberculosis), Salmonella typhimurium and Leishmania donovani (Vidal et al., 1995).  

A later study found that both the glycine and the aspartate protein forms were expressed in 

murine macrophages (Atkinson et al., 1997); these studies suggest a broad role for Slc11a1 in 

resistance to multiple bacterial pathogens. 
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6.1.5 Canine studies of SLC11A1  

 

Studies of SLC11A1 have also been undertaken in dogs susceptible primarily to Leishmania.  

A single nucleotide polymorphism in the promoter region of SLC11A1 affected putative 

transcription factor binding sites in dogs, and polymorphisms in the promoter region were 

associated with an increased risk for canine visceral leishmaniasis (Sanchez-Robert et al., 

2008).  A polymorphic microsatellite in intron 1 of the gene is associated with infection by 

Leishmania infantum in dogs (Altet et al., 2002).  The complete deletion of exon 11 (encoding 

a consensus transport motif of the protein) and mutations in a G-rich region in the promoter 

(Altet et al., 2002) are likewise both associated with Leishmania susceptibility.  The evidence 

from studies of SLC11A1 in dogs suggests a complex and broad role for the gene in canine 

resistance to multiple strains of bacterial pathogen, and we hypothesise here that this gene 

may be influencing NZSL resistance to novel bacterial pathogens.    

 

6.1.6 The New Zealand sea lion as a model of bacterial disease susceptibility 

 

The New Zealand sea lion population appears to be unusually susceptible to bacterial 

pathogen assault.  Episodic disease events are disturbingly frequent in the NZSL population, 

with three in the past decade resulting in high levels of mortality of pups especially, but also 

of adults (Chapter 1).  NZSL pups are also susceptible to enteritis that occurs from infection 

by hookworms, a parasitic nematode (Castinel et al., 2006, Castinel et al., 2007a, Castinel et 

al., 2007b).  Hookworm parasites enter the gut of the pup through the mother‘s milk, where 

they attach to the lining of the intestines and feed on blood, causing anaemia and enteritis 

(Castinel et al., 2007a, Spraker et al., 2007).  Indeed, infection with hookworm is common in 

NZSL pups, and may lead to increased susceptibility to other pathogens such as Klebsiella sp. 

or Salmonella sp. (Castinel et al., 2007b).   

 

Understanding the nature of genetic variation which may increase the susceptibility of the 

NZSL to these bacterial pathogens is crucial if further population decline is to be avoided.  It 

has previously been observed that the NZSL population has remained at best static for 

possibly the last 40 years (Taylor, 1971, Wilkinson et al., 2003, Wilkinson et al., 2006), and 

is now in decline.  It is likely that the NZSL population will remain static or continue to 

decrease if periodic epizootic events continue to occur.    
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A probable historical focus on domestic and agricultural animals rather than wildlife health 

(Gulland and Hall, 2007) has resulted in a paucity of studies on the true incidence of diseases 

in marine mammals (Harvell et al., 2002).  It has been postulated that new diseases are not 

normally caused by new organisms, rather by ‗host shifts‘ where known agents infect new 

hosts (Harvell et al., 1999), therefore it is imperative to understand host susceptibility to 

bacterial pathogens.  SLC11A1, a key gene known to be involved in resistance to a broad 

spectrum of bacterial pathogens, is an excellent candidate through which to investigate 

genetic susceptibility to bacterial infection in the NZSL population.  

 

Here we assess the level of variability in the promoter region of the gene SLC11A1 and also a 

polymorphic microsatellite in the first intron of the gene, identified as conserved between 

NZSL and canines in this work.  We show that the SLC11A1 partial promoter region from 

NZSL is 85% identical to that of canines.  We identify one polymorphic site in 377bp of 

promoter region which is similar to polymorphisms seen in the canine promoter.  We also 

identify putative shared transcription factor binding motifs between canines and NZSL, which 

demonstrates the conservation of this gene sequence across taxa.  Finally, we provide 

evidence of conservation of a microsatellite in the first intron of SLC11A1.  This study finds 

no evidence that variants identified in SLC11A1 are affecting cause of death of NZSL pups, 

although lack of significance is likely due to the complex nature of genetic susceptibility to 

disease in wild mammal populations. 

 

 

 

6.2 Methods 

 

6.2.1 DNA Extraction 

 

DNA was extracted in accordance with methods from Chapter 2, section 2.2.2. 
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6.2.2 PCR amplification and sequencing 

 

In these analyses, 93 live NZSL pups and a further 92 with known causes of death as 

determined by autopsy were used.  Part of the promoter region of SLC11A1 (377bp) was 

amplified using the oligonucleotides previously designed to the dog genome (Sanchez-Robert 

et al., 2005) and shown in Table 6-1.  Amplification of the partial promoter region was 

achieved by polymerase chain reaction (PCR) of genomic DNA in 10µL reaction volumes 

containing c. 50ng template DNA, 20mM Tris-HCl, 50mM KCl, 5nmol each dATP, dTTT, 

dGTP and dCTP, 1pmol each primer, 2mM MgCl2, 6% DMSO and 0.1 unit Taq-Ti DNA 

polymerase (Fisher Biotec, Australia).  Touch-down thermal cycling parameters are shown in 

Table 6-2.  PCR products were sequenced using an ABI 3730xl DNA Analyser (Applied 

Biosystems, Carlsbad, CA, USA) using the Genetic Analysis Service at the University of 

Otago and analysed with the program Geneious (Drummond et al., 2010).  

 

 

 

 

Primer name Primer sequence (5’ – 3’) Reference 

NRAMP1-F GAGTCTGCTTGAGATTCTCTC 
Sanchez-Robert et al., 

2005 
NRAMP1-R TATCACCTCCACCCTTCAAAC 

NRMICRI1-F TGTAAAACGACGGCCAGTGAGTCTGCTTGAGATTCTCTC 

Altet et al., 2002 

NRMICRI1-R TATCACCTCCACCCTTCAAAC 

Table 6-1 - Oligonucleotide primer sequences for canine promoter region of SLC11A1 and a microsatellite in the 

first intron of the gene.  Underlined region on NRMICRI1-F represents the specific M13 sequence for 

fluorescent labelling of forward primer  
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Temperature Time Notes 

94
o
C 5 minutes Initial denaturation 

94
 o
C 20 seconds 

10 cycles 65
 o
C 20 seconds 

72
 o
C 30 seconds 

94
 o
C 20 seconds 

40 cycles 

* -0.5
 o
C per cycle, to 45

 o
C 

65
 o
C * 20 seconds 

72
 o
C 30 seconds 

72
 o
C 5 minutes Final extension 

Table 6-2 - Polymerase chain reaction thermal cycling parameters for amplification of NZSL SLC11A1 partial 

promoter region, using canine oligonucleotide primers 

 

 

6.2.3 Intron 1 microsatellite genotyping 

 

The intron 1 microsatellite was amplified using primers designed to the dog genome (Altet et 

al., 2002), shown in Table 6-1.  The forward primer was fluorescently labelled with a 5‘ M13 

tag for subsequent genotyping (Schuelke, 2000), for which reaction conditions were c. 50ng 

template DNA, 20mM Tris-HCl, 50mM KCl, 5nmol each dATP, dTTT, dGTP and dCTP, 

1pmol M13 primer, 1pmol reverse primer, 0.25pmol forward primer, 2mM MgCl2, 6% 

DMSO, 75mM TMAC and 0.1 unit Taq-Ti DNA polymerase (Fisher Biotec, Australia).  

Thermal cycling parameters were as follows: initial denaturation 94°C for 5mins; 35 cycles 

of: 94°C for 30 seconds, 45°C for 30 seconds, 72°C for 45 seconds; 8 cycles of: 94°C for 30 

seconds, 53°C for 30 seconds, 72°C for 45 seconds; final extension 72°C for 10 mins.  PCR 

products were genotyped using an ABI 3730xl DNA Analyser and analysed with the program 

GeneMapper (both Applied Biosystems, Carlsbad, CA, USA) 

 

6.2.4 Statistical analyses 

 

The statistics package R (R Core Development Team, 2010) was used to explore the 

association between both the promoter polymorphism and the intron 1 microsatellite in the 

NZSL pup population by use of Chi-squared tests (χ
2
) and Fisher‘s exact test for count data 

with the R package EpiTools (Aragon, 2010).  Where appropriate, post-hoc power analyses 

were undertaken using the program GPOWER (Erdfelder et al., 1996). The program GenePop 



155 

 

(Raymond and Rousset, 1995) was used to investigate whether any linkage disequilibrium 

was present between the promoter polymorphism and alleles of the microsatellite.  Phase v2.1 

(Stephens et al., 2001) was used to reconstruct haplotypes including both the promoter 

polymorphism and the microsatellite.   

 

6.3 Results 

 

6.3.1 Promoter sequence 

 

Initial PCR of NZSL DNA was inefficient and did not always amplify a product, likely due to 

lack of full complementarity or primer site polymorphisms in some individuals and between 

canine primers and NZSL template sequence.  NZSL-specific primers (Table 6-3) were 

designed with the program Primer3 (Rozen and Skaletsky, 2000) using DNA sequences that 

were successfully obtained from PCR on NZSL DNA with canine primers, and PCR 

amplification was carried out as above.  These new primers resulted in consistent 

amplification of partial promoter fragment in NZSL DNA.   

 

 

Name Sequence (5’-3’) 

NZSL_F GAAGAACCAAGTTCAGAGAAAGG 

NZSL_R TCTGGCGGAAGAGTCTTGT 

Table 6-3 - New oligonucleotides designed to the NZSL SLC11A1 sequence obtained using primers designed to 

the canine SLC11A1. 

 

 

PCR with primers designed specifically for the NZSL (NZSL_F and NZSL_R) amplified 

377bp of promoter sequence after trimming (Figure 6-2) which shared 85% identity with the 

canine SLC11A1 sequence (accession number AF091049).  One polymorphic site was 

detected in this region, a single guanine to adenine substitution at residue number 317 of 

377bp (Figure 6-3).  Both heterozygotes and homozygotes were detected at this site (Figure 

6-3).  Genotype frequencies and allele frequencies are reported in Table 6-4. 
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Figure 6-2 – 377bp of NZSL SLC11A1 promoter region sequence, polymorphic site is highlighted. 

 

 

 

  
Bacteria n = 23 Enteritis n = 32 Other n = 37 Live n = 93 

Genotype 

AA 17 (4) 19 (6) 24 (9) 19 (18) 

AG 35 (8) 38 (12) 49 (18) 42 (39) 

GG 48 (11) 44 (14) 27 (10) 39 (36) 

      

Allele 
A 35 (8) 38 (12) 49 (18) 40 (37.5) 

G 65 (15) 63 (20) 51 (19) 60 (55.5) 

Table 6-4 - Genotype and allele frequencies of SLC11A1 promoter polymorphism in NZSL pups.  Percentage 

frequencies are reported, followed by actual counts in parentheses. 
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Figure 6-3 - SLC11A1 promoter region polymorphism with variable site highlighted.  Each trace 

represents one of three observed genotype groups in the NZSL 

 

 

6.3.2 Transcription factor binding motifs 

 

The program MatInspector (Cartharius et al., 2005) was used to determine the effect of this 

base substitution on the integrity of predicted transcription factor binding sites.  The promoter 

region amplified here showed two putative transcription factor binding motifs of interest: one 

NF-I site (transforming growth factor-inducible NF-I transcription factor, recognition 

sequence 5‘-YGGMN5-6GCCAA-3‘) and seven putative IFN-γ (interferon gamma, 

recognition sequence 5‘-CWKKANNY-3‘) sites (Figure 6-4).  These transcription factor 

binding motifs have previously been identified in the promoter region of the canine SLC11A1 

gene (Altet et al., 2002).  A putative NF-I recognition sequence overlapped the identified 

polymorphism in the NZSL promoter sequence. 
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Other predicted binding sites that occur in the NZSL promoter sequence are: AP1 (activator 

protein-1, 5‘-TGASTMA-3‘, one site), AP2 (activator protein-2, 5‘-CCCMNSSS-3‘, one 

site), GM-CSF (granulocyte macrophage colony-stimulating factor, 5‘-CATTW-3‘, two sites). 

 

 

Figure 6-4 – Putative transcription factor binding site motifs (AP1, NF-I, IFN-γ, GMCSF) for NZSL SLC11A1 

promoter sequence, with SNP (A - G) indicated in gold.  Figure output from Geneious with annotations manually 

added. 
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6.3.3 Comparative analysis by sequence alignment 

 

A region of canine SLC11A1 identified as highly variable (Altet et al., 2002, Sanchez-Robert 

et al., 2005) was interrupted in the promoter of NZSL SLC11A1 (Figure 6-5) and was 

investigated further through multiple sequence alignment of cattle (Bos taurus, AY438096), 

sheep (Ovis aries, AF128882), pig (Sus scrofa, EU135795) human (Homo sapiens, 

NG_012128) and dog (Canis familiaris, AF091049) SLC11A1 sequences.  Mammalian 

sequences were aligned to the NZSL promoter region (Figure 6-6) using Geneious 

(Drummond et al., 2010).  A repeat region present in humans is absent from other species in 

this alignment.  It is interesting to note that a region as detected as highly variable in dogs 

remains largely intact in all other species but is interrupted in the NZSL.  The promoter 

polymorphism identified here in NZSL is represented by both variants detected in other 

species; it is present as an A nucleotide in cattle, sheep and pig, and a G variant in dogs and 

humans.  
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Figure 6-5 - NZSL sequence for SLC11A1 partial promoter region aligned against canine SLC11A1 promoter 

region.  Green bar represents sequence similarity with white gaps showing divergence.  Green arrows indicate 

where NZSL primers bind, with missing NZSL sequence at these sites due to trimming of the sequence.  Red 

arrow indicates the transcription start site in canine sequence.  Pale arrow shows the G-rich stretch in dogs 

associated with susceptibility to infection.  This region is interrupted in the NZSL. 
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Figure 6-6 - Multiple sequence alignment of SLC11A1 sequences from cattle, sheep, pig, human, dog and NZSL.  

Variable region in canine sequence is shown shaded in blue and promoter SNP is shaded in gold in all species. 
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6.3.4 Statistical analysis of promoter polymorphism 

 

In the first instance, genotypes at the promoter polymorphism were identified through Sanger 

sequencing methods, and each animal was categorised according to status and cause of death 

(bacteria, enteritis, other, where ‗other‘ is defined as death from trauma, malnutrition or 

stillbirth, Table 6-5a). 

 

 

Genotype Bacteria Enteritis Other Live    Genotype Infected Uninfected 

AA 4 6 9 18    AA 10 9  

AG 8 12 18 39    AG 20 18 

GG 11 14 10 36    GG 25 10 

Table 6-5 - Genotype counts of dead and live NZSL pups at the SLC11A1 promoter polymorphism, categorising 

animals in two ways: a) cause of death due to bacteria, enteritis or other; and b) pups dying of bacteria and 

enteritis classed as 'infected' and pups dying of other causes classed as uninfected 

 

 

 

Initial investigation by simple bar plot showed that genotype frequencies for animals dying of 

bacteria and enteritis appeared to be inconsistent with neutrality and may not be in Hardy-

Weinberg equilibrium, compared to pups dying of other causes (Figure 6-7).  However, upon 

analysis by Chi-squared test, we found no difference between status groups and genotype 

frequency distribution (χ
2
 = 3.28; OR = 0.8 – 1; p = 0.77).  Similarly, no significant difference 

was found between status groups when each allele (G, A) was considered individually (χ
2
 = 

4.61; OR 0.8 – 1; p = 0.20).   

 

 

 

a )                     b )                     
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Figure 6-7 - Genotype frequencies of SLC11A1 promoter polymorphism (as a percentage) by class, n = 185 

 

 

 

Genotypes are statistically considered to be in Hardy-Weinberg equilibrium (p = 0.07).  

Animals dying of infection (bacteria, enteritis) were combined and analysed against live 

animals (essentially an analysis of infected versus uninfected, Table 6-5b).  Uninfected 

animals appeared to have genotypes that were distributed according to Hardy-Weinberg 

principles, whereas infected individuals did not; a shift towards the G allele in infected 

individuals was observed (Figure 6-8).  However, this shift was not significant (p > 0.05), and 

calculated β value for statistical power of analysis was 0.38 (Erdfelder et al., 1996) which is 

below the threshold required to infer accurate conclusions about significance (Cohen, 1988). 
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Figure 6-8 – Percentage genotype frequencies of SLC11A1 promoter polymorphism when dead NZSL pups were 

classified as infected vs. uninfected 

 

 

6.3.5 Intron 1 microsatellite polymorphism 

 

The products amplified from oligonucleotide primers for the intron 1 microsatellite were 

sequenced in dead NZSL pups by Sanger sequencing methods to ensure the correct region had 

been amplified.  Sequencing through repetitive regions often leads to error and can mean the 

sequence is unreadable beyond the repeat region.  Therefore this method is not ideal since 

only the flanking regions are amplified, but it is sufficient for the purpose of identifying the 

amplified region.  The sequence obtained for the forward strand demonstrated alignment to 

canine SLC11A1 sequence upstream of the repeat region, and the reverse strand aligned (in 

reverse complement) downstream of the repeat region, indicating that the correct region of 

NZSL DNA was being amplified. 

 

Amplified alleles were assigned names based on their observed fragment size.  Of the alleles 

amplified, two were common alleles, with allele 165 more frequent than allele 167 (84.15% 

and 11.59% respectively, Table 6-6).  No significant difference in microsatellite allele 

frequency between status groups was detected (χ
2
 = 0.86; p = 0.65).  Expected heterozygosity 

at this locus for all dead pups is 0.28 versus an observed heterozygosity of 0.22 indicating that 

the microsatellite, while polymorphic, shows little variation.  We find no evidence for linkage 

disequilibrium between the promoter polymorphism and the intron 1 microsatellite for any 
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status group, or across the population (bacteria p = 0.89; enteritis p = 0.06; other p = 0.73; 

total p = 0.37).   

 

 

Allele Bacteria Enteritis Other Population Total 

161  1.67 (1)  0.61 (1) 

165 86.11 (31) 80.00 (48) 86.76 (59) 84.15 (138) 

167 13.89 (5) 13.33 (8) 8.82 (6) 11.59 (19) 

168  1.67 (1)  0.61 (1) 

169   1.47 (1) 0.61 (1) 

171   2.94 (2) 1.22 (2) 

173  3.33 (2)  1.22 (2) 

Table 6-6 - Intron 1 microsatellite allele frequencies (%) according to cause of death (counts in parentheses).  

 

 

The program GenePop (Raymond and Rousset, 1995) was used to explore whether the intron 

1 microsatellite deviated from Hardy-Weinberg equilibrium based on status (bacteria, 

enteritis, other).  Markov chain parameters were set at dememorisation of 1000, 100 batches 

and 1000 iterations per batch.  These analyses showed that the microsatellite was in Hardy 

Weinberg equilibrium in dead pups in general, and for pups dying of bacterial and other 

causes.  Pups dying of enteritis showed departure from Hardy-Weinberg expectations (p = 

0.01), however this was not significant after Bonferroni correction.      

 

6.3.6 Haplotype analyses 

 

The program Phase v2.1 (Stephens et al., 2001) was used to determine distinct haplotypes for 

each individual with a known cause of death, to explore if certain haplotypes were more 

frequent in bacterial infection, enteritis infection, or other causes of death.  Haplotypes and 
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their frequencies are shown in Table 6-7.  It is clear that alleles other than 165 and 167 of the 

intron 1 microsatellite appear relatively infrequently. 

 

 

Haplotype 

number 
Alleles Bacteria Enteritis Other Total 

1 161 A - 1 - 1 

2 165 A 11 12 25 48 

3 165 G 20 36 34 90 

4 167 A 3 6 4 13 

5 167 G 2 2 2 6 

6 168 A - 1 - 1 

7 169 A - - 1 1 

8 171 A - - 2 2 

9 173 A - 2 - 2 

Total   36 60 68 - 

Table 6-7 - Haplotype frequencies of NZSL SLC11A1, by cause of death.  Most frequent haplotypes used for 

downstream analyses are shaded. 

 

 

As a consequence of differing and low frequencies for some of the haplotypes, only 

haplotypes 2, 3, 4 and 5 are considered in further analyses.  A bar plot of haplotype 

frequencies grouped by cause of death shows that animals dying of ‗other‘ causes have a 

different and more proportional (even) haplotype distribution of the most common 

haplotypes, 2 and 3, than those dying of bacteria or enteritis (Figure 6-9), which show 

relatively high incidence of haplotype 3.  Haplotype 3 is composed of the G variant of the 

promoter polymorphism and microsatellite allele 165. 

 

 

 



167 

 

 

Figure 6-9 - Haplotype frequencies (%) of combined promoter polymorphism and microsatellite variant, grouped 

by cause of death. H numbers refer to haplotype numbers indicated in Table 6-7. 

 

 

 

Analysis of haplotype frequencies by Pearson‘s Chi-squared test found no significant 

difference in haplotype frequencies between the three causes of death (χ
2
 = 4.78, p = 0.57).  

Fisher‘s exact test for count data, which is thought to be a better model when count numbers 

are low, provided a p-value of 0.53, also not significant.  When infected pups were grouped 

(where ‗infected‘ is defined as those pups dying of both bacteria and enteritis) and analysed 

versus those pups dying from ‗other‘ causes, again there is no significant difference in 

haplotype frequency (χ
2
 = 3.51, Pearson‘s p = 0.32, Fisher‘s p = 0.33 with OR range 0.48-

1.00). 

 

 

6.4 Discussion 

 

6.4.1 Summary 

 

Here we have identified one polymorphism in 377bp of sequence obtained from the promoter 

region of the New Zealand sea lion SLC11A1 gene.  The polymorphic site lies in a putative 

transcription factor binding site, identified through use of canine transcription factor 
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recognition sequences, however we are aware of the limitations of this analysis, discussed 

below.  Comparative analysis through multiple sequence alignment of NZSL promoter region 

with five other mammalian species shows that both the A and G variants exist at this 

nucleotide site in other mammals.  While there was no significant difference in the frequency 

of alleles at this site between pups dying of differing causes (bacteria, enteritis and other) we 

demonstrate a shift towards the G variant of this polymorphism, although distributions did not 

differ significantly from Hardy-Weinberg expectations.  There was no detectable difference in 

frequency of the two most common microsatellite alleles between causes of death, and the 

microsatellite locus was determined to be in Hardy Weinberg equilibrium.  Other studies have 

shown that haplotypes constructed of combinations of polymorphic loci analysed together, 

including the microsatellite present in the first intron of the SLC11A1 gene and 

polymorphisms in G-rich regions on the promoter (Sanchez-Robert et al., 2005), show 

associations with bacterial disease susceptibility in dogs.  However, we find no such 

association.  Upon haplotype reconstruction, which considers the contribution to the 

phenotype in each individual of both the promoter polymorphism and the allele length of the 

intron 1 microsatellite in tandem, no significant difference in haplotype frequencies between 

causes of death was seen.  Therefore in contrast to Sanchez-Robert et al. (2005), these 

genomic features do not appear to be interacting to produce susceptible or resistant haplotypes 

in NZSL.  

 

6.4.2 Transcription factors 

 

Mutations in DNA that alter the activity of transcription factors, or equally the DNA motif to 

which they bind, can change gene expression and can contribute to adaptive evolution 

(Wittkopp, 2010).  It is thought that, between species, regulatory motifs, such as transcription 

factor binding sites, show more sequence conservation than that seen between stretches of 

non-functional DNA (Dickmeis and Mueller, 2005).  However, more recent studies have 

shown that transcription factor binding sites are infrequently conserved between mouse and 

human (Odom et al., 2007, Wilson et al., 2008).  The comparison of two sequences, even 

from related species, will only show a limited number of shared sites, because transcription 

factor binding sites diverge quite rapidly between species (Borneman et al., 2007, Odom et 

al., 2007).  Interestingly, transcription factors can bind a highly conserved motif close to a 

gene in one species, and then bind a different motif close to the orthologous gene in another 
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species (Borneman et al., 2007, Odom et al., 2007), demonstrating the complexity of gene 

regulation and highlighting the risks of generalising across species.   

 

Transcription factor binding sites identified in promoter regions, by bioinformatic analysis, 

can provide some clues as to the function of the gene downstream of that promoter.  SLC11A1 

is expressed in phagocytic cells (Vidal et al., 1993, Govoni et al., 1995), and as such, contains 

binding sites for interferon gamma (IFN-γ), which is involved in macrophage activation 

(Bancroft et al., 1987).  Putative IFN-γ binding sites were detected multiple times in NZSL 

SLC11A1 promoter region, consistent with the observation that IFN-γ increases the induction 

of Slc11a1 gene expression in mice (Govoni et al., 1997).  Indeed, the NZSL SLC11A1 

promoter region has many putative regulatory motifs which are conserved between the canine 

and NZSL genomes (Altet et al., 2002).  Therefore the pattern of putative transcription factor 

recognition sequences identified in the NZSL is consistent with the role of SLC11A1 in 

macrophage activation in response to IFN-γ stimulation (Barton et al., 1999).   

 

The binding motif for nuclear factor I (NF-I), which is implicated in the differentiation 

between erythrocytes and granulocytes (Starnes et al., 2009), brain development 

(Gronostajski, 2000) and leukaemia (Fazi et al., 2005), is predicted to be located at the 

genomic region of NZSL containing the promoter polymorphism. This raised the possibility 

that the polymorphism could alter the binding efficacy of this transcription factor, which 

might impact on gene expression.  The SNP in the NZSL promoter region is in a region of the 

predicted transcription factor recognition sequence which has an ambiguous base; at this 

particular nucleotide position, either the A or the G variant would complete the sequence 

needed for recognition by NF-I, if the recognition sequences are functionally conserved 

between the NZSL and dogs.  A recent study has shown that, in humans, transcription factor 

binding regions containing a SNP had varying binding abilities (Kasowski et al., 2010) and 

the polymorphism detected here may potentially affect binding of the transcription factor to 

the target motif in the NZSL promoter region, which could result in changes in SLC11A1 gene 

expression.    

 

Given the level of conservation between canine transcription factor binding sites and those 

predicted from the NZSL promoter shown here, it is somewhat unlikely that the transcription 

factor binding motifs have diverged sufficiently from one another to dramatically alter the 

spectrum of binding sites between the two species.  Consequently, it is difficult to predict 
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whether this SNP is affecting transcription factor binding, and to confirm this would require 

direct biochemical analysis.  We have previously shown that a high degree of homology exists 

between the canine and NZSL genomes (Osborne et al., 2011), and it is encouraging to 

observe predicted shared regulatory motifs, inferring shared function and broader sequence 

similarity (Dermitzakis and Clark, 2002).  However, the distribution and nature of 

transcription factors in NZSL tissues is currently unknown.  Although we have demonstrated 

conservation of regulatory sites, it is possible these identified sites are no longer functional 

due to divergence of binding motif sequences between the canine and NZSL genomes.  This 

could mean that different motifs are responsible for the regulation of SLC11A1 expression in 

the NZSL, as suggested by Borneman et al. (2007) and Odom et al. (2007).  Thus, at the 

present time there is very little possibility of predicting how changes in transcription factor 

binding motifs in the NZSL genome are likely to affect the binding of specific transcription 

factors, and the consequences for gene expression (Wittkopp, 2010). 

 

6.4.3 Promoter SNP 

 

The NZSL displays a polymorphic site in a region of guanine nucleotide repeats in the 

promoter region.  A similar region including such repeats has been identified in other species, 

where polymorphisms in G-rich regions have been associated with disease susceptibility in 

dogs (Altet et al., 2002, Sanchez-Robert et al., 2005).  Curiously, the particular region 

identified in dogs that was associated with susceptibility is interrupted in the NZSL promoter 

sequence.  In addition, the interrupted region is the only identified area of distinct difference 

between the canine promoter and the NZSL promoter sequence (Figure 6-5).  This suggests 

that if variation of nucleotides in the promoter region of SLC11A1 is involved in susceptibility 

of NZSL to disease, the causative variant in NZSL differs from that identified in dogs.  

However, the variant identified here is in a similarly G-rich region, and it has been postulated 

that differences in the G-rich regions of the promoter could have an effect on gene expression 

(Sanchez-Robert et al., 2005).  This is because differing lengths of G nucleotides in promoter 

regions have been shown to alter promoter activity in species as diverse as bacteria (Giacani 

et al., 2007) and humans (Roberts et al., 2008).  It is possible that interruptions of the G-rich 

regions of NZSL SLC11A1 promoter region could be altering promoter activity and therefore 

also gene function.   
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While the polymorphism in the NZSL SLC11A1 promoter was shown statistically to be 

distributed according to Hardy-Weinberg expectations, it was not distributed entirely as one 

would expect under strict neutrality.  This non-normal distribution suggests that the 

polymorphism may be playing a role in susceptibility to infectious agents; however this study 

may lack sufficient power to test this association rigorously, as determined by post-hoc power 

analysis of this comparison.  A larger study including more animals with known causes of 

death would be required to effectively test for an association.    

 

6.4.4 Intron 1 microsatellite 

 

Microsatellites within genes often affect their function (Buschiazzo and Gemmell, 2006, 

Kashi and King, 2006) and this has previously been demonstrated at a polymorphic 

microsatellite in the promoter region of human SLC11A1 (Searle and Blackwell, 1999).  

Substantial proportions of microsatellites are conserved across broad evolutionary timescales 

(Gemmell et al., 1997, Buschiazzo and Gemmell, 2006, Buschiazzo and Gemmell, 2009, 

Buschiazzo and Gemmell, 2010).  We have previously shown conservation of microsatellite 

loci between species which diverged ~43mya (Osborne et al., 2011).  Considering that 

normally only 40-50% of microsatellites are expected to be conserved cross-species, and that 

approximately only half of these are expected to be polymorphic (Gemmell et al., 1997) the 

demonstrated amplification of a polymorphic microsatellite locus here is encouraging and 

goes some way to establishing the conservation of the structure and potentially the function of 

this gene in the NZSL.   

 

6.4.5 Lack of association of SLC11A1 with mortality 

 

It is interesting to note that while distinct allele frequency differences were observed in 

relation to NZSL pup mortality, these differences were not significant, leading one to question 

the potential causes for this.  Firstly, one must consider the likelihood that SLC11A1 is not 

involved in resistance to specific pathogens that are involved in mortality of NZSLs.  It is 

possible that despite apparent sequence conservation and shared putative transcription factor 

binding motifs between canids and otarids, SLC11A1 may not be involved at all in resistance 

or susceptibility to infectious agents in the NZSL.  If the gene is not involved, then there 
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would be no selection pressure on the gene from the traits in question (death from infection) 

and this would explain the lack of association seen in this study.  SLC11A1 has been 

implicated in several different types of bacterial infection, however, thus far it has either not 

been observed or not investigated in Campylobacter sp. and Klebsiella sp. infection.  It is 

noteworthy that irrelevance of the candidate gene is a common problem in this type of 

association study in the biomedical field (Dahlman et al., 2002, Ioannidis, 2005, Sullivan, 

2007), which may transfer to the molecular ecology field because candidate genes for 

investigation in non-model species are often based on promising and seemingly relevant 

findings from biomedical genetics and/or comparative genomics.     

 

Secondly, the NZSL is an observed population only, meaning that any variable factors are not 

able to be controlled.  This is contrary to domesticated agricultural populations where there is 

more control over environmental variables, and higher degrees of genetic homogeneity with 

populations.  Higher homogeneity can lessen the variability in the phenotypes observed 

within the population and may strengthen the ability to detect associations between genotype 

and phenotype within and between populations.  This means that environmental variability 

within the NZSL population is much greater than for most agricultural, laboratory and captive 

populations; therefore a much larger number of individuals is likely to be required to explore 

genetic associations with the polygenic traits likely to underlie fitness.  SLC11A1 has 

primarily been investigated in laboratory animals and agricultural species.  It would be 

fortuitous indeed to detect a strong association between one polymorphism and a disease 

phenotype in a wild, free-living population in a variable environment. 

 

Finally, the lack of association seen here may be a consequence of sample collection methods.  

If sampling was non-random, then it would imply that only a subset of the genotypes are 

being represented here, which would make associations weaker or undetectable, if they are 

expected to be present at all.  However, this is unlikely because dead pups were collected 

from all areas of Sandy Bay beach, wherever they were found, and live pups were the 

offspring of females tagged in previous years, and therefore could be considered random (B. 

C. Robertson and B. L. Chilvers, personal communication).   
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6.4.6 Conclusion 

 

While we find no association between genetic variants in the promoter region of the SLC11A1 

gene in the NZSL population, this work aids in the inference of conserved structure of 

SLC11A1 between canids and otarids, due to the conservation of putative transcription factor 

binding motifs and also the presence of a polymorphic microsatellite in the first intron of the 

gene, consistent with those seen in canids.  A larger sample of individuals in the population 

with assigned cause of death would be required to investigate more rigorously whether 

SLC11A1 affects disease resistance.  Our preliminary data leave open the possibility that 

further exploration of SLC11A1 in this population could aid the understanding of 

susceptibility to infection in the NZSL.   
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CHAPTER 7 -  EXTENSIVE VARIATION AT MHC DRB IN THE NEW ZEALAND 

SEA LION, AND EVIDENCE FOR BALANCING SELECTION 

 

Abstract 

 

 

Genes of the major histocompatibility complex (MHC) are among the most polymorphic in 

the vertebrate genome and play an important role in disease resistance.  The level of 

heterozygosity of MHC loci and the high ratio of non-synonymous to synonymous 

substitutions at MHC loci are strongly suggestive of selection.  Variation is thought to be 

maintained by balancing selection and is considered beneficial to the generation of a diverse 

adaptive immune repertoire.  However, levels of variation at MHC loci may be lower in 

endangered species that have experienced a prolonged reduction in population size 

(bottleneck).  Such a reduction in population size may reduce levels of genetic variability at 

key loci, including the three MHC gene classes (I, II and III), rendering these species more 

susceptible to novel pathogens and disease.   

 

We chose to focus on MHC class II because of its known involvement in bacterial infection 

and its role in the recognition of extracellular pathogens such as bacterial pathogens.  

Generally, the class II genes DQB and DRB are the most variable in mammals, and the second 

exon of these genes contains the putative peptide binding region.  Through Sanger sequencing 

of the second exon of both genes, we detected two segregating sites in DQB which were 

adjacent and nine in DRB, The two DQB and seven of the nine DRB variants are within 

codons that are proposed to be involved in peptide binding.  Bioinformatic haplotype 

reconstruction of these regions detected two haplotypes at DQB and 36 haplotypes at DRB.  

Translation to amino acid sequence revealed that these nucleotide sequences represented two 

amino acid sequences at DQB and 34 at DRB, demonstrating an extraordinarily high level of 

non-synonymous substitutions at DRB.   

 

We compared this method of haplotype determination to an empirical measure of allele type 

and frequency using next-generation sequencing (NGS) on the Roche GS FLX platform.  We 

show that Sanger sequencing followed by bioinformatic haplotype reconstruction provides an 
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accurate measure of the level of allelic diversity at MHC, demonstrated by equivalence of 

output between both methods used.  We show that the NZSL has retained substantial allelic 

variability at MHC DRB despite its history of a population size contraction and reduced allelic 

diversity at neutral loci.  Furthermore, MHC DRB appears to be displaying balancing 

selection, consistent with its role as an antigen binding region.  This is in contrast to MHC 

DQB which appears to be dimorphic and does not show evidence of selection.   

 

That we have identified such extensive variation at MHC DRB, contrary to expectations from 

microsatellite data, will be of great benefit in the elucidation of the genetic factors underlying 

susceptibility to bacterial infection of the threatened New Zealand sea lion.   
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EXTENSIVE VARIATION AT MHC DRB IN THE NEW ZEALAND SEA LION, AND 

EVIDENCE FOR BALANCING SELECTION 

 

 

7.1 Introduction 

 

7.1.1 The major histocompatibility complex, MHC 

 

Genes of the major histocompatibility complex (MHC) are among the most polymorphic in 

the vertebrate genome (Hughes, 1999, O'Brien and Yuhki, 1999) and play an important role in 

disease resistance (Hedrick and Kim, 2000).  They encode class I and class II proteins which 

bind intracellular and extracellular foreign peptides respectively (Doherty and Zinkernagel, 

1975) and, in mammals, all major genes of the MHC appear to be clustered in one linkage 

group (Edwards and Hedrick, 1998).  

 

The level of heterozygosity seen at MHC generally exceeds that in other regions of the 

genome (Robinson et al., 2000) and the high ratio of non-synonymous to synonymous 

substitutions at MHC loci is strongly suggestive of selection (Garrigan and Hedrick, 2003).  

This comparatively high level of variation is thought be maintained by balancing selection 

(Edwards and Hedrick, 1998) and is considered beneficial to the generation of a diverse T-cell 

repertoire (Dyall et al., 2000).  This is because maintenance of heterozygosity at MHC loci 

can increase allelic variation and consequently increase the diversity of antigens presented to 

T cells, which may confer and enhance resistance to infectious diseases (Doherty and 

Zinkernagel, 1975, Potts and Slev, 1995, Parham and Ohta, 1996).   

 

In addition to its role in the immune response, another intriguing function of MHC is the role 

of MHC genes in kin recognition, mate choice and inbreeding avoidance; in mice individuals 

are able to detect and evaluate the MHC composition of potential mates, or conversely, to 

avoid mating with genetically similar individuals (disassortive mating) through odour 

perception (Yamazaki et al., 1983, Potts et al., 1994). While the specifics have not been 

determined for most taxa it is widely assumed that similar mechanisms exist in other species 

(Kempenaers, 2007) and this phenomenon has been identified in species as diverse as humans 
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(Wedekind et al., 1995) sand lizards, Lacerta agilis (Olsson et al., 2003), house sparrows, 

Passer domesticus (Bonneaud et al., 2006) and three-spined sticklebacks, Gasterosteus 

aculeatus (Milinski et al., 2005). 

 

7.1.2 The importance of MHC variation 

 

Some have predicted that MHC variation should not be unduly affected by the detrimental 

changes in genetic variation that occur after a population bottleneck, or those which are the 

consequence of long term small population size (Richardson and Westerdahl, 2003, Jarvi et 

al., 2004).  Others believe that genetic drift, which is heightened in small and/or bottlenecked 

populations, can affect balancing selection and may alter the maintenance of polymorphisms 

at MHC loci (van Oosterhout et al., 2006), which can lower the potential for long-term 

persistence of the species.  There is ample evidence for both arguments.  MHC heterozygotes 

of the endangered Gila topminnow (Poeciliopsis occidentalis), which were inbred throughout 

the rest of the genome, possessed higher resistance to parasitic infection and higher survival 

(Hedrick et al., 2001), supporting the observation that MHC variation may not necessarily be 

disproportionately affected when inbreeding is high.  In contrast, species with reduced genetic 

diversity in general can also show reduced MHC diversity; there appears to be complete 

monomorphism of MHC class I and II in some beaver species (Babik et al., 2005), and very 

low levels of variation at MHC loci can be seen in populations of reduced size following an 

historical bottleneck, such as the mountain goat, Oreamnos americanus (Mainguy et al., 

2007).  However, reduced variation at MHC does not necessarily lead to extinction, revealed 

by the long-term survival of the great crested newt (Triturus cristatus), a species which has 

survived for approximately 10,000 years with little variation at MHC loci (Babik et al., 2009), 

and also wild European and North American moose (Alces alces), which have persisted 

despite very low MHC variation (Mikko and Andersson, 1995).  This may be a consequence 

of relative environmental stability and the resulting lack of selection pressure on MHC to 

maintain variability (Bernatchez and Landry, 2003).   
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7.1.3 Selection at MHC genes 

 

Levels of variation at MHC loci may be lower in endangered species that have experienced a 

prolonged reduction in population size, a bottleneck, either historically or contemporarily.  

Such a reduction in population size may reduce levels of genetic variability at key loci, 

including MHC, rendering these species more susceptible to novel pathogens and disease 

(Hedrick et al., 2001).  While disassortive mating is helpful in maintaining high levels of 

heterozygosity at MHC loci, other mechanisms also contribute to the maintenance of MHC 

diversity.   

 

Directional selection occurs when the environment in which the species resides changes, for 

example, by the introduction of a new disease into the population; pathogens can exert severe 

selection pressure on their hosts which cause large shifts in the genetic composition of 

immune genes over a relatively short time frame (Altizer et al., 2003).  Alternatively, some 

mutations are favourable in some circumstances but not others, and when this occurs the trait 

can come under the control of balancing selection.  Balancing selection takes two forms: 

heterozygote advantage (also termed overdominant selection) and frequency-dependent 

selection (or negative frequency-dependent selection).  In the first, heterozygosity is favoured 

because some alleles will be advantageous when heterozygous, and disadvantageous when 

homozygous (Gemmell and Slate, 2006).  Negative frequency-dependent selection (also 

termed rare allele advantage) can be driven by the selective advantage conferred by new 

alleles in the population, which may offer greater protection against pathogens than common 

alleles, because the fitness of an allele can decrease as it becomes more common (Takahata 

and Nei, 1990).  Such mechanisms allow variation at MHC to be maintained despite potential 

loss of variation elsewhere in the genome, e.g. loss of variation microsatellite loci (Aguilar et 

al., 2004).  Balancing selection is therefore important in maintaining high variability at MHC 

loci (Hedrick, 1998).  

 

Other types of selection that may act on MHC loci include parasite-mediated selection acting 

to increase variation and response to a broader range of pathogens, and maternal-foetal 

interaction, where an immune response of mother to foetus can occur if sharing of MHC 

alleles arises (Edwards and Hedrick, 1998).   
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7.1.4 Regions of interest 

 

The two main classes of MHC in mammals perform distinct roles in the generation of an 

immune response (Doherty and Zinkernagel, 1975).  While MHC class I variation has been 

associated with resistance to infectious disease, it is primarily involved in the immune 

response through the recognition of pathogens of intracellular origin such as viruses and 

cancer cells (Hughes and Yeager, 1998, Sommer, 2005).  Here we chose to focus on MHC 

class II because of its known involvement in bacterial infection and its role in the recognition 

of extracellular pathogens such as bacteria and nematodes (Hughes and Yeager, 1998), which 

is of greater relevance to this study population, discussed in detail below.  

 

The most variable regions were chosen for use in this study.  MHC DRB and MHC DQB are 

the most widely studied regions because they are generally the most diverse MHC loci in 

mammals (Baker et al., 2006).  Both loci contain peptide-binding regions encoded in their 

second exon (Hughes and Nei, 1989), and have important roles in the immune response 

(Hedrick and Kim, 2000).  Peptide binding regions are directly involved with the interaction 

and association of foreign peptides, which are then presented to T cells for disposal by the 

immune system (Hughes and Nei, 1988).  These regions show high levels of variation in 

many species (Parham and Ohta, 1996), thought to be maintained by heterozygote advantage 

(Hughes and Nei, 1988). 

 

 

7.1.5 The New Zealand sea lion as a model for investigating MHC variation in marine 

mammals 

 

The NZSL is a population which is predicted to have undergone a recent population 

bottleneck (Chapter 2), yet despite this the population maintains a reasonable level of 

heterozygosity at microsatellite loci, potentially reflective of this recent bottleneck, and this is 

because heterozygosity is maintained in the relatively recent short-term (4Ne generations) in a 

recently bottlenecked species (Cornuet and Luikart, 1996).  The population is declining in 

spite of its protected status, which leads one to question the impact of genetic effects on this 

population.  Considering these factors, the ascertainment of the level of variation at MHC loci 
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in this fragile species would be a useful milestone in the characterisation of the nature of 

genetic variation in species of conservation significance.    

 

Here we investigate the level of variation at two MHC class II loci, DQB and DRB.  We also 

compare two methods of MHC allele determination, namely Sanger sequencing and 

bioinformatic haplotype reconstruction, versus high-throughput next generation sequencing 

(NGS), which provides an intrinsic measure of allele diversity.  We show that a large amount 

of diversity exists at MHC DRB while MHC DQB is essentially dimorphic.  We also provide 

evidence for balancing selection at MHC DRB.   

 

7.2 Methods 

 

7.2.1 Sampling 

 

This sample set consisted of 185 individual NZSLs: 87 unrelated live pups 98 dead pups for 

which cause of death was known.  The live pup samples consisted of 33 samples from Sandy 

Bay (Enderby Island), 37 samples from Dundas Island and 17 samples from Figure of 8 

Island, all of which were sampled in the 2003/2004 breeding season.  The 98 dead pups for 

which cause of death was determined by autopsy were all collected from Sandy Bay, and 

comprised 8 from the 2001/02 breeding season, 17 from 2002/03, 36 from 2003/04 and 37 

from 2004/05 (Table 7-1).  Causes of death were classed as bacterial infection (n = 26), 

enteritis (n = 32, relating to hookworm infection) and ‗other‘ (n = 40) which includes pups 

dying of causes directly related to pathogen exposure, which here are trauma, malnutrition 

and stillbirth. 

 

Year Bacteria Enteritis Other 

2001/02 5  3 

2002/03 1  16 

2003/04 6 18 12 

2004/05 14 14 9 

Total 26 32 40 

Table 7-1 - Number of NZSL pups with known causes of death, as determined by autopsy. 
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Live pups from different breeding areas were included to capture the spectrum of MHC 

alleles present within the population, although this was not strictly necessary because there is 

no evidence of detectable population substructure within the NZSL population (FST, 0.008; 

RST, 0.0079 Chapter 2, section 2.3.4).  Additionally, while autopsy data was most abundant 

during the 2003/04 and 2004/05 breeding seasons, we felt it appropriate to initially include 

dead pups from all years for which data was available, to provide an accurate reflection of pup 

MHC variation.   

 

7.2.2 PCR amplification of NZSL DNA 

 

7.2.2.1 PCR for Sanger sequencing 

Oligonucleotide primers previously developed for other pinniped species were used for these 

analyses (Table 7-2).  In the first instance, template-specific primers for the peptide-binding 

regions in the second exon of DQB (Murray et al., 1995) and DRB (Garza, 1998) were used to 

amplify DNA fragments in NZSL DNA by polymerase chain reaction (PCR).  Reactions were 

10μL in volumes containing c. 50ng template DNA, 20mM Tris-HCl, 50mM KCl, 2nmol 

each dATP, dTTT, dGTP and dCTP, 1pmol each primer, 2.0mM MgCl2, 6% DMSO and 0.1 

unit Taq-Ti DNA polymerase (Fisher Biotec, Australia).  Thermal cycling parameters are 

shown in Table 7-3.  PCR products were separated by agarose gel electrophoresis and 

visualised under ultra-violet light.  Positive reactions were sequenced using an ABI 3730xl 

DNA Analyser (Applied Biosystems, Carlsbad, CA, USA) by the Genomic Analysis Service, 

University of Otago and analysed using the program Geneious v5.1 (Drummond et al., 2010).   

 

 

 

 

Primer name Template-specific sequence  Expected product size Reference 

DQB-1 CTGGTAGTTGTGTCTGCACAC  170 bp Murray et al (1995) 

DQB-2 CATGTGCTACTTCACCAACGG    

DRB-1 AACGGGACGGAGCGGGTGCG  190 bp Garza (1998) 

DRB-2 TCGCCGCTGCACCAGGAAGC    

Table 7-2 - Oligonucleotide primers used for initial PCR amplification of MHC DQB and MHC DRB in NZSL 
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Temperature Time Notes 

94
o
C 5 minutes Initial denaturation 

94
 o
C 20 seconds 

10 cycles 65
 o
C 20 seconds 

72
 o
C 30 seconds 

94
 o
C 20 seconds 

40 cycles 

* -0.5
 o
C per cycle, to 45

 o
C 

65
 o
C * 20 seconds 

72
 o
C 30 seconds 

72
 o
C 5 minutes Final extension 

Table 7-3 - Thermal cycling parameters for PCR amplification of MHC DQB and DRB fragments 

 

 

7.2.2.2 PCR for NGS 

Separate primers including the template-specific sequence but which had adaptors for  Roche 

GS FLX 454 sequencing were developed (Table 7-4) according to the 454 Sequencing 

Technical Bulletin No. 013-2009 (Roche, 2009).  Multiplex identifier (MID) sequences for 

identification of each MHC gene in the pool were chosen based on their predicted low 

propensity for primer-dimer formation and self-dimerisation which could otherwise inhibit 

PCR and sequencing.  PCR and visualisation were carried out as described above.  Products 

were purified using SPRI beads according to the manufacturer protocol (Agencourt 

Bioscience Corp. Beverly, MA, USA).  Briefly, nucleic acids (PCR products) were 

immobilised by the addition of SPRI beads, purified using magnetic affinity and contaminants 

removed by aspiration.  The nucleic acids were washed and then eluted, leaving high quality 

nucleic acids.  Purified PCR products were quantified using Pico Green (Invitrogen, Carlsbad, 

CA, USA) and a Victor
TM

 X3 Multilabel plate reader (Perkin Elmer, Waltham, MA, USA) 

according to the manufacturer‘s protocol.  Amplicons for each gene (DQB and DRB) were 

then pooled in equimolar amounts.  Pooled DQB and DRB products were submitted for high-

throughput sequencing using Roche GS FLX Titanium series chemistry, University of Otago 

High Throughput Sequencing Service.  
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GS FLX Titanium Primer A Key MID Template-specific sequence Reference 

CGTATCGCCTCCCTCGCGCCA TCAG CGTGTCTCTA CTGGTAGTTGTGTCTGCACAC 
Murray et al 

(1995) 
CGTATCGCCTCCCTCGCGCCATCAGCGTGTCTCTACTGGTAGTTGTGTCTGCACAC 

CTATGCGCCTTGCCAGCCCGC TCAG CGTGTCTCTA CATGTGCTACTTCACCAACGG 

CTATGCGCCTTGCCAGCCCGCTCAGCGTGTCTCTACATGTGCTACTTCACCAACGG  

CGTATCGCCTCCCTCGCGCCA TCAG TAGTATCAGC AACGGGACGGAGCGGGTGCG 

Garza (1998) CGTATCGCCTCCCTCGCGCCATCAGTAGTATCAGCAACGGGACGGAGCGGGTGCG 

CTATGCGCCTTGCCAGCCCGC TCAG TAGTATCAGC TCGCCGCTGCACCAGGAAGC 

CTATGCGCCTTGCCAGCCCGCTCAGTAGTATCAGCTCGCCGCTGCACCAGGAAGC  

Table 7-4 - PCR primers for amplification of MHC DQB (top) and MHC DRB (bottom) in the NZSL.  Template-

specific sequences (green), with additions of GS FLX Titanium Primer A, Key and MID were included for NGS 

and shown firstly in colour for clarity and then below in full as used in these analyses. 

 

 

7.2.3 Haplotype reconstruction 

 

MHC DQB and DRB haplotypes were reconstructed from Sanger sequence outputs using the 

program Phase v2.1 (Stephens et al., 2001), implemented in the Microsoft Windows 

command line.  The exact command used is: 

 

PHASE -f1 test.txt test.out 

 

where ‗test‘ refers to the specific name of the input and output file.  Additional reconstruction 

was carried out in the program SHEsis (Li et al., 2009) for confirmation of Phase output.  

Data generated by NGS of PCR amplicons was screened for artefacts and allele frequencies 

calculated using the program jMHC (Stuglik et al., 2011), to enable a comparison of both 

Sanger and NGS methods of MHC haplotype determination. 

 

7.2.4 Estimations of departure from neutrality 

 

Allele frequency distribution of MHC DQB and DRB was investigated for departure from 

neutral evolution in DnaSP v.5 (Librado and Rozas, 2009) using Tajima‘s D statistic (Tajima, 

1989) followed by calculation of 95% confidence intervals and the critical D value for 

estimation of statistical significance by coalescent simulation (10,000 replicates).  
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7.3 Results 

 

7.3.1 Sanger sequencing and haplotype reconstruction 

 

The number of samples successfully amplified and sequenced using the Sanger method is 

reported in Table 7-5; variable numbers of individuals used in DQB and DRB analyses are the 

result of varying clarity of sequence chromatograms as a result of PCR or sequencing 

efficiency differences.  Visualisation of PCR products by agarose gel electrophoresis 

displayed a single product for each.  All Sanger sequences successfully obtained were of clear 

resolution and were derived from a single product (Figure 7-1).  Sequences lengths obtained 

after trimming were 231bp MHC DQB and 229bp MHC DRB.  A maximum of two different 

sequences per individual were detected, results that were consistent with the presence of 

single copies of these genes, allowing for two alleles.  BLAST alignment (Altschul et al., 

1997) of the consensus sequence for each NZSL product to the dog genome showed only one 

result for each region, further suggesting that the oligonucleotide primers used in this study 

are amplifying a single region. 

 

 

Status MHC DQB (n) MHC DRB (n) 

Live 72 87 

Bacteria 26 25 

Enteritis 32 27 

Other 38 37 

Table 7-5 - MHC DQB and MHC DRB sequencing success here represents the number in each status group 

taken forward for further investigation. 
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Figure 7-1 - a) MHC DQB and b) MHC DRB consensus sequences from New Zealand sea lion.  Polymorphic 

sites denoted by gold bars.  Nucleotide positions refer to the position in this sequence only, not in reference to 

the exonic location of this fragment.  Blue bars below sequence indicate codons predicted to be important in 

peptide binding of different peptides (Brown et al., 1993). 

 

 

 

 

a – NZSL MHC DQB consensus sequence 

b – NZSL MHC DRB consensus sequence 
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Both MHC DQB and DRB are themselves highly similar, showing a 92% pairwise percentage 

identity (Figure 7-2).  Sequence analysis showed two adjacent single nucleotides 

polymorphisms (SNPs) in DQB (Figure 7-1a) and nine in DRB (Figure 7-1b), including one 

pair of adjacent SNPs.  Haplotype reconstruction showed two haplotypes for DQB (Table 7-6) 

and 36 for DRB (Table 7-7).  Of the nine variable sites of DRB, six showed two possible 

nucleotides per site, one showed three and two showed four nucleotides per site (Table 7-8). 

 

 

 

 

Figure 7-2 - Alignment of MHC DQB and DRB from NZSL.  Green bar indicates identity between two 

sequences with gaps showing where the two consensus sequences differ.  Output from Geneious. 

 

 

 

Haplotype number   Count (Frequency) 

bp position consensus  53 54  

1  T C 277 (0.82) 

2  C T 59 (0.18) 

Table 7-6 - Haplotypes seen at adjacent SNPs in NZSL MHC DQB 
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Haplotype number            Count 

bp position consensus 58 59 61 88 148 151 161 168 170 
 

1 T T G C C C C T C 1 

2 T T G C C C G T A 1 

3 T T G C C A G T A 55 

4 T T G C C A G C A 7 

5 T T G C C T G T A 1 

6 T T G C A C C T C 3 

7 T T G C T A C T C 6 

8 T T G C G G G T A 1 

9 T T G T C C G C A 3 

10 T T G T C A A C A 1 

11 T T G T C A G C A 48 

12 T T G T A C C T C 3 

13 T T T C C C C T C 2 

14 T T T C C C G T A 1 

15 T T T C C A G T A 17 

16 T T T C A C C T C 2 

17 T T T T A C C T C 5 

18 T A G C T A C T C 6 

19 T A T T A C C T C 3 

20 A T G C T A C T C 2 

21 A T T C A C C T C 2 

22 A T T T C C C T A 2 

23 A T T T C C G T A 6 

24 A T T T C C G T C 1 

25 A T T T C A G T A 1 

26 A T T T A C C T A 1 

27 A T T T A C C T C 23 

28 A T T T A C G T A 2 

29 A T T T A C G T C 1 

30 A A G T C C G C A 1 

31 A A T T C C C T C 2 

32 A A T T C C G T A 1 

33 A A T T C C G T C 4 

34 A A T T A C C T C 136 

35 A A T T A C G T C 2 

36 A A T T G C C T C 1 

Table 7-7 - NZSL MHC DRB haplotypes and frequency in NZSL population, including live and dead pups.  The 

most frequent haplotypes and those used in further analyses are shaded grey. 
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Polymorphic site Nucleotides present 

58 T, A 

59 T, A 

61 T, G 

88 T, C 

148 T, A, G, C 

151 T, A, G, C 

161 A, G, C 

168 T, C 

170 A, C 

Table 7-8 - MHC DRB polymorphic sites from NZSL 

 

 

7.3.2 Effects of nucleotide variants on MHC peptide sequences  

 

7.3.2.1 DQB 

To determine if both haplotypes identified here were expressed as different peptide sequences, 

nucleotide sequences were entered into ExPASy (Gasteiger et al., 2003) accounting for the 

correct reading frame as determined by Lento et al. (2003).  It was found that the nucleotide 

variants were non-synonymous and that these changes altered the amino acid sequence: the 

codon containing the TC variant codes for serine; the CT variant codes for leucine.  Serine has 

an hydroxyl group which means this amino acid is able to form hydrogen bonds with a variety 

of substrates, while leucine is hydrophobic and therefore is buried in protein hydrophobic 

cores (Betts and Russell, 2003).  Nevertheless, while the amino acid substitution was 

predicted to be tolerated and have no detrimental effect on protein structure per se (Adzhubei 

et al., 2010), comparison to sequences defined by Brown et al. (1993) predicted that these 

polymorphisms are components of a codon which is purported to be important in peptide 

binding (Figure 7-1a). 

 

7.3.2.2 DRB 

In an attempt to reduce the complexity of the analyses, haplotypes were grouped according to 

their translated amino acid sequence.  Haplotypes 2 and 5 were synonymous at the amino 

acid, while haplotypes 3 and 4 were also synonymous upon translation into amino acid 

sequence. Haplotypes 2, 4 and 5 were relatively infrequent in the population and merging 

synonymous sequences did not appreciably simplify the analysis.  As with DQB, all 

substitutions were predicted to be tolerated, and also to not have adverse effects on protein 
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structure (Adzhubei et al., 2010), however seven of the nine polymorphic nucleotides 

identified here are situated in codons which are predicted to be important in peptide binding 

(Brown et al. 1993, Figure 7-1b). 

 

7.3.3 NGS and allele frequency determination 

 

NGS of pooled MHC fragments from live NZSL pups provided 20,077 reads for DQB and 

28,571 reads for DRB.  The most frequent DQB fragment length was 223bp and DRB at 

236bp, which is consistent with read length predicted through Sanger sequencing.  Sequences 

that were excessively larger or smaller than the expected product size were removed from the 

alignments, leaving totals of 19,349 reads for DQB (220-226bp) and 23,360 reads for DRB 

(230-240bp).  Those sequences with a frequency of less than 40 reads were removed prior to 

further analysis, because these very low frequency reads are likely due to sequencing error.  

This read frequency cut-off was chosen because there should be, on average, at least 200 

reads per individual if we attain 20,000 reads from NGS.  Even those alleles only present in 

one copy should therefore be detected with a cut-off of 40 reads.  SNP detection using the 

CLC Genomics Workbench revealed identical polymorphisms at the same segregating sites to 

those detected using conventional sequencing and prediction based on Phase analysis.  Mean 

Phred scores for both DQB and DRB in the required size range were all above 20, and 

therefore of reliable quality (Figure 7-3).  Most scores fell between 35 and 40.  Scores drop 

off as the read length increases because these sequences are longer than the predicted 

sequences, therefore they are erroneous and of low quality and reliability.   
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Figure 7-3 - Phred (quality) scores for NGS of MHC DQB (top) and DRB (bottom) based on output of NGS and 

plotted using Microsoft Excel.   
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Analysis of DQB showed that the most frequent reads were identical to haplotypes 1 and 2 

identified through Sanger sequencing and reconstructed with Phase.  These were the only two 

reads which were present in frequencies exceeding 100.  The frequencies of each of these 

alleles were almost identical between sequencing methods (Table 7-9). 

 

 

Haplotype number from 

Phase 

Sanger frequency 

(%) 

Frequency in 454 run 

(%) 

Number of 454 reads 

(count) 

1 83.3 80.8 6013 

2 16.7 19.2 1426 

Table 7-9 - Comparison of haplotype frequencies generated from PCR amplicon NGS of MHC DQB in live pups 

n = 72.  Only those haplotypes appearing more than 40 times were included.  Haplotypes are named according to 

their identified number in Phase haplotype reconstruction.  

 

 

Analysis of DRB allele frequency (Table 7-10) determined that seven alleles were common in 

the population, with the remainder much less frequent.  Allele 27 was not present at a 

sufficient frequency to be detectable in live pups through NGS; however Sanger sequencing 

and Phase analysis predicted this allele should be present at a frequency of 1.75%.  Haplotype 

15, while common in Sanger sequencing of dead pups, was not detected through NGS.  Subtle 

and distinct frequency differences are likely a result of NGS only including live pups.  

Frequencies for haplotypes 3, 11 and 34 were not identical in both Sanger and NGS; however 

they were represented in similar proportions within the data derived using each approach.  

Four alleles (4, 6, 8, 18) that were identified in very low frequency in Sanger sequencing were 

present in fractionally higher frequencies in NGS data.  Nucleotides present at each 

polymorphic site were identical between Sanger and NGS.   
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Haplotype number  
Sanger frequency 

(%) 

Frequency in 454 run 

(%) 

Number of 454 reads 

(count) 

 

3 29.8 16.2 983  

4 1.98 2.2 134  

6 0.85 1.9 117  

8 0.28 2.9 174  

11 16.7 10.7 648  

18 1.70 3.0 184  

27 1.75 0.0 0  

34 51.75 57.4 3493  

Table 7-10 - Comparison of haplotypes generated from PCR amplicon NGS of MHC DRB in live pups (n = 87).  

Only those haplotypes appearing more than 40 times were included.  Haplotypes are named according to their 

identified number in Phase haplotype reconstruction. 

 

 

7.3.4 Estimation of departure from neutrality 

 

Table 7-11 shows estimates for nucleotide diversity at MHC loci in this study.  MHC DQB 

showed a segregating site of two base pairs, which resulted in an amino acid change.  

Therefore there were two adjacent mutations in total (perhaps resulting from one mutational 

event) and the average number of nucleotide differences was 0.58.  Pi (π) represents the mean 

number of differences per site, between two randomly-chosen sequences from the sample set; 

nucleotide diversity at MHC DQB was 0.004.  Theta per site was 0.31 per sequence and 0.002 

per site.  Tajima‘s D was 1.09 and was not statistically significant.   

 

There were nine segregating sites detected in MHC DRB with 14 total mutations.  The 

average number of nucleotide differences was estimated at 4.16 and the nucleotide diversity 

was 0.02.  Theta per site was 2.02 per sequence and 0.009 per site, and is a measure of the 

proportion of segregating sites, corrected for the sample size.  The measure of Tajima‘s D was 

2.47, significant at p < 0.05.  This lies outside of the 95% CI of neutral expectations which 

was determined by coalescence simulation at 95% CI -1.54 – 2.00, with an average D of -

0.11.  Tajima‘s D did not vary appreciably from this level according to live or dead status, nor 

was it variable by sampling location.  No population substructure was detected in the NZSL 

pup population used for this study (Chapter 2, section 2.3.4, FST, 0.008; RST, 0.0079). 
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Locus MHC DQB MHC DRB 

Number of segregating sites (S) 2 9 

Number of mutations (Eta, η) 2 14 

Nucleotide differences (k) 0.58 4.16 

Nucleotide diversity (Pi, π) 0.004 0.02 

Theta per site (Theta, θ) 0.31 2.02 

Theta per sequence (Theta, θ) 0.002 0.009 

Tajima's D 1.09 2.47 

Table 7-11 - Calculations of nucleotide diversity and Tajima's D for selection at MHC DQB and MHC DRB 

 

 

7.4 Discussion 

 

7.4.1 Summary 

 

Here we evaluate variation at two loci of the MHC in the NZSL.  We show that the second 

exon of MHC DRB shows extensive allelic variation and that MHC DQB is much less so, 

being essentially dimorphic.  We detect two alleles by amino acid sequence at MHC DQB 

composed of two adjacent segregating sites which are potentially reflecting one mutation 

event, and 34 alleles by amino acid sequence at MHC DRB, composed of nine segregating 

sites.  We show through estimation of departure from neutrality that the level of variation seen 

at MHC DRB is not consistent with neutral expectations and that balancing selection may be 

acting at this locus in the NZSL.  We also establish equivalence of technique, and show that 

both Sanger sequencing and NGS methods provide comparable results and suggest that high-

throughput sequencing is useful for accurately assessing levels of allelic variability at MHC 

loci.   

 

7.4.2 Variation at MHC DQB and MHC DRB in NZSL 

 

MHC variation in marine mammals is generally lower than that seen in terrestrial mammals 

(Slade, 1992).  One hypothesis for this is the expectation of a lower level of pathogen 

exposure of marine mammals compared to terrestrial mammals, which was speculated to 

translate to a lack of pathogen selection pressure (Slade, 1992).  More recent studies of marine 
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mammals, however, lead this generalisation to be strongly challenged.  While the theory of 

reduced pathogen exposure may hold true for fully marine mammals such as whales and 

dolphins, this may not be so for semi-terrestrial species.  Breeding grounds for seals and sea 

lions often have animals at high density, have numerous dead and rotting pup carcasses, 

afterbirth and faecal contamination, ideal conditions for pathogen transmission (pers. obs. N.J. 

Gemmell).  More definitive data counter to the hypothesis of Slade (1992) comes from two 

more recent studies.  First, a high level of variation was seen in the Southern elephant seal at 

MHC DQB exon 2, with the level of variation comparable to that seen in human DQB exon 2 

(Hoelzel et al., 1999b).  Second, baleen whales (suborder Mysticeti) also showed very high 

DQB exon 2 diversity, consistent with related terrestrial mammals (Baker et al., 2006).  

 

MHC DQB in the NZSL shows two segregating sites which appear to be in complete linkage 

disequilibrium with each other and therefore essentially represent a 2bp variant rather than 

two independent SNPs.  Previous work has shown that levels of variation at MHC genes are 

depressed in marine mammals, relative to terrestrial counterparts (Trowsdale et al., 1989, 

Slade, 1992, Murray et al., 1995, Hoelzel et al., 1999b, Bowen et al., 2002, Lehman et al., 

2004, Weber et al., 2004, Aldridge et al., 2006, Baker et al., 2006).  This study confirms 

previous work with MHC DQB in the NZSL that showed very little variation is present at a 

locus that would otherwise be expected to show high levels of variability (Lento et al., 2003) 

especially considering its function as a peptide-binding site (Hughes and Nei, 1989).  Studies 

of the California sea lion (Zalophus californianus) have shown a similar pattern of observed, 

low, variation in DQ loci (Bowen et al., 2004).  In contrast, the opposite has also been 

observed in Antarctic phocids and Baiji (Chinese river dolphin, Lipotes vexillifer), where 

variation at MHC DQ loci was higher than expected and more akin to the variation seen in 

land-based mammals (Lehman et al., 2004, Yang et al., 2005).   

 

The detection of 34 alleles at DRB in the NZSL, with seven of these deemed common through 

NGS, is consistent with that seen in other mammalian species, e.g. nine alleles in 20 European 

mink, Mustela lutreola (Becker et al., 2009), 12 alleles in 145 mouse lemurs, Microcebus 

murinus (Schad et al., 2004), 23 alleles in 30 chacma baboons, Papio ursinus (Huchard et al., 

2006) and 19 alleles in 59 Alpine chamois, Rupicapra rupicapra (Schaschl et al., 2004).  In 

fact, the detection of extensive variation at MHC DRB in mammalian species which are not of 

conservation significance is common.  Primates especially are highly variable at DRB, with 50 

alleles in 149 fat-tailed dwarf lemurs Cheirogaleus medius (Schwensow et al., 2007) and 126 
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alleles in 210 rhesus macaques Macaca mulatta (Otting et al., 2000).  A study of raccoons 

Procyon lotor found 67 MHC DRB alleles in 256 individuals (Srithayakumar et al., 2011).  

However, it should be noted that the above species are all of low conservation concern, and 

have an expectation of overall adequate genetic diversity which would extend to genes of the 

MHC.   

 

Protein structure prediction estimated that all of the substitutions both for DQB and DRB were 

tolerated and were unlikely to have a detrimental effect on protein structure or folding 

(Adzhubei et al., 2010).  However, the majority of segregating sites identified in this study are 

situated in codons which are predicted to be involved in peptide binding (Brown et al., 1993).  

It is widely accepted that variability at MHC loci is usually beneficial (Doherty and 

Zinkernagel, 1975, Hughes and Nei, 1989), and in humans, differing MHC alleles have been 

shown to differ in their ability to develop an immune response to a wide range of pathogens, 

both bacterial and viral (Hill, 2001).  Therefore, while amino acid substitutions may not be 

predicted to adversely affect protein structure, it is likely these variants impact on the peptide 

binding characteristics of this region, with potential functional consequences for the MHC.   

 

7.4.3 MHC variation compared to microsatellite variation 

 

Interestingly this study demonstrates extensive variation at MHC DRB in the NZSL despite a 

history of a population bottleneck and an observed low level of allelic diversity at 

microsatellite loci (k = 4.14 - 7.33, Chapter 2).  A more extreme example of this pattern of 

variability is the San Nicholas Island fox (Urocyon littoralis), a critically endangered species 

that possesses high MHC DRB heterozygosity yet appears monomorphic at microsatellite loci, 

having in the past been subject to a severe population bottleneck (Aguilar et al., 2004).  

Bighorn sheep (Ovis aries) have a similar population history to the NZSL in that they have 

suffered population size bottlenecks and have increased susceptibility to disease, yet they 

show 21 MHC DRB alleles with extensive nucleotide and amino acid divergence (Gutierrez-

Espeleta et al., 2001), with variation at MHC loci being greater than at microsatellite loci.  In 

contrast, the brown trout (Salmo trutta), which is not a species of conservation concern, 

shows comparable levels of diversity at both MHC class II B and four microsatellite loci 

(Campos et al., 2006), however this study included individuals from multiple populations.  

From this it is evident that high variability at MHC DRB coupled with low microsatellite 
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diversity appears to be a relatively frequent occurrence in natural populations that are the 

subject of conservation concern due to small population size. 

 

7.4.4 Selection and variation at MHC 

 

Fitness-related genes are often under selection (either directional or balancing), and therefore 

may also be more likely to show higher levels of variation than neutral genomic regions 

regardless of loss of variation elsewhere in the genome, and of population size (Maruyama 

and Nei, 1981, Nevo et al., 1997).  Polymorphism at exon 2 of MHC DQB and DRB is 

generally accepted to have a considerable role in the development of an adequate immune 

response (Hedrick and Kim, 2000), and variation is thought to be driven by its function as a 

peptide binding region, which may confer resistance to a wider range of pathogens (Doherty 

and Zinkernagel, 1975).  This is also thought to be reflective of the fact that balancing 

selection (either heterozygote advantage or frequency-dependent selection) is at work to 

maintain diversity at MHC (Meyer and Thomson, 2001).   

 

If balancing selection is acting on fitness loci, one would expect to see an increase in diversity 

of MHC, relative to the variation expected under neutrality (Maruyama and Nei, 1981).  

Indeed, detection of 34 alleles at MHC DRB is a stark contrast to the reduced allelic diversity 

detected at microsatellite loci (Chapter 2).  This pattern has been demonstrated in other taxa, 

notably the San Nicolas Island fox (Urocyon littoralis dickeyi) possessed a high level of 

variation at MHC, while little variation was seen at microsatellite loci (Aguilar et al., 2004).  

Balancing selection was also determined to be responsible for differing patterns of variability 

in two wild guppy (Poecilia reticulata) populations, one of which was isolated and showed 

much lower levels of microsatellite diversity, while both populations showed the same 

amount of MHC diversity (van Oosterhout et al., 2006).   

 

There are several methods of detecting selection on amino acid sequences; however the use of 

most methods was restricted in this specific case due to the lack of synonymous base 

substitutions.  We chose to use Tajima‘s D (Tajima, 1989) to estimate departure from neutral 

expectations at these loci over other methods that test for neutrality, for example, Fu and Li‘s 

D, D* (Fu and Li, 1993) because others are calculated using the number of singleton 

mutations (those observed only once in the sample), which is then compared to the total 
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number of nucleotide variants.  MHC DRB does not show any singleton mutations in this 

population, nor any synonymous substitutions, therefore Tajima‘s D was deemed to be the 

more appropriate measure to use.  Tajima‘s D statistic tests the hypothesis that all mutations 

are selectively neutral.  It is based on differences between the number of segregating sites and 

the average number of nucleotide differences.  It compares Theta-W (θ, proportion of 

segregating sites) and Pi (π, nucleotide diversity) from a single non-combining region of the 

genome; the difference between these two values is expected to be zero if the mutations 

detected in the region are selectively neutral (Bamshad and Wooding, 2003).  A negative 

value of Tajima‘s D is indicative of purifying selection, while a positive value is thought to 

indicate balancing selection.  Here we see a positive value of Tajima‘s D at MHC DRB that 

was deemed statistically significant at p < 0.05, and this may indicate that balancing selection 

is operating at MHC DRB in the NZSL population.  Calculation of Tajima‘s D for MHC DQB 

was not significant.   

 

Coalescence should be used in conjunction with estimates of Tajima‘s D.  It provides a 

confidence interval for the true Theta (θ) value and a critical value of D if the mutations are 

distributed under neutral expectations, and therefore will aid in calculation of statistical 

significance (Simonsen et al., 1995).  A simulation with a fixed number of segregating sites 

randomly distributes mutations uniformly along the sequence.  Under the neutral model, tests 

such as Tajima‘s D which are based on allele frequency distributions are expected to show 

values of zero (non-significant).  The critical D value here determined through coalescence 

against which statistical significance is based is close to zero (average value of D, -0.11, 95% 

CI -1.54 – 2.00) and the calculated value of Tajima‘s D for MHC DRB exceeds the upper 

limit of the 95% confidence interval.  This strongly suggests that MHC DRB may be under 

some form of balancing selection in the NZSL population.  However it is important to note 

that currently there are no approaches that allow accurate dissection of the different 

mechanisms of selection in wild populations, and this is due to the non-exclusivity of such 

mechanisms (Spurgin and Richardson, 2010), therefore inferences of specific selection 

mechanisms is speculative and should be regarded with caution. 
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7.4.5 Bioinformatic haplotype reconstruction 

 

On-going restrictions limiting the development of recombinant organisms containing the 

DNA of New Zealand native species (Heinemann, 2000) meant that it was impractical to 

clone MHC alleles from NZSL, as would be the normal approach for studies of MHC 

haplotypes.  Implementation of a computational approach (Stephens et al., 2001), which is in 

itself thought to be more accurate than cloning (Harrigan et al., 2008), coupled with the use of 

NGS of PCR amplicons, provides a new, higher throughput method for MHC haplotyping 

that did not depend on the process of cloning, which has been shown to incorporate error 

(Longeri et al., 2002).   

 

Deep amplicon sequencing using NGS is deemed to be equivalent to cloning of amplicons, 

yet without the need for cell-based systems and clone sequencing (Babik, 2010).  However, 

the generation of artefacts during PCR and sequencing are a known problem.  Outputs of 

NGS were screened to discern between true sequences and artefacts, the latter of which 

should be relatively rare compared to true sequences (Stuglik et al., 2011).  From this, 

frequencies of amplicons and their relative proportions within the NZSL population were 

calculated and compared to Sanger sequencing and bioinformatic haplotype reconstruction via 

Phase (Stephens et al., 2001). 

 

One DRB haplotype, number 27, was not present in NGS of live NZSL pups, despite being 

detected in 1 individual of 87 analysed (1.75%) through Sanger sequencing.  This is likely 

due to its rarity rather than error in initial PCR, since Sanger sequencing and NGS were 

performed using the same PCR amplicons from the same initial PCR amplification.  

Confirmation of allele presence and frequency using NGS serves to validate the outputs of 

Sanger sequencing and haplotype reconstruction by the program Phase.  Therefore the alleles 

identified here and used in statistical analyses appear to be true reflections of the alleles 

present in the NZSL population.  PCR, sequencing and haplotype reconstruction may 

therefore be more efficient and result in improved throughput when compared to cloning, and 

is thought to be more accurate (Harrigan et al., 2008).  The frequencies with which haplotypes 

were identified through Sanger and NGS methods were proportional but not identical.  This is 

likely due to the volume of sequences obtained per individual; two per individual through 

Sanger sequencing, but ~120 per individual through NGS.  However, it is important to 

mention that the haplotypes presented will need to be validated further by e.g. investigation of 
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RNA to check for splice variants and to eliminate pseudogenes (Klein and Figueroa, 1986, 

Klein et al., 1993), and results should be interpreted with this in mind. 

 

 

7.4.6 Conclusion 

 

The NZSL has maintained a large amount of variability at MHC DRB despite its history of a 

population size contraction and reduced allelic diversity at neutral loci.  Further, MHC DRB 

appears to be displaying balancing selection, consistent with its role as an antigen binding 

region.  This is in contrast to MHC DQB which appears to be dimorphic.  We show that 

Sanger sequencing followed by bioinformatic haplotype reconstruction provides an accurate 

measure of the level of allelic diversity at MHC, demonstrated by equivalence with results 

from NGS, an empirical measure of allele type and frequency.  That we have identified such 

extensive variation at MHC DRB, contrary to expectations from microsatellite data, may be of 

great use in the elucidation of the genetic factors underlying susceptibility to bacterial 

infection of the threatened New Zealand sea lion.   
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CHAPTER 8 -  STRONG ASSOCIATION BETWEEN MHC DRB HAPLOTYPES 

AND SURVIVAL IN NZSL PUPS AND EVIDENCE FOR HETEROZYGOTE 

ADVANTAGE 

 

Abstract 

 

 

MHC variation is generally important in the generation of an effective immune response, and 

several studies have explored the consequences of both the expression of certain MHC alleles 

and the impact of heterozygosity at MHC loci in response to infection.  Given the recent 

history of unusually high susceptibility to and mortality from disease epizootics, and previous 

associations between MHC and bacterial, viral and parasitic infection in mammals, we sought 

to investigate whether genes of the MHC influence survival of NZSL pups through harsh 

epizootic episodes.   

 

Here we show that certain alleles of MHC DRB are strongly correlated with live status, and 

likewise one DRB allele is only present in dead pups, however we are cautious in drawing 

strong conclusions from these data.  Specifically, we show that certain haplotypes of MHC 

DRB are differentially present in dead and live pups, and that individuals homozygous for two 

particular haplotypes are only found in the cohort of live pups.  Simple heterozygosity at DRB 

does not affect whether a pup is live or dead, however pups dying of bacterial infection have a 

significantly higher level of heterozygosity at MHC DQB than pups dying of other causes 

(trauma, malnutrition, stillbirth).   

 

We hypothesise that this result is due to recurrent selection by multiple pathogen assault over 

recent years, and of a changing pathogen environment, as suggested by strong evidence for 

overdominant heterozygote advantage at MHC DRB in NZSL pups.  However, we are 

tentative in drawing conclusions from these data, due to the numerous environmental 

variables to consider in a natural population such as the NZSL.  Accepting this caveat, we 

provide promising preliminary data which suggest further analyses are warranted to clarify 

the role of MHC genes in the resistance or susceptibility to infection of this threatened 

species.   
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STRONG ASSOCIATION BETWEEN MHC DRB HAPLOTYPES AND SURVIVAL IN 

NZSL PUPS AND EVIDENCE FOR HETEROZYGOTE ADVANTAGE 

 

 

8.1 Introduction 

 

8.1.1 Associations between MHC variation and disease 

 

Several studies have explored the consequences of both (i) the expression of specific MHC 

alleles and (ii) the impact of heterozygosity at MHC loci in response to infection.  These 

include the association of particular alleles of the MHC in Soay sheep with high levels of 

parasitism and low survivorship, while the flanking loci showed no association (Paterson et 

al., 1998), suggesting that the presence or absence of individual alleles is most important in 

lamb survival, as opposed to heterozygosity of MHC loci per se.  However, MHC 

heterozygosity has been associated multiple times with infectious disease susceptibility.  For 

example, lab mice heterozygous at MHC loci had an increased resistance to multiple-strain 

infections (Penn et al., 2002) and on average, birds with MHC heterozygous genotypes 

survived infection longer than homozygotes, and this effect was independent of genome-wide 

heterozygosity estimated by microsatellites (Worley et al., 2010).  In addition, an inbred 

(more homozygous) line of Gila topminnow (Poeciliopsis occidentalis) demonstrated lower 

survival and higher rate of infection (Hedrick et al., 2001).  MHC variation is frequently 

associated with parasite burden (Schad et al., 2005, Schwensow et al., 2007, It et al., 2010) 

and also viral infection (Hughes et al., 2010, Larruskain et al., 2010, Srithayakumar et al., 

2011).  Thus, it is expected that species and populations with low levels of genetic diversity, 

be that a small number of alleles or increased homozygosity, might be more vulnerable to 

infectious diseases (O'Brien and Yuhki, 1999).   

 

In pinnipeds specifically, MHC heterozygosity has been correlated negatively with disease 

affliction of individual California sea lions, Zalophus californianus (Acevedo-Whitehouse et 

al., 2003).  Previous studies of the New Zealand sea lion (Phocarctos hookeri) have shown 

that there exists low diversity at DQB (Lento et al., 2003) consistent with levels of DQB 

variation seen in Northern elephant seals (2 alleles), Antarctic fur seals (4 alleles) and New 
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Zealand fur seals (4 alleles, Hoelzel et al., 1999). Additionally, while not directly comparable, 

the Hawaiian monk seal (Monachus schauinslandi) exhibits very low levels of genetic 

diversity at MHC class I loci (Aldridge et al., 2006).  Chapter 7 concluded that the level of 

MHC variation in the NZSL is limited at DQB, in keeping with the earlier finding of Lento et 

al. (2003), but that substantial variation exists at DRB.  Thus there is a spectrum of MHC 

variation in nature and it would be unwise to generalise across taxa based on findings from 

divergent species.  

 

8.1.2 MHC DRB and DQB in other species 

 

The level of diversity present at MHC loci may reflect the pathogen environment of a given 

species (Hoelzel et al., 1999b), and based on a handful of studies there is a baseline 

perception that there may be reduced pathogen pressure operating in a marine environment 

and therefore less necessity for maintaining MHC polymorphism (Slade, 1992, Murray et al., 

1995).  While the Southern elephant seal (Mirounga leonina) had high levels of variation at 

DQB, this was lower than was seen in other species (Slade, 1992).  Previous studies of MHC 

DQB in threatened and endangered cetaceans described less polymorphism than in mice or 

humans (Murray et al., 1995), and studies in two species of endangered whale (Fin, 

Balenoptera physalus; Sei, Balenoptera borealis) show low variation at DR loci (Trowsdale 

et al., 1989).  Hence low MHC diversity might be a common feature of marine mammals.  

Indeed, some have gone as far as to suggest that perhaps marine mammals are adapted to low 

MHC variability (Weber et al., 2004).   

 

In contrast to most other extant sea lion species, (see Chapter 1, Table 1.2) the California sea 

lion (Zalophus californianus) is a thriving pinniped species.  Despite the abundance of the 

California sea lion, and considering the studies above concern endangered and threatened 

species, MHC DQB of this species unexpectedly showed very little variation, a finding which 

was thought to be inconsistent with the role of this locus as a peptide-binding region (Bowen 

et al., 2002).  A subsequent study by the same group found that DRB was the more variable 

locus (Bowen et al., 2004), and the authors suggested increased diversity at DRB supported 

the role of the peptide-binding functions of this locus, conclusions which are reinforced by the 

observed pattern of variation at these loci in the NZSL (Chapter 7).   
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Therefore, notwithstanding the demonstrated high level of variation at DQB in non-pinniped 

species (Gyllensten et al., 1990, Baker et al., 2006), in pinnipeds DRB has a relatively large 

number of alleles compared to DQB (Bowen et al., 2004; Chapter 7) and there exists much 

sequence variation between alleles of DRB in general (Hughes and Yeager, 1998).  For this 

reason we chose to investigate both DQB and DRB for associations between MHC variation 

and the status (live or dead, and cause of death) of NZSL pups, as it is likely that both will be 

informative and may aid in the elucidation of the MHC‘s role in resistance to infectious 

disease in the NZSL. 

 

Given the recent history of unusually high susceptibility to and mortality from disease 

epizootics, and previous associations between MHC and bacterial, viral and parasitic infection 

in mammals, one is led to question whether genes of the MHC are influencing survival of 

NZSL pups through harsh epizootic episodes.  Here we show that certain alleles of MHC 

DRB are strongly correlated with live status, and additionally that one DRB allele is only 

present in dead pups.  This intriguing result may be a consequence of recurrent selection by 

multiple pathogen assault over recent years, and of a changing pathogen environment, 

suggested by strong evidence for overdominant heterozygote advantage at MHC DRB in 

NZSL pups. 

 

 

8.2 Methods 

 

8.2.1 Laboratory methods 

 

DNA extraction, PCR, sequencing and haplotype reconstruction on dead and live NZSL pups 

was undertaken as outlined in Chapter 7, sections 7.2.1 (sample set), 7.2.2.1 (PCR and Sanger 

sequencing) and 7.2.3 (haplotype reconstruction).  Nucleotide sequences were translated into 

amino acid sequences using the program ExPASy (Gasteiger et al., 2003), and amino acid 

substitutions were investigated for detrimental effects on the resulting protein structure using 

Polyphen (Adzhubei et al., 2010). 
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8.2.2 Statistical Analysis 

 

These analyses were undertaken based solely on haplotype reconstruction from Sanger 

sequencing and Phase reconstruction because this was the only information we had for dead 

pups, which were not included in the next-generation sequencing (NGS) experiments.  Based 

on results from NGS (Chapter 7, section 7.3.3) we are confident in the accuracy of the data 

gained through Sanger sequencing and bioinformatic haplotype reconstruction.  All analyses 

of MHC haplotypes were accomplished using the program R (R Core Development Team, 

2010).  Pearson‘s Chi-squared tests were used to detect any differences between observed and 

expected haplotype frequencies in different disease states, followed by Fisher‘s Exact Test for 

count data.  Subsequently, odds ratios were calculated to determine the effect size of different 

haplotypes on disease state.  Where appropriate, generalised linear models (GLM) and 

analysis of variance (ANOVA) were used to explore the effect of MHC gene haplotypes on 

the disease state of pups.   

 

8.2.3 Estimations of pup relatedness 

 

The program Coancestry (Wang, 2010) was used to determine if an unexpected level of 

relatedness existed between pups in this study, primarily to ensure independence of sampling.  

All pups in this study (n = 176) were included at 21 microsatellite loci, with the number of 

bootstrapping samples set at 100.  For significance of mean relatedness calculations, a one-

sample t-test was used with an hypothesised mean of zero.  Two-sample t-tests were used to 

explore differences in relatedness between dead and live pups in this study.  The level of 

genetic differentiation (FST and RST values) between live NZSL samples collected from 

Enderby Island (n = 36), Dundas Island (n = 40) and Figure of 8 Island (n = 20) and used in 

this study was explored following methods outlined in Chapter 2 (section 2.2.3). 

 

 

 

 

 



207 

 

8.3 Results 

 

8.3.1 MHC DQB 

 

Initial analysis of the difference in MHC DQB haplotype frequencies between live pups and 

those that were dead, regardless of cause, showed that frequencies of the two DQB haplotypes 

did not differ between live pups and dead pups in general (Table 8-1).  Likewise, the 

frequencies of both haplotypes did not differ between pups dying of the two infectious disease 

classes in this study, bacteria and enteritis (p = 0.874, OR 1.095 and 0.913 for CT and TC, 

respectively).  Compared to non-disease causes of death (‗other‘), animals dying of enteritis 

were twice as likely to possess a TC allele than pups dying of other causes, while pups 

bearing a TC allele were 2.4 times more likely to die of bacteria than other causes, although 

these were not significant.  Similarly, animals with a CT allele were over twice as likely to die 

of other causes, rather than bacteria or enteritis.   

 

 

Live vs Dead             

Hap Dead(freq) Live(freq) Chi2 Fisher's p Pearson's p Odds Ratio [95%CI] 

C T 32(0.167) 27(0.188) 0.247 0.619 0.619 0.867 [0.493~1.525] 

T C 160(0.833) 117(0.812)    1.154 [0.6562.030] 

        

Bacteria vs Other cause of death           

Hap Bacteria(freq) Other(freq) Chi2 Fisher's p Pearson's p Odds Ratio [95%CI] 

C T 6(0.115) 18(0.237) 2.99 0.08 0.08 0.42 [0.154~1.144] 

T C 46(0.885) 58(0.763)    2.379 [0.874~6.479] 

        

Enteritis vs Other cause of death           

Hap Enteritis(freq) Other(freq) Chi2 Fisher's p Pearson's p Odds Ratio [95%CI] 

C T 8(0.125) 18(0.237) 2.874 0.09 0.09 0.46 [0.185~1.144] 

T C 56(0.875) 58(0.763)    2.172 [0.874~5.398] 

        

Bacteria vs Enteritis             

Hap Enteritis(freq) Bacteria(freq) Chi2 Fisher's p Pearson's p Odds Ratio [95%CI] 

C T 8(0.125) 6(0.115) 0.025 0.874 0.874 1.095 [0.354~3.384] 

T C 56(0.875) 46(0.885)       0.913 [0.296~2.821] 

Table 8-1 - DQB haplotype distributions.  Live pups (n = 72) versus dead pups (n = 96) from all causes (bacteria, 

n = 26; enteritis, n = 32; other, n = 38) 
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The CT haplotype of MHC DQB was rarer in the NZSL population than the TC haplotype, 

with CT occurring at a frequency of 16.7%.  The frequency of this haplotype varied between 

the three different causes of death (Table 8-2) with the CT haplotype being less frequent in 

pups dying of bacteria and enteritis, and more common in those dying of ‗other‘ causes.  

Analysis of this difference by GLM showed that the presence of the rare haplotype was 

significantly associated with cause of death (p = 0.016).  A logistic regression confirmed that 

the chance of dying from bacterial infection versus other causes of death were significantly 

influenced by the frequency of the rare haplotype (OR 0.2, p = 0.012), indicating that pups 

dying of other (non-infectious) causes were 5 times more likely to possess the rarer CT allele 

than those dying of bacterial infection.  

     

 

Cause of death Number rare haplotype (count) Frequency of rare haplotype 

Bacteria 6 0.11 

Enteritis 7 0.13 

Other 18 0.24 

Table 8-2 - Frequency of rare MHC DQB CT haplotype, by cause of death of NZSL pups 

 

 

In addition, ANOVA was employed to explore whether heterozygosity at MHC DQB 

influenced the cause of death of pups.  Pups dying of bacterial infection had significantly 

lower heterozygosity at DQB than those dying from enteritis and other causes (p = 0.002).  As 

shown in Chapter 7, section 7.3.2, nucleotide variants were non-synonymous and each variant 

altered the amino acid sequence: the codon containing the TC variant codes for serine while 

the CT variant codes for leucine. 

 

 

8.3.2 MHC DRB 

 

Statistical analysis was undertaken on haplotypes derived from Phase haplotype 

reconstruction.  The frequency of each haplotype was determined and those most frequent 

(over 3%) were taken forward for further analysis (Table 8-3).   
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Haplotype number Live Bacteria Enteritis Other 

3 29.82 10.81 6.82 6.90 

11 16.67 16.22 6.82 27.59 

15 0.00 16.22 9.09 6.90 

27 1.75 16.22 13.64 10.34 

34 51.75 40.54 63.64 48.28 

Table 8-3 - DRB haplotype frequencies of NZSL pups used in initial statistical analyses.  Categories refer to pup 

status, and cause of death if not Live.  Live pups n = 87, dead pups in total n = 89 

 

 

Analysis of the above haplotypes via Pearson‘s Chi-squared test and followed by Fisher‘s 

exact test (for the inclusion of low frequency alleles) showed strong evidence that haplotypes 

11 and 34 have odds of survival more than 1.5 times lower than haplotype 3 (OR 1.51 and 

1.65).  Haplotypes 15 and 27 showed an even stronger reduction in survival, with odds ratios 

more than 5 times lower than haplotype 3 (OR 8.11 and 5.06; p = 9.328e-08).  We find no 

evidence, however, that MHC DRB haplotypes differ in frequency between the different 

causes of death (bacteria, enteritis, other). 

 

Comparison of live pups to dead pups showed strong evidence of an influence of MHC DRB 

haplotype on cause of death, through use of Chi-squared tests between live pups and (i) 

bacteria, p = 2.767e-06; (ii) enteritis, p = 5.363e-06; (iii) other, p = 1.734e-05.  However, 

these p-values were unexpectedly small, and further investigation was deemed necessary to 

rule out error. 

 

Initially it was thought that the unusually small p-values may have been the result of the large 

number of haplotypes, which might in actuality be reflecting a lower number of haplotypes at 

the protein level.  Considering that a small proportion of the nucleotide sequences identified 

translated into the same protein sequence (Chapter 7, section 7.3.2), it was decided to 

undertake further analysis using amino acid sequence variants, rather than those based on 

nucleotide sequence.  Haplotypes 2, 4 and 5 were relatively infrequent in the population 

(Chapter 7, Table 7.7), and did not markedly increase the frequency of haplotypes when 

haplotype 4 was merged with 3 (Table 8-4) and haplotype 2 was merged with 5.  
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Haplotype SNPs Frequency (%) 

bp 

position 
58 59 61 88 148 151 161 168 170 Live Bacteria Enteritis Other 

3 T T G C C A G T A 32.3 11.9 11.1 13.8 

11 T T G T C A G C A 15.8 19 6.7 24.6 

15 T T T C C A G T A 0 14.3 15.6 6.2 

27 A T T T A C C T C 1.5 16.7 17.8 9.2 

34 A A T T A C C T C 50.4 38.1 48.9 46.2 

Table 8-4 - Recalculated MHC DRB haplotype frequencies of the most common haplotypes based on amino acid 

translations.  Frequency based on pup state. 

 

 

While no great change in haplotype frequencies was observed, repeat analyses were 

performed with this slightly modified dataset.  However, very similar and equally small p-

values were obtained (data not shown), which led to the implementation of an additional 

approach to explore this interesting pattern more fully.    

 

8.3.3 Heterozygosity at MHC DRB 

 

As an alternative to investigating the frequency of individual haplotypes, we sought to explore 

the role of heterozygosity at MHC DRB loci.  Heterozygosity in general at DRB did not show 

any significant difference between dead and live pups (one-way ANOVA, p = 0.667).  MHC 

DRB heterozygosity was not significantly related to presence or absence of bacterial infection 

(one-way ANOVA p = 0.415) but was seen to relate to the presence of enteritis (one-way 

ANOVA p = 0.005), when both were compared to live pups.  There was no significant 

difference in heterozygosity of DRB between live pups and those that died of other causes 

(one-way ANOVA p = 0.093).  Heterozygosity at DRB was not seen to vary by sampling year 

or by sampling location (all insignificant at p > 0.05). 

 

8.3.4 Haplotype-specific variation 

 

For haplotype-specific analyses, all rare haplotypes were considered as a grouped haplotype, 

where possession of a rare haplotype was classed as having a haplotype ‗99‘, coding for any 

haplotype other than those most common (haplotypes 5, 11, 15, 27, 34, Table 8-5).  We fitted 

a GLM to these data to investigate the effect of the presence or absence of haplotypes on 
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cause of death.  Haplotype 3 was associated with live status and carrying one allele greatly 

increased the chances of being alive (OR 7.22, p = 1.87e-06).  Interestingly, haplotype 15 was 

only found in dead animals (Table 8-6).  There was a strong interaction effect (the effect of 

the presence of a specific pair of alleles on whether a pup is live or dead) between haplotype 3 

and haplotype 34 which appeared to be conferring survival (GLM and ANOVA; OR 20.97, p 

= 4.65e-06).  In fact, this specific combination of alleles was only found in live pups (Table 

8-6).   

 

Table 8-5 shows amino acid sequences determined from the 9 segregating nucleotides 

positions, shown as seven amino acids because some of the segregating sites were in the same 

codon.  Haplotypes 3 and 34 are different at every segregating site, meaning complete 

heterozygosity at each polymorphic site in live animals possessing this combination of alleles.  

Each amino acid of haplotype 15 is represented in either haplotype 3 or haplotype 34.  None 

of the amino acids in any of the three haplotypes mentioned above are unique only to those 

haplotypes.   

 

Location and year, which are other variables in these analyses, could not be fitted into the 

GLM because we lacked adequate numbers of individuals from differing years and locations; 

since all live pups were from the 2003/04 breeding season (chosen because data from other 

beaches is only available for this year) and all the dead pups were from Sandy Bay only 

(because this is where the majority of monitoring takes place), it was decided to reduce the 

dataset to only this breeding season and site, from which 33 ‗cases‘ and 33 ‗controls‘ (dead 

pups and live pups respectively) remained.  Certain haplotypes in this reduced analysis 

showed low frequency; therefore all haplotypes were grouped with the exception of 3, 15 and 

34.  Again, there was a strong interaction between haplotype 3 and haplotype 34 (GLM OR 

19.21; ANOVA p-value 0.02), which was only detected in live pups.  Individuals 

homozygous either for haplotype 3 or haplotype 34 were present as dead and live pups, 

however the frequency of homozygous individuals does not differ between groups (live or 

dead, Table 8-6).  Finally, with these reduced data, general heterozygosity of MHC DRB was 

not seen to be associated with pup state (live or dead).   
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Haplotype Proteins coded for by segregating nucleotides Count 

1 F V H L L T A 1 

3/4 F V H L M R E 62 

5/2 F V H L L R E 2 

6 F V H I L T A 3 

7 F V H F M T A 6 

8 F V H V V R E 1 

9 F V Y L L R E 3 

10 F V Y L M K E 1 

11 F V Y L M R E 48 

12 F V Y I L T A 3 

13 F L H L L T A 2 

14 F L H L L R E 1 

15 F L H L M R E 17 

16 F L H I L T A 2 

17 F L Y I L T A 5 

18 Y V H F M T A 6 

19 Y L Y I L T A 3 

20 I V H F M T A 2 

21 I L H I L T A 2 

22 I L Y L L T E 2 

23 I L Y L L R E 6 

24 I L Y L L R A 1 

25 I L Y L M R E 1 

26 I L Y I L T E 1 

27 I L Y I L T A 23 

28 I L Y I L R E 2 

29 I L Y I L R A 1 

30 N V Y L L R E 1 

31 N L Y L L T A 2 

32 N L Y L L R E 1 

33 N L Y L L R A 4 

34 N L Y I L T A 136 

35 N L Y I L R A 2 

36 N L Y V L T A 1 

Table 8-5 – MHC DRB amino acids coded for by segregating nucleotides.  Haplotype 2 was synonymous with 5 

and 4 was synonymous with 3, so these are grouped here.  Haplotypes shown in blue are those only present in 

live animals.  Haplotype 15 (red) is only seen in dead animals. 
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 Diplotype Live pups (n = 87) Dead pups (n = 89) 

3/3 4 5 

34/34 8 10 

3/34 24 0 

15/x 0 17 

Table 8-6 – Counts of MHC DRB diplotypes of interest grouped by status (live or dead). 

 

 

 

8.3.5 Microsatellite variation 

 

Microsatellite data from Chapter 4 utilised here showed a significant difference in internal 

relatedness (IR) between dead and live pups in this cohort, with those pups which are dead 

showing a significantly higher IR score (one-way ANOVA, p = 0.003).  Also, IR differed 

significantly between causes of death (p = 0.003), with those pups dying of bacterial infection 

having a higher IR score than those dying of other causes (Chapter 4).  IR was not able to 

predict whether an individual was heterozygous or homozygous at either DQB or DRB and 

therefore variation was not seen to be correlated between microsatellites and MHC regions 

(GLM p = 0.24 and p = 0.69 respectively).  Average allelic diversity at microsatellite loci for 

this cohort was 7.05 with an observed heterozygosity of 0.61.  This compares to an observed 

heterozygosity of 0.29 and 0.76 for MHC DQB and DRB respectively. 

 

8.3.6 Relatedness of pups 

 

The program Coancestry was implemented to determine if the pups used in this study were 

unexpectedly related to one another, as measured by microsatellites, and to investigate the 

potential for sampling bias.  Seven measures of relatedness were calculated between all the 

pups in this study, as outlined by the Coancestry program.  All relatedness estimates were 

highly correlated with one another (Pearson‘s correlation coefficient 0.627 – 0.906, all 

significant at p < 0.001), suggesting equivalence of each estimate.  Two sample t-tests 

confirmed that none of the measures were significantly different to any of the others (all 

insignificant at p > 0.1).  For illustration here we chose to report the most commonly known 

measure of relatedness, and show that the mean relatedness between dead pups was -0.0117 
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(± 0.00203, 95% CI -0.25, 0.24) based on Queller and Goodnight‘s moment estimator for 

pairwise relatedness (Queller and Goodnight, 1989), with mean confidence intervals 

calculated by bootstrapping (100 replicates).  The equivalent measure for mean relatedness of 

live pups was -0.0112 (±0.00201, 95% CI -0.25, 0.24).  There was no significant difference 

between mean relatedness of dead pups versus live pups (two-sample t-test, t = 0.1912, p > 

0.1).   

 

The relatedness of each comparison (each pup vs. every other pup for dead pups and live pups 

separately) plotted as a histogram (Figure 8-1) demonstrates that relatedness was normally 

distributed about the expected mean of zero, suggesting these data do not possess an over-

representation of highly related individuals in either subset.  Despite the normal distribution, 

an hypothesis test (one sample t-test with an hypothesised mean of zero) calculated the mean 

distribution of these data to be significantly different to zero (mean relatedness of dead pups -

0.0117, ±0.00203, t = -5.76, df = 4559, 95% CI -0.016, -0.008, p < 0.001; mean relatedness of 

live pups -0.0112, ±0.00201, t = -5.55, df = 4559 95% CI -0.015, -0.007), suggesting that 

pups within each group are less related to each other than expected under neutrality, where 

pairwise relatedness should be zero.  These values remained significant after Bonferroni 

correction for multiple comparisons.  Calculation of measures of population differentiation to 

detect any population substructure in the NZSL cohort, as described in Chapter 2 (section 

2.3.4) found FST (Weir and Cockerham, 1984) between pups from differing locations in this 

study to be 0.008 while RST (Goodman, 1997b) was calculated as 0.0079, suggesting that 

there is no substructure within this NZSL cohort, and that gene flow is occurring between 

breeding beaches. 
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Figure 8-1- Pairwise relatedness estimates as measured by microsatellites using the moment estimator r (Queller 

and Goodnight, 1989) of live NZSL pups (top, n = 96) and dead NZSL pups (bottom, n = 96). 

 

 

 

 

 

  



216 

 

8.4 Discussion 

 

8.4.1 Summary 

 

While there is no difference in overall allele frequency between live pups and dead pups 

regardless of cause of death, the possession of the rarer CT allele appears to be significantly 

associated with pups that die from causes other than pathogenic.  That certain pups succumb 

to death from ‗other‘ causes rather than infectious disease may suggest that this allele is 

providing an element of protection from infectious pathogens.  Furthermore, pups dying of 

bacterial infection showed a significantly lower level of heterozygosity at MHC DQB than 

pups dying of other causes (trauma, malnutrition, stillbirth), and live pups.  

 

Certain haplotypes for MHC DRB are differentially present in live and dead NZSL pups.  

Haplotype 3 was strongly associated with live status, and haplotype 15 was only found in 

dead pups.  Haplotypes 3 and 34 are completely heterozygous at all segregating sites.  An 

interaction effect was observed between haplotype 3 and haplotype 34, which could be 

construed as conferring survival, and this particular combination of haplotypes was not found 

in dead animals.  Simple heterozygosity at MHC DRB does not appear to associate with pup 

state, specifically, whether individuals are dead or alive, however it does show significant 

differences between the presence and absence of enteritis affliction.  Yet, despite early 

promise and appealing correlations, we draw only tentative conclusions from these data, for 

reasons discussed in detail below.     

 

8.4.2 Selection at MHC loci 

 

In Chapter 7 we provided evidence that suggested balancing selection was acting on MHC 

genes in NZSL, and stated that differentiating between selection mechanisms in natural 

populations is a very difficult task (Spurgin and Richardson, 2010), as selection mechanisms 

are generally not exclusive.  Two forms of balancing selection are heterozygote advantage 

(Doherty and Zinkernagel, 1975, Hughes and Nei, 1989), and frequency-dependent selection 

(or negative frequency-dependent selection), also termed rare-allele advantage (Borghans et 

al., 2004), which can be caused by pathogen-driven selection (Bernatchez and Landry, 2003).  
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If there exists a heterozygote advantage, heterozygous animals could be able to recognise a 

broader range of pathogens and so may be favoured by natural selection (Hughes and Nei, 

1989, Takahata and Nei, 1990).  Frequency-dependent selection has been termed a ―co-

evolutionary arms race between hosts and parasites‖ (Schwensow et al., 2007), whereby 

parasites can change their antigenic repertoire to evade common alleles, giving a selective 

advantage to rare alleles to which the parasite has not yet adapted (Borghans et al., 2004).   

 

The extreme diversification between status groups shown here, along with very small p 

values, large odds ratios and significant value of Tajima‘s D statistic at MHC DRB (Chapter 

7), are strongly suggestive of selection.  Increased homozygosity at MHC DQB was seen in 

pups dying of bacterial infection, which is reflective of heterozygote advantage, despite the 

non-significant value of Tajima‘s D (Chapter 7).  While heterozygosity of MHC DRB in the 

main is not associated with live or dead status, the combination of haplotypes 3 and 34 that is 

only seen in live pups is strongly suggestive of heterozygote advantage, because these two 

haplotypes are completely heterozygous at all segregating sites.  Furthermore, the frequency 

of individuals homozygous for either haplotype 3 or haplotype 34 does not differ according to 

status (live or dead), suggesting that heterozygotes are superior in fitness to both 

homozygotes.  

 

Prior studies of selection at MHC loci have deemed heterozygote advantage as the causative 

mechanism of selection in relation to pathogen resistance or susceptibility in humans (Thursz 

et al., 1997, Carrington et al., 1999) and both laboratory and wild mice (Penn et al., 2002, 

Meyer-Lucht and Sommer, 2005).  Two forms of heterozygote advantage exist:  i) 

dominance, where heterozygote advantage (resistance) is conferred by a dominant allele 

which masks any negative effects (susceptibility) from the second; ii) overdominance, where 

the combined effects of both alleles may confer resistance that is greater than either 

homozygote for each allele (Penn et al., 2002).   

 

Heterozygote advantage through both dominance (Thursz et al., 1997, Carrington et al., 1999, 

Penn et al., 2002, Wedekind et al., 2005) and overdominance (McClelland et al., 2003, 

Kekalainen et al., 2009, Oliver et al., 2009) have been associated with pathogen resistance.  

However, in order to explore the precise mechanism conferring a selective advantage to 

heterozygotes displaying a particular combination of alleles, a measure of the relative fitness 

of each genotype would be needed, along with an understanding of the mechanism of 



218 

 

selection (Gemmell and Slate, 2006) which is difficult to obtain in a non-controlled 

population.  While we lack the capacity to test this empirically due to the nature of the species 

under investigation, MHC DRB variation in NZSL displays a pattern that could be interpreted 

as overdominant heterozygote advantage, and would benefit from further investigation. 

 

8.4.3 Statistical analyses 

 

In this study, the association of specific haplotypes and disease state of individual NZSL pups 

are, at face value, quite impressive because they identify distinct differences in MHC allele 

frequencies between dead and live NZSL pups, which are strongly suggestive of balancing 

selection maintained by heterozygote advantage.  Specifically, these data show the differential 

presence and the complete absence of certain alleles between dead and live pups, yet despite 

strong statistical correlations, caution is required when interpreting these data, for reasons 

discussed below. 

 

The original effect sizes for analyses with MHC DRB are very strong.  In fact, our first 

thoughts were that they are too large to be biologically realistic.  That an interaction between 

two haplotypes (3 and 34 in combination) is only found in live animals and appears to be 

conferring resistance, and that another haplotype (15) is only found in dead animals seems 

somewhat astonishing.  One lethal haplotype and one resistant genotype would not ordinarily 

be present in the NZSL population without the presence of animals with intermediate 

haplotypes also i.e. a proportion of live individuals with a copy of haplotype 15, and some 

individuals heterozygous for haplotypes 3 and 34 appearing as dead pups.  We do not find 

such individuals, although it is of interest to note that haplotype 15 could be considered an 

intermediate between haplotypes 3 and 34, which are themselves completely heterozygous at 

all segregating sites. Still, if haplotype 15 was wholly lethal, then it would be very rare in the 

population and very difficult to detect.  Considering this study concerns 33 ‗cases‘ and 33 

‗controls‘ in the final analysis for DRB, the haplotype proportions appear too extreme to be 

realistic, and this leads one to question why such a pattern may emerge.   

 

The first cause for such extreme diversification between pup states could be due to the 

sampling method; the pattern observed here could be interpreted as sampling bias or lack of 

independence in sampling methods.  Sampling bias could be introduced to this cohort because 
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of the gregarious nature of NZSL females and their pups, which cluster in harems at the 

breeding grounds and are highly philopatric (Chilvers and Wilkinson, 2008).  Perhaps 

samples were not randomly selected, or were selected for ease of sampling, which could again 

lead to sampling of animals that were from familial groups and therefore more similar than 

one would expect of a truly random sample.  However, we have considered this possibility 

and have shown through relatedness metrics that there is no strong pattern of relatedness 

between pups used in these analyses and in fact that the pup cohorts used here are slightly less 

related to each other than one would expect, which provides some good evidence for 

independence of sampling.  Therefore we think it unlikely that these data are biased by 

sampling methods. 

 

The alternative explanation, however, is that these data are presenting a real phenomenon.  It 

is important to reiterate here that in 1997/1998 a mass mortality event attributable to bacterial 

infection resulted in mortality of 40% of pups born that breeding season (Chapter 1, Figure 

1.3).  Whether mass mortality events as a result of epidemic bacterial infection occurred prior 

to the first recorded event is unknown.  However what is known is that there were two further 

events documented since the first known epizootic, therefore mass mortalities appear to be a 

common feature in the recent history of this population.  Many of the pups in these analyses 

will be the progeny of animals which survived the 1997/1998 epizootic; hence the extreme 

haplotype diversification here could be an indication that there may have been immense 

selection for functional DRB variants that confer resistance to not just one, but multiple 

pathogens.  As a consequence, strongly selected sites, i.e. those that confer resistance to 

pathogens, would totally segregate and would effectively define those populations (dead/live).  

Therefore the strong associations presented here could be evidence of recurrent selection 

events, where multiple pathogens exert selection pressure on multiple generations, and cause 

strong genetic differentiation.         

   

The association of particular MHC alleles with resistance or susceptibility to pathogens has 

been documented in other species.  Atlantic salmon Salmo salar (Langefors et al., 2001) 

possessed certain alleles of MHC class II which correlated with an increased resistance to 

infection with a highly pathogenic bacterium.  A similar effect was seen in Soay sheep 

(Paterson et al., 1998), whereby certain MHC alleles were associated with low survivorship 

when under heavy parasite burden.  In amphibians, resistance to a bacterial pathogen was 

conferred by specific MHC haplotypes (Barribeau et al., 2008).  Other studies cite the 
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importance of heterozygosity at MHC loci in conferring disease resistance, for example, in 

Chinook salmon (Oncorhynchus tshawytscha) and the Gila topminnow (Poeciliopsis 

occidentalis), heterozygous fish displayed increased survival, which supports the theory of 

heterozygote advantage (Hedrick et al., 2001, Arkush et al., 2002), and is reflective of the 

diversity seen here at NZSL DQB.  It has been postulated that DRB is the true peptide-binding 

region in pinnipeds (Bowen et al., 2004), and our study supports this theory due to observed 

similarity in patterns of diversity at MHC loci in the NZSL, i.e. greatly increased variation at 

DRB compared to DQB.  Therefore it is evident that both heterozygosity in general, and the 

effects of specific MHC haplotypes, can be involved in conferring resistance to pathogens and 

that both mechanisms may be at work within one population. 

 

If these data are reflecting the true state of the NZSL population and have not been affected 

by sampling bias or lack of independence, then one may tentatively speculate about two 

possibilities.  Firstly, two haplotypes of MHC DRB appear to be working in concert and may 

be conferring resistance to infectious pathogens.  Secondly, one haplotype in particular 

appears to be associating with dead pups and susceptibility to infection and these observations 

may indicate that overdominant heterozygote advantage is operating at MHC DRB in the 

NZSL.  This could mean that animals bearing this apparently advantageous heterozygous 

genotype may have an increased capability for recognising the pathogens which invade the 

NZSL population (in this case, Klebsiella sp. and Campylobacter sp.), while individuals 

possessing the detrimental haplotype may have reduced ability.  This may be a consequence 

of the immense selection pressure placed upon the NZSL population from recurrent epizootic 

events, effectively segregating resistant and susceptible haplotypes within the population.  

Lastly, DQB heterozygotes appear to be less likely to succumb to infection than homozygotes, 

which may be further evidence of heterozygote advantage acting at DQB.  However, apparent 

heterozygote advantage at MHC DQB might purely be reflecting the state of the individual, 

since we have previously shown that pups dying of bacterial infection are less heterozygous 

overall than those which survive (Chapter 4). 

 

8.4.4  Conclusion 

 

Given prior research in this area, it is possible the effects we have detected here are real and 

that selection may be operating at these loci in response to pathogen assault.  Although there 
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are numerous environmental variables to consider, that we have shown a link between alleles 

and survival in NZSL emphasises the importance of maintenance of adequate variation at 

MHC loci.  Considering that host genetic diversity can play a very important role in 

protecting a species against pathogens and potential epidemics (Altizer et al., 2003), the 

molecular dissection of variation in MHC genes is an important advance in the study of 

genetic susceptibility to disease in this fragile pinniped species.  Based on these interesting 

and promising preliminary data, further analyses would serve to clarify the role of MHC 

genes in the resistance or susceptibility to infection of this threatened species and would be a 

very welcome addition to the scientific literature on this intricate system. 
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CHAPTER 9 -  GENERAL DISCUSSION 

 

 

9.1 General summary 

 

This is the first study to characterise genetic variation in a large cohort of the threatened 

NZSL, and the first to provide an in-depth investigation of the effect of genetic variation on 

fitness in the NZSL.  We have shown that, while the level of microsatellite heterozygosity in 

the NZSL may present no immediate cause for concern, it has limited allelic diversity relative 

to other pinnipeds, for example, the New Zealand fur seal.  We provide genetic and statistical 

evidence of the historic observation of a population-size bottleneck, and reveal that inbreeding 

is potentially occurring within the remainder of the NZSL population as a result. These 

findings are corroborated by the demonstration of low levels of internal relatedness, as 

measured by microsatellites, within particular cohorts of the NZSL population, which appears 

to increase susceptibility of NZSL pups to death from bacterial infection.  We further suggest 

that internal relatedness is a useful measure of heterozygosity in species that have undergone 

a recent (within 4Ne, Cornuet and Luikart, 1996) genetic bottleneck.  From these data, we 

provide evidence that the general effect is driving correlations between heterozygosity and 

fitness in this species. 

 

Characterising the level of variation at microsatellite loci may be construed as largely 

irrelevant unless one can determine the extent of genome coverage (Hansson and Westerberg, 

2002, Balloux et al., 2004, Slate et al., 2004, DeWoody and DeWoody, 2005); therefore we 

also provide a tool for use in conservation and population genetic studies in the form of a 

predicted physical map of the pinniped genome, based on observed synteny between 

carnivore genomes.  From this, predicted genomic locations were assigned to otherwise 

anonymous microsatellite loci, and broad synteny between pinniped microsatellites and their 

flanking sequences between the dog, cat and giant panda genomes, which are representative 

of most species within the Carnivora, was demonstrated.  This facilitated the calculation of a 

relatively even dispersal of microsatellites used in this study throughout the predicted 

genome, and further, helped to show that these loci should be representative of genome-wide 
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variation.  This work serves to provide direction and focus to this and future studies of 

heterozygosity and fitness in pinnipeds and other carnivores. 

 

However, since the level of variation at microsatellites is not necessarily reflective of the level 

of variation at genes of importance to fitness traits, we investigated two genes of known 

relevance to bacterial infection, the partial promoter region and the intron 1 microsatellite of 

SLC11A1 (formerly NRAMP1) and the second exon of both MHC DQB and MHC DRB.  

While we were unable to associate polymorphisms of SLC11A1 with survival through 

epizootic episodes, the partial promoter region of the NZSL is highly similar to the canine 

promoter.  In accordance, further elements of this gene are conserved, namely predicted 

transcription factor binding sites and a polymorphic microsatellite in the first intron of the 

gene.  This work represents an interesting preliminary investigation of this gene in the NZSL 

which would benefit from increased statistical power.  We reveal extensive diversity at MHC 

DRB, and provide evidence that selection may be operating at this locus to maintain this 

variation, which appears to be maintained in spite of low allelic diversity elsewhere in the 

genome, as demonstrated by microsatellite variation.  Furthermore, one particular MHC 

genotype was associated with live status of NZSL pups and one haplotype with dead pups, 

however this result is tentative and further investigation beyond the scope of this study is 

required. 

 

9.2 How this thesis contributes to the field of conservation genetics and molecular 

ecology 

 

There has been much debate in the literature surrounding the utility of microsatellite measures 

of variation, and whether the methodology is valid for detecting effects of genome-wide 

variation, and therefore potentially inbreeding, on fitness traits (Chapman et al., 2009, Szulkin 

et al., 2010).  Likewise, the mechanism of HFC generation is also subject to intense debate 

(Hansson and Westerberg, 2002, Hansson and Westerberg, 2008), and this study adds to the 

scientific literature on these topics. 

 

The correlation of heterozygosity among microsatellite loci (HHC and g2) is a relatively 

recent addition to the study of HFCs (Balloux et al., 2004, David et al., 2007), and is 

important in the formation of conclusions based on heterozygosity using microsatellite data 
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(Slate et al., 2004, Szulkin et al., 2010).  This study uses both HHC and g2 to provide 

statistical credence that heterozygosity is correlated among loci, a finding that contradicts 

previous studies using microsatellites in a small cohort of NZSLs, 17 microsatellites of which 

overlap with this study (Acevedo-Whitehouse et al., 2009).  As well as providing a basis for 

evidence of inbreeding, along with the output from the program Bottleneck and calculations 

of Fis, HHC provides confirmation that the panel of loci used here is reflective of genome-

wide variation, rather than reflective only of the variation at the loci used.  Importantly, the 

predicted physical map of the pinniped genome confirms this by revealing a broad 

distribution of microsatellites throughout the predicted genome based on synteny to dog and 

other carnivores.  This is a useful addition to the field because not only does it add strength to 

conclusions based on HFC data, in future studies it will allow the selection of microsatellites 

based on their physical location in the predicted genome to ensure genome-wide distribution, 

where such selection was previously not possible.  As such, novel studies of conservation or 

population genetics in pinnipeds should be encouraged to choose candidate microsatellite loci 

based on distribution from this map. 

 

Past studies of HFCs have not directly compared the numerous proposed methods of HFC 

determination, even though their utility can vary depending on population structure and 

history (David, 1998, Keller and Waller, 2002, Balloux et al., 2004, Armbruster and Reed, 

2005).  This is surprising, since it is frequently reiterated that the simplest methods of 

detection should be adequate in most populations (Coltman and Slate, 2003, Chapman et al., 

2009), yet many studies continue to use more advanced measures of heterozygosity 

calculation.  Where more than one measure has been used, rationale for the choice of final 

metric has not been reported, other than the significances of each metric.  Considering this, 

the analysis here of seven different metrics is a useful addition to the literature surrounding 

this subject area.  It is our opinion, based on critical appraisal of the results of this study that 

the method of choice is dependent on the population history, if known.  This is because each 

of the methods shown here, while statistically highly correlated, are based on slight variations 

of microsatellite heterozygosity and as such, significances vary when used to detect fitness 

differences.  Hence unless the population history is known, it is advisable to use numerous 

methods of HFC determination and analyse their individual utility in the context of the 

population, since it is also likely that patterns of significance may reveal details of the 

population history of the species under investigation.  In our study only internal relatedness 

(IR) reached statistical significance, but this metric is purported to be more appropriate when 
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dealing with bottlenecked populations (Amos et al., 2001).  In this context our finding may be 

exactly as expected for this population; we showed that heterozygosity is relatively high yet 

allelic diversity is lacking (Chapter 2), a scenario where IR may indeed be better able to detect 

effects of heterozygosity on fitness in a population where a bottleneck is suspected.   

 

Gathering all these data together, we predict that general effects are driving the generation of 

HFCs in the traits we studied, despite the prior observation of local effects in the NZSL 

(Acevedo-Whitehouse et al., 2009).  That is not to say that local effects are not also present in 

this population, because such a co-occurrence has previously been documented in a pinniped 

species (Hoffman et al., 2004), only that with these data the general effect was the more likely 

mechanism of HFC generation.  Analyses of HFCs in concert with the predicted map of the 

pinniped genome will aid in the understanding of single-locus effects, where they are 

detected, because it provides local-scale genomic context for loci that would otherwise be 

anonymous, potentially allowing the identification of genes that may be important 

contributors to the traits under investigation.  This will also aid in the differentiation of single-

locus from genome-wide effects.   

 

We have provided genetic evidence that inbreeding may potentially be occurring within this 

population, a phenomenon that was suspected but not confirmed, and we demonstrate the 

importance of the heterozygosity that usually accompanies this in survival through epizootic 

episodes.  Finally, this study provides a large amount of new knowledge surrounding the 

genetic characterisation at neutral loci in the NZSL, in a large cohort spanning 12 years of 

sample collection, information which has not previously been described.  As such, this study 

may be more accurately capturing the nature of genetic variation in this species and provide a 

better understanding of the contribution of genetic variation to fitness traits. 

 

To the best of our knowledge, this is the first study of variation in SLC11A1 (NRAMP1) in a 

natural population.  To that end, we conclude from these data that the mechanism of disease 

resistance is much more complex in a wild species than in agricultural or laboratory 

populations.  This is because, contrary to other studies (e.g. Vidal et al., 1995, Altet et al., 

2002, Sanchez-Robert et al., 2005), we were unable to associate variation in this gene with 

resistance to bacterial infection.  This could be because other studies have utilised either 

deliberate manipulation of the gene in laboratory animals, or the selective study of animals 

which were diagnosed with severe symptoms of one disease in particular, and as such, are 
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essentially very specific tests of the relationship between variation of SLC11A1 and disease.  

Alternatively, this study did not rigorously search the gene for additional variants, in which 

case there could potentially be other functional variants in the NZSL that were overlooked in 

this study.  This highlights the intricate nature of resistance to infection in natural populations 

and illustrates the complexities of the system in uncontrolled populations.  Such complexities 

are abundant in natural populations, for instance, a wild population has greatly increased 

variance compared to controlled (laboratory or agricultural) populations, and therefore would 

require a much larger cohort of individuals to capture the level of variation required to show 

an association between a genetic polymorphism and a disease state.  In addition, the numerous 

environmental variables which are likewise unable to be controlled for also weaken the 

relationship between genetic variants and disease, and all may contribute to the lack of 

relationship in this study.  In reiteration of conclusions from Chapter 6, the association of 

polymorphisms with disease in natural populations is very difficult.  However, we were able 

to show conservation of various integral elements of this gene between canines and the 

NZSL; the confirmation of a conserved polymorphic microsatellite between canines and 

pinnipeds provides additional support for the microsatellite mapping methodology.  

Furthermore, we also demonstrate the conservation of putative transcription factor binding 

motifs, a contribution which will aid in understanding how promoter polymorphisms 

influence transcription factor binding and potentially gene expression in the NZSL.   

  

The comparison here of the level of variation at MHC class II genes, DQB and DRB, 

compared to that at microsatellites provides a better understanding of the maintenance of 

variation at critical loci despite the loss of allelic richness in ‗neutral‘ genomic regions.  We 

also add to the debate surrounding the level of MHC variation in marine mammals and 

demonstrate that, contrary to counter expectations, MHC variation can indeed be quite high, 

even in a bottlenecked species.  Bowen et al. (2004) suggested that in the California sea lion 

(Zalophus californianus) DRB was the functional driver of MHC peptide-recognition and 

binding due to the nature of variation exhibited by this locus compared to DQB.  The pattern 

of variation at DQB and DRB in the NZSL supports this suggestion, and we also show that the 

NZSL does not have a level of MHC variation less than that of terrestrial mammals.  Indeed, 

the NZSL actually exceeds the level seen in some terrestrial mammals despite its low allelic 

richness at microsatellites.  Additionally, increased diversity appeared to correlate with 

survival, and therefore MHC diversity is potentially very important in disease resistance in the 

NZSL, even though some species have persisted despite low MHC diversity (e.g. Mikko and 
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Andersson, 1995; Babik et al., 2009).  It appears from these data that the MHC has a broad 

role in survival in the NZSL, and this information is likely to lead to more research in this 

area.   

 

The comparison here of methods of haplotype determination at an MHC locus with a high 

level of polymorphism is a very useful addition to the methodology surrounding haplotype 

reconstruction.  This is of interest because conservation genetic studies especially are often 

undertaken with limited budgets and suffer a lack of access to expensive technologies.  We 

showed in our study that Sanger sequencing followed by bioinformatic haplotype 

reconstruction provided equivalent haplotypes to next-generation sequencing (NGS) on a 

Roche 454 platform, an empirical method of haplotype determination. This result is 

encouraging because it demonstrates that haplotypes can be accurately determined without the 

use of time consuming cloning or currently expensive, albeit increasingly cheaper, NGS 

technologies. However, some empirical test of haplotype determination will always be 

necessary to validate the results from Phase and similar methodologies, and as new generation 

technologies become more cost effective and common place, these will likely become the tool 

of choice. 

 

9.3 How this thesis contributes to conservation research 

 

The main aim of many conservation genetic studies is generally to provide information that 

will aid in species persistence.  This thesis addresses these issues in three ways.  Firstly, the 

microsatellite map we have developed will be a practical and beneficial starting point for all 

future studies of microsatellite variation in many carnivore species, allowing levels of 

genome-wide variation to be accurately characterised through directed choice of 

microsatellites.  This methodology has the capacity to be applied to numerous species; since 

most conservation genetics studies begin with a general assessment of diversity at 

microsatellite loci, this work will aid in the general characterisation of microsatellites in many 

species, and specifically those that are able to be managed in such a way that allows breeding 

based on genetic diversity.  Secondly, this study has shown that inbreeding could be occurring 

within the NZSL population, and that genetic diversity is generally low.  Inbreeding has 

detrimental effects on all aspects of species survival and persistence; maintenance of adequate 

genetic diversity is important for disease susceptibility, species persistence and population 
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size recovery, therefore the addition of genetic data to population trend information may help 

guide policy decisions and help direct the future management of this species, e.g. by-catch 

quotas (Robertson and Chilvers, 2011).  Thirdly, the knowledge that the NZSL is depauperate 

in allelic diversity, along with the other genetic idiosyncrasies identified through this study, is 

important for the long-term conservation management of this fragile species.  For instance, 

these data could be used to guide decisions regarding the translocation of individuals from 

areas where the probability of survival is poor, to areas where survival is relatively high.  

Translocation as a management strategy has been successfully achieved in the Hawaiian 

monk seal Monachus schauinslandi (Schultz et al., 2011), as illustrated by translocation of 

individuals from a declining subpopulation into a small but growing subpopulation.  The 

NZSLs in the Auckland Islands are lacking in allelic richness and inbreeding is potentially 

occurring, however two other regions (Campbell Island and the Otago Peninsula) may show 

increased diversity relative to the animals in this study.  If this is the case, one may consider 

the translocation of animals between colonies to increase genetic diversity.  Genetic data 

should be used to evaluate individuals within the NZSL population if this technique is chosen 

to aid in NZSL persistence and population re-growth. 

 

9.4 Avenues for further investigation 

 

This thesis presents a body of work that answers many questions relating to genetic diversity 

of a threatened mammalian species, yet also results in a series of questions that identify 

opportunities for further investigation, both in this species and beyond. 

 

The presentation of a predicted physical map of the pinniped genome (Chapter 3) is a useful 

milestone in the genetic analysis of species for which a genome sequence has not yet been 

determined.  It allows the placement in the genome of otherwise anonymous loci, which 

consequently means that any genomic characteristics of interest can be investigated more 

fully, be that through detection of putative candidate genes in the region, or identification of 

further microsatellites with which to more accurately define the region.  In addition, due to the 

demonstrated conservation between microsatellites and their flanking regions within species 

of the Carnivora, expansion of this map to include microsatellites from other closely related 

species, for example mustelids and ursids, would be a welcome addition to the genetic 

dissection of predicted genome structure in non-model species.  This would likewise allow 
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more accurate inferences of HFCs in species of conservation concern, whilst maintaining the 

advantage of non-invasive sampling techniques in precious species.   

 

The inclusion of microsatellite positions in the UCSC Genome Browser along with details of 

their conservation among species will allow the map to become an evolving entity and will 

encourage expansion of this resource.  Emerging in silico resources for non-model species, 

such as The Genome 10K project which aims to assemble a collection of 10,000 vertebrate 

genome sequences, will further strengthen the expansion of this resource.  The acquisition of 

new genome sequences will potentially lead to marker identification and selection being 

carried out in silico, which will generate a wealth of new data for inclusion into this resource. 

 

Chapter 4 raised several interesting hypotheses regarding the associations of microsatellites 

with fitness traits in NZSL pups.  These data are also of broad utility in the adult population.  

The cohort used in this study includes adult males and females.  Many of the live pups are the 

offspring of tagged females and hence maternity can be assigned to a percentage of the pup 

population, however paternity is unknown.  Further work here would be to investigate more 

fully the assignment of paternity in the NZSL population.  While resources currently available 

were not able to assign paternity to pups at a level of significance that was deemed adequate 

in this study, continued development of such resources will at some stage allow the more 

accurate inference of paternity through use of microsatellite data.  It would be particularly 

interesting to determine if territorial males are over-represented in paternity assignments.  

This would facilitate a multitude of further analyses regarding fitness differences of pups sired 

by territorial versus subordinate males.  It could also lead to investigation of female mate 

choice, to determine whether females are choosing to mate with less-related individuals. Such 

relationships could be examined using (i) microsatellite variation, where microsatellite data 

has revealed that females can actively choose to breed with males which are heterozygous at 

microsatellite loci and less related to themselves (Hoffman et al., 2007b)  and (ii) MHC, 

which has been shown to influence female mate preference and offspring fitness in numerous 

systems through odour perception and sensory evaluation of the MHC of potential mates 

(Yamazaki et al., 1983, Potts et al., 1994, Hoffman et al., 2007b, Kempenaers, 2007).   

 

An interesting finding here was the low level of variation seen in territorial male NZSLs, 

while they displayed a level of relatedness that was significantly lower than non-territorial 

males.  This suggests that the coalitions of territorial males formed between related 
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individuals in other species (Packer et al., 1991, Parsons et al., 2003) do not appear to be 

formed by NZSL territorial males.  An interesting extension of this study would be to monitor 

the beach of origin of territorial males, since it is possible that perhaps territorial males which 

maintain harems at Sandy Bay have migrated from what is effectively a variety of discrete, 

small subpopulations (the various other breeding beaches).  Currently, others are intending to 

investigate this and it would be interesting to pursue this further by use of relatedness 

measures to make inferences about social relationships in the sample, where spatial data 

would benefit from the inclusion of genetic data to predict relatedness. 

 

In Chapter 5 we showed that variation in pup birth weight and growth rate was unable to be 

attributed to either pup or maternal IR, or any other measure of heterozygosity.  It has 

previously been documented in other pinniped species that maternal weight is an important 

factor in pup condition, especially pup birth weight and subsequent growth rates (Bowen et 

al., 1994).  A worthwhile future application of the methodologies used here would be to 

gather maternal data, for example, maternal weight, body condition and investment in pup 

care.  The addition of maternal information to analyses of pup birth weight and growth rates 

may aid in the inference of the role of genetic variation in pup birth weight and growth rates, 

since these are likely to be heavily influenced by maternal factors in addition to levels of 

genetic diversity.  Again, this work is currently being pursued by others and genetic data 

would be a beneficial addition to such analyses. 

 

The preliminary investigation of the gene SLC11A1 in the NZSL is the first study of this gene 

in a natural population.  While we were unable to show a correlation between variation in this 

gene and pup death from bacterial infection, a beneficial and interesting progression of this 

study would be the incorporation of in vitro binding studies of transcription factors.  This 

would allow analysis of specific transcription factor binding to the SLC11A1 promoter region 

in NZSLs.  Following this, it would be possible to develop a reporter gene assay to determine 

whether the promoter polymorphism affects the activity of the promoter region in NZSLs, and 

may lead to the attribution of functional differences between variants.  These further studies 

would be a constructive advance in the elucidation of the genetic mechanisms of disease 

resistance or susceptibility in natural populations, and would add to the literature surrounding 

this intriguing gene. 
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The inclusion of NGS technologies in characterisation of MHC variation in Chapter 7 

supplied a wealth of data for exploring further nuances of MHC diversity and evolution.  For 

example, it might be possible to use NGS data to look for recombinant haplotypes, as this is 

something that could potentially be empirically measured from the data generated in this 

study.  In addition, the haplotypes shown here to be differentially present between status 

groups could be explored via in vitro peptide-binding assays, in response to the pathogens that 

have previously infected the NZSL population.  This would provide a functional study of 

observed haplotype differences and would be a worthwhile contribution to the field, as it 

would help to define how amino acid substitutions affect peptide-binding.  This knowledge 

could be used to predict resistance or susceptibility to different pathogens in the NZSL as well 

as in other species. 

 

Finally, the inclusion of other MHC loci in the study of variation in the NZSL would be a 

useful extension of these analyses, particularly class I MHC genes and T-cell receptors which 

are other important components of the acquired immune response, and Toll and Toll-like 

receptor loci, important as part of innate immunity.  The extension of class II studies to other 

genes, for example MHC DRA, would be informative.  This locus, which was previously 

thought to be largely monomorphic (Yuhki and Obrien, 1997, Castillo et al., 2010), has 

recently been shown to display unexpected levels of diversity in sheep (Ballingall et al., 

2010), and would therefore be an interesting addition to the study of MHC variation in the 

NZSL. 

 

The NZSL is unusually susceptible to bacterial pathogens, however one wonders whether this 

susceptibility is due to opportunistic pathogens, and whether viral infection is predisposing 

NZSL pups to bacterial infection, rather than susceptibility to bacterial mortality itself. 

However, to date viral pathogens have not been detected in dead NZSL pups (Castinel et al., 

2007b).  Nonetheless, morbilliviral infections have been strong drivers of mass mortality in 

other systems, although in many instances the primarily cause of death were opportunistic 

infections and further investigation is needed.   
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9.5 Overall relevance 

 

The NZSL is a species of great conservation concern, which provided a useful non-model, 

natural population, in which to explore the relationships between genetic variation at a 

number of loci and various measures of fitness.  Previously, little was known about genetic 

variation in the NZSL and how this genetic variation affected traits relative to fitness.  This 

thesis illustrates the potential importance of genetic variation in the resistance to a variety of 

pathogens of the NZSL, and also contributes to the characterisation of genes that are 

potentially important contributors to fitness traits in this non-model species.  Ultimately, this 

thesis helps to define how genetic variation can influence disease resistance and fitness traits 

in the NZSL and thus should aid conservation both of the NZSL and other species of 

conservation significance. 
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Microsatellite oligonucleotide sequences and PCR conditions for validation of cross-species amplification 

ability 

Locus Primers (5'-3') 
Annealing 

temperature (T)     

Ag5_F cattggagccaaatcaacct 
51     

Ag5_R tgccccctcaactgtatttt 
    

Lc5_F atcttcaggctttcttct 
45  

PCR 

Conditions:  

Lc5_R ttcacggactcaaataat 
 

94 5 min 
 

Ms225_F ttttcattaaaaacccccaca 
45  

94 30 sec 

x 30 Ms225_R tggctcaagaaagccactgt 
 

T 45 sec 

Ms265_F aatttacgccctacctccag 
51  

72 45 sec 

Ms265_R ccgtgatccagacacctttt 
 

94 30 sec 

x 8 Ms310_F ccccaagacttcaagctgag 
51  

53 45 sec 

Ms310_R gggtgagggagaagagaagg 
 

72 45 sec 

Ms327_F ttggcttattcaagggcatc 
na  

72 10 min 
 

Ms327_R cagaattccatttgcctcaga 
    

Ms355_F aagcaccccagatcttttga 
56     

Ms355_R aagaataggctgctccatgc 
    

Ms358_F aagcaaacttaatgggcaaaa 
51     

Ms358_R caatgtggtggctgcttaac 
    

Ms436_F gcagggactgagaagattgg 
51     

Ms436_R tcagtctcaacaagaatcctcct 
    

Ms479_F tgagccagggtctcaaaact 
51     

Ms479_R tcatccaagcactccatctg 
    

Ms485_F tgttgcaaagcacagagacc 
56     

Ms485_R gccccattaacttcagtcca 
    

Ms501_F gctcaccattgttttgtaggc 
na     

Ms501_R tcccttcgttggagagtcac 
    

Ms527_F ggggaggaggacaactgaat 
45     

Ms527_R tcacctccttagccagtgct 
    

Ms586_F tgttgcacgctctttgtttc 
51     

Ms586_R agttgggccagaagaaatcc 
    

Ms594_F gatgacatccttcccccttt 
51     

Ms594_R gggaacatgattcatccaca 
    

Ms622_F gccagtgtgatggatttgtg 
na     

Ms622_R ttattctttgctcgctggtg 
    

Ms647_F ccaaaacctgagattgcaaaa 
56     

Ms647_R ccctctaccctgctccttct 
    

Ms675_F ggagggagggaaaacagaac 
56     

Ms675_R catgcctgtcacatagtaggc 
    

Msc06_F gacccccagatacacattgg 51 
    

APPENDIX 1 
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Msc06_R ctttaggagtgggtgcgtgt 
    

Msc24_F tcggggatgaacctattgag 
51     

Msc24_R tcctcccttcttccttttcc 
    

OrrFCB21_F atgctagtagggacttccacttc 
na     

OrrFCB21_R tttggcaatgtgtggagatacttg 
    

PVC26_F attttctccatacctacataat 
45     

PVC26_R attgtgatcccatttttgtaa 
    

ZcCgDhB.14_F ttacacaccttcctgggatagag 
na     

ZcCgDhB.14_R acgatgccttgctctgttacc 
    

ZcwB07_F cagccagttactcttcctcaactg 
56     

ZcwB07_R gacacagcagaggtaacacacaag 
    

ZcwE03_F ctacacctttggctcctca ctct 
51     

ZcwE03_R gtctcttgccatcttgtgtggt 
    

ZcwE04_F gctgctgttaccacctttgtt 
56     

ZcwE04_R taagaagacccaggatagagaccag 
    



 

 

 

                
A table to show where pinniped microsatellites were aligned to regions of the dog, cat and giant panda genomes.  Unique hits to target genomes are shown by E values of assignment.  Where no E value is shown, pinniped 
microsatellites did not provide a unique hit to the target genome of that species.  Since only the dog genome is currently assembled into chromosomes, we have shown the location of pinniped microsatellites in the dog genome 

as chromosomal positions.  Cons., conservation of the microsatellite repeat element is also shown, 1 shows conservation, 0 shows no detected conservation of repeat element. %, percent identity between pinniped microsatellite 

flanking sequence and the target genome (dog, cat, giant panda).  Dog start (Mb), the base pair position of alignment of pinniped microsatellite flanking sequence on the dog genome scaffold.  

Microsatellite E value  %  Cons. E value %  Cons. E value %  Cons. 
Dog chromosome 

assignment 

Dog 

start 

(Mb) 

Microsatellite 

conservation across 

1, 2 or 3 target 

species 

Reference 
Accession 

number 
Species 

 
Dog Cat Giant panda 

      

13HDZ462 1.15E-15 83.8 1 
  

0 
  

0 5 76.9 1 1 DQ777851 
Eumetopias 

jubatus 

71HDZ15 
  

0 
  

0 5.88E-11 85.11 1 
  

1 1 DQ777852 
Eumetopias 

jubatus 

71HDZ2x 7.41E-20 91.25 0 1.00E-13 87.8 0 
  

1 12 33.1 1 1 DQ777840 
Eumetopias 

jubatus 

71HDZ301 3.75E-65 88.71 1 
  

1 
  

1 6 67.6 3 1 DQ777847 
Eumetopias 

jubatus 

71HDZ441 
  

0 
  

0 7.69E-29 85.98 1 
  

1 1 DQ777849 
Eumetopias 

jubatus 

71HDZ54 
  

1 
  

1 4.00E-25 93.75 0 
  

2 1 DQ777843 
Eumetopias 

jubatus 

71HDZ5A 
  

0 
  

1 6.67E-14 84.87 1 
  

2 1 DQ777853 
Eumetopias 

jubatus 

71HDZ5x 
  

0 
  

0 4.00E-11 93.88 1 
  

1 1 DQ777841 
Eumetopias 

jubatus 

Ag1 2.00E-27 88.28 0 
  

0 6E-61 94.29 0 11 20.2 0 2 EU045412 
Arctocephalus 

gazella 

Ag10 1.89E-29 83.64 1 
  

0 1.5E-12 86.26 1 12 29.9 2 2 EU045421 
Arctocephalus 

gazella 

Ag2 3.92E-83 94.29 1 9E-81 92.41 1 
  

1 17 24.8 3 2 EU045413 
Arctocephalus 

gazella 

Ag3 
  

1 
6.6667E-

42 
89.03 1 4E-49 83.28 1 

  
3 2 EU045414 

Arctocephalus 

gazella 

Ag4 3.85E-25 90.91 0 
3.3333E-

22 
98.33 0 

  
0 4 44.5 0 2 EU045415 

Arctocephalus 

gazella 

Ag5 5.00E-21 84.44 1 2.25E-29 84.43 1 1E-46 87.1 1 10 13.7 3 2 EU045416 
Arctocephalus 

gazella 

Ag6 
  

0 
  

0 
4.737E-

120 
85.64 0 

  
0 2 EU045417 

Arctocephalus 

gazella 
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Ag7 
  

1 
2.3077E-

29 
86.84 1 5E-27 85.53 0 

  
2 2 EU045418 

Arctocephalus 
gazella 

Ag8 1.50E-48 89.69 1 5E-37 84.85 1 8E-30 92.38 1 22 3.2 3 2 EU045419 
Arctocephalus 

gazella 

GS5 1.00E-34 91.3 0 3E-71 87.29 1 
  

1 10 10.5 2 3 G02093 
Halichoerus 

grypus 

H14 
  

0 
8.5366E-

29 
85.63 1 

  
1 

  
2 4 AF417693 

Hydrurga 

leptonyx 

Hg1.3 5.26E-55 87.61 1 
3.3898E-

19 
87.18 1 

1.4286E-
64 

93.64 1 28 20.4 3 5 AF055864 
Halichoerus 

grypus 

Hg1.4 
  

0 
  

1 4E-20 87.61 1 
  

2 5 AF055862 
Halichoerus 

grypus 

Hg2.3 
  

0 
4.5455E-

49 
86.73 1 2E-46 87.1 1 

  
2 5 AF055863 

Halichoerus 
grypus 

Hg4.2 7.00E-12 94.00 1 
  

1 4E-32 89.31 0 33 29 2 3 G02090 
Halichoerus 

grypus 

Hg6.1 7.00E-19 92.86 1 
  

0 
3.5714E-

62 
91.33 1 13 22.5 2 3 G02091 

Halichoerus 
grypus 

Hg6.3 2.50E-60 86.96 1 
  

1 5E-55 90.43 1 21 46.7 3 3 G02092 
Halichoerus 

grypus 

Hg8.10 3.57E-56 86.08 0 
3.3333E-

34 
90.4 1 

8.3333E-
97 

91.13 1 32 6.7 2 3 G02096 
Halichoerus 

grypus 

Hg8.9 6.00E-53 87.73 1 
  

0 1.087E-37 94.44 1 24 40.4 2 3 G02094 
Halichoerus 

grypus 

Hgdii 
  

1 
  

0 
1.2857E-

18 
88.46 1 

  
2 3 G02095 

Halichoerus 
grypus 

Hl14 
  

1 
  

0 9.375E-44 92.09 1 
  

2 6 AF140586 
Hydrurga 

leptonyx 

Hl16 5.56E-73 91.67 1 
  

0 
1.3333E-

18 
92.78 1 15 19.3 2 6 AF140588 

Hydrurga 
leptonyx 

Lc13 
  

0 
9.8039E-

29 
94.32 0 2E-58 92.44 1 

  
1 6 AF140581 

Lobodon 

carcinophagus 

Lc18 1.49E-51 83.43 1 5E-52 83.38 1 
  

1 8 33.3 3 6 AF140582 
Lobodon 

carcinophagus 

Lc26 6.00E-20 81.9 1 
  

1 
  

1 22 47.4 3 6 AF140583 
Lobodon 

carcinophagus 

Lc28 1.00E-12 94.52 0 
  

0 
3.4483E-

28 
85.88 1 5 15 1 6 AF140584 

Lobodon 
carcinophagus 

Lc5 5.00E-52 86.6 0 4E-46 90.12 1 
6.6667E-

88 
90.88 1 25 33.4 2 4 AF417694 

Lobodon 

carcinophagus 

Lc6 7.14E-48 84.62 1 
8.6957E-

57 
85.71 1 1.5E-14 95.6 1 27 5.4 3 6 AF140580 

Lobodon 

carcinophagus 

Lw10 9.09E-35 87.97 1 
1.7778E-

42 
90.26 1 7E-71 92.12 1 11 72.9 3 6 AF140592 

Leptonychotes 

weddellii 

Lw11 1.85E-60 87.16 1 
  

0 1E-43 92.98 1 5 57.2 2 6 AF140593 
Leptonychotes 

weddellii 

Lw15 
  

0 6.25E-39 87.57 1 
  

1 
  

2 4 AF417691 Leptonychotes 



 

weddellii 

Lw16 
  

1 
  

0 
7.1429E-

29 
89.74 1 

  
2 6 AF140594 

Leptonychotes 

weddellii 

Lw20 
  

0 
  

0 2E-38 87.03 1 
  

1 6 AF140595 
Leptonychotes 

weddellii 

Lw4 1.00E-28 86.28 0 
  

0 
4.2857E-

31 
88.48 0 5 17.1 0 6 AF140590 

Leptonychotes 

weddellii 

Lw5 
  

0 
4.918E-

132 
90.37 0 5E-92 93.29 0 

  
0 4 AF417688 

Leptonychotes 
weddellii 

Lw7 4.00E-63 91.58 1 
  

0 
2.0455E-

60 
90.77 1 1 33.9 2 6 AF140591 

Leptonychotes 

weddellii 

M11 2.50E-69 89.74 0 
1.875E-

20 
87.5 1 2E-63 92.41 1 7 47.5 2 7 GU206383 

Monachus 
schauinslandi 

Ms127 3.03E-40 93.22 1 1.5E-36 90.14 1 
6.0606E-

30 
85.96 1 15 13.7 3 7 GU206388 

Monachus 

schauinslandi 

Ms13 2.70E-13 91.94 1 
  

0 
  

0 30 36.7 1 7 GU206384 
Monachus 

schauinslandi 

Ms145 4.76E-21 89.58 0 
  

0 
4.7619E-

30 
84.62 0 3 43.4 0 7 GU206390 

Monachus 

schauinslandi 

Ms15 
  

0 
  

0 3E-37 88.82 1 
  

1 8 EU913767 
Monachus 

schauinslandi 

Ms17 1.00E-166 89.88 1 
3.846E-

160 
89.58 1 

  
1 6 47.2 3 7 GU206385 

Monachus 

schauinslandi 

Ms18 1.37E-24 90.29 0 
  

0 
1.9608E-

44 
93.18 1 14 44.9 1 7 GU206386 

Monachus 
schauinslandi 

Ms195 
  

0 
4.3478E-

18 
92.75 0 

3.8889E-

28 
88.8 0 

  
0 7 GU206392 

Monachus 

schauinslandi 

Ms201 
  

0 
  

0 1E-22 90 1 
  

1 7 GU206393 
Monachus 

schauinslandi 

Ms208 4.44E-34 95.65 1 
  

0 6E-19 86.84 1 29 23.1 2 7 GU206395 
Monachus 

schauinslandi 

Ms221 
  

0 4E-21 87.96 0 1E-31 90.91 1 
  

1 7 GU206398 
Monachus 

schauinslandi 

Ms225 1.20E-24 86.11 1 2.5E-44 92.2 0 2E-48 93.53 0 29 39.5 1 7 GU206399 
Monachus 

schauinslandi 

Ms227 
  

0 
1.1765E-

74 
85.08 1 

  
1 

  
2 7 GU206400 

Monachus 

schauinslandi 

Ms229 
  

1 
  

0 5E-52 87.22 0 
  

1 7 GU206401 
Monachus 

schauinslandi 

Ms23 
  

0 
6.9767E-

14 
81.52 0 

7.2727E-

51 
89.36 1 

  
1 8 EU913768 

Monachus 

schauinslandi 

Ms255 6.67E-39 92.96 1 
  

0 2E-41 94.84 0 23 17.5 1 7 GU206405 
Monachus 

schauinslandi 

Ms259 
  

0 
  

0 5E-25 91.11 1 
  

1 7 GU206406 
Monachus 

schauinslandi 

Ms262 1.76E-48 87.16 1 4E-34 82.47 1 
9.5238E-

78 
89.3 0 5 40.4 2 7 GU206408 

Monachus 

schauinslandi 



 

Ms264 1.50E-64 85.71 0 
5.2941E-

27 
87.41 1 

7.692E-
122 

91.74 0 17 20.7 1 7 GU206409 
Monachus 

schauinslandi 

Ms265 3.00E-24 86.89 1 7E-17 88.64 1 1E-60 87.08 1 12 36.5 3 8 EU913769 
Monachus 

schauinslandi 

Ms269 1.92E-45 88.59 0 
  

1 1E-58 86.42 0 11 7.4 1 7 GU206410 
Monachus 

schauinslandi 

Ms280 
  

0 
  

0 7E-34 85.79 1 
  

1 7 GU206411 
Monachus 

schauinslandi 

Ms284 7.87E-23 91.01 1 
  

1 2E-32 91.33 1 12 33.1 3 7 GU206412 
Monachus 

schauinslandi 

Ms292 4.92E-166 90.83 1 
  

1 0 92.45 1 17 20.1 3 7 GU206414 
Monachus 

schauinslandi 

Ms306 1.43E-89 85.45 1 2E-23 95.71 1 5E-55 97.7 1 15 49.9 3 7 GU206416 
Monachus 

schauinslandi 

Ms309 2.25E-91 85.28 0 
  

0 
2.899E-

158 
89.55 1 34 36.2 1 7 GU206417 

Monachus 

schauinslandi 

Ms310 2.22E-85 97.18 0 
8.889E-

137 
88.41 1 

2.105E-
168 

90.25 1 13 53.9 2 7 GU206418 
Monachus 

schauinslandi 

Ms312 2.00E-32 83.24 1 
  

1 1.75E-125 88.27 1 16 8 3 7 GU206420 
Monachus 

schauinslandi 

Ms314 1.11E-139 88.57 1 
  

1 4E-163 89.9 1 1 68.2 3 7 GU206421 
Monachus 

schauinslandi 

Ms316 
  

0 
  

1 2E-42 90.32 0 
  

1 7 GU206422 
Monachus 

schauinslandi 

Ms317 7.00E-52 84.62 0 
  

0 0 89.47 1 29 11.3 1 7 GU206423 
Monachus 

schauinslandi 

Ms322 8.57E-54 93.04 1 
  

0 
1.4286E-

52 
88.78 0 24 47 1 7 GU206424 

Monachus 

schauinslandi 

Ms323 1.00E-58 87.77 1 
  

1 1.5E-24 86.68 1 2 8.3 3 7 GU206425 
Monachus 

schauinslandi 

Ms327 3.64E-68 82.42 1 
1.6667E-

64 
80.82 1 9E-91 91.57 1 5 90.1 3 7 GU206426 

Monachus 

schauinslandi 

Ms342 6.25E-70 85.63 1 
1.3333E-

73 
86.61 1 4E-145 89.12 1 38 7.6 3 7 GU206430 

Monachus 
schauinslandi 

Ms346 1.67E-76 85.52 0 
  

1 
2.667E-

171 
88.57 1 16 55.2 2 7 GU206431 

Monachus 

schauinslandi 

Ms355 1.39E-166 86.43 1 
4.348E-

129 
89.3 1 0 91.17 1 22 22.2 3 7 GU206433 

Monachus 
schauinslandi 

Ms357 
  

1 
  

0 1.2E-18 98.28 0 
  

1 7 GU206434 
Monachus 

schauinslandi 

Ms358 0.00E+00 89.23 1 
3.0769E-

87 
83.66 0 2E-144 92.62 1 X 57.2 2 7 GU206435 

Monachus 

schauinslandi 

Ms368 3.33E-65 88.84 1 
  

0 
2.1429E-

66 
88.76 1 15 53.9 2 7 GU206436 

Monachus 

schauinslandi 

Ms373 
  

0 
1.1842E-

12 
94.23 0 4E-32 85.41 1 

  
1 7 GU206437 

Monachus 

schauinslandi 

Ms377 4.00E-22 89.76 1 2.1053E- 86.07 0 1E-74 92.54 0 7 62.1 1 7 GU206438 Monachus 



 

20 schauinslandi 

Ms381 
  

0 
1.1111E-

52 
84.18 0 

  
1 

  
1 7 GU206439 

Monachus 

schauinslandi 

Ms384 8.00E-134 88.22 1 7E-15 96.15 0 
8.571E-

134 
89.17 1 24 19.8 2 7 GU206440 

Monachus 
schauinslandi 

Ms385 2.60E-121 86.33 1 
2.041E-

109 
86.67 1 

  
0 31 28.7 2 7 GU206441 

Monachus 

schauinslandi 

Ms387 3.75E-12 91.07 0 
  

0 9E-57 88.58 0 22 56 0 7 GU206442 
Monachus 

schauinslandi 

Ms390 5.41E-126 84.23 0 
8.6957E-

51 
81.47 0 0 89.95 1 23 50.4 1 7 GU206443 

Monachus 

schauinslandi 

Ms414 3.80E-93 88.62 1 
  

0 4E-98 91.88 1 X 13.8 2 7 GU206445 
Monachus 

schauinslandi 

Ms419 
  

1 
  

0 
7.1429E-

20 
89.52 1 

  
2 7 GU206447 

Monachus 

schauinslandi 

Ms430 2.00E-73 88.48 1 5E-59 87.15 0 2E-94 86.96 1 4 63.9 2 7 GU206450 
Monachus 

schauinslandi 

Ms434 3.00E-59 91.32 1 
  

1 4E-34 89.59 1 8 12.6 3 7 GU206451 
Monachus 

schauinslandi 

Ms436 5.00E-131 90.76 1 0 92.39 1 0 92.92 1 13 3.6 3 7 GU206452 
Monachus 

schauinslandi 

Ms443 9.09E-152 88.53 1 
6.9767E-

85 
85.68 1 

1.818E-

153 
88.47 0 11 65.4 2 7 GU206453 

Monachus 

schauinslandi 

Ms457 4.60E-55 93.88 1 
  

0 8E-60 94.44 1 13 18.5 2 7 GU206454 
Monachus 

schauinslandi 

Ms459 9.26E-66 87.94 1 
  

0 
4.7619E-

89 
86.11 1 23 51.4 2 7 GU206455 

Monachus 

schauinslandi 

Ms461 6.00E-15 91.96 1 
5.0505E-

58 
88.44 0 

  
0 18 43.3 1 7 GU206456 

Monachus 

schauinslandi 

Ms463 
  

0 
  

1 
3.3333E-

68 
91.49 0 

  
1 7 GU206458 

Monachus 

schauinslandi 

Ms468 5.00E-77 90.62 1 6E-96 89.2 0 
  

1 6 45.7 2 7 GU206460 
Monachus 

schauinslandi 

Ms469 2.00E-32 91.3 1 1E-09 87.01 0 1E-36 87.9 1 16 48.8 2 7 GU206461 
Monachus 

schauinslandi 

Ms473 
  

1 1.5E-43 83.74 0 
2.1053E-

91 
89.86 0 

  
1 7 GU206462 

Monachus 

schauinslandi 

Ms479 1.30E-61 89.86 1 
2.7027E-

28 
85.99 0 1.25E-27 94.04 1 16 42.3 2 7 GU206463 

Monachus 

schauinslandi 

Ms485 2.86E-87 86.96 1 
7.273E-

119 
90.5 1 

4.286E-

126 
91.55 1 1 65.3 3 7 GU206465 

Monachus 

schauinslandi 

Ms486 5.00E-70 93.14 1 
  

0 0 87.91 1 30 19 2 7 GU206466 
Monachus 

schauinslandi 

Ms494 5.26E-67 85.85 1 8E-57 88.05 0 
  

0 28 7.8 1 7 GU206467 
Monachus 

schauinslandi 

Ms501 7.69E-156 84.18 1 4E-52 79.66 0 0 90.49 1 4 50.6 2 7 GU206468 
Monachus 

schauinslandi 



 

Ms509 6.00E-36 88.97 0 
  

1 
  

1 1 96.1 2 7 GU206469 
Monachus 

schauinslandi 

Ms511 1.00E-43 86.67 0 
3.3333E-

12 
81.8 0 0 88.06 0 25 43.6 0 7 GU206470 

Monachus 

schauinslandi 

Ms513 
  

0 
  

1 6.25E-76 90.4 1 
  

2 7 GU206471 
Monachus 

schauinslandi 

Ms514 1.00E-99 84.3 1 
  

0 
2.143E-

119 
86.67 0 7 37 1 7 GU206472 

Monachus 

schauinslandi 

Ms520 
  

0 5E-21 87.96 0 4E-114 88.14 0 
  

0 7 GU206474 
Monachus 

schauinslandi 

Ms527 1.11E-173 89.08 0 
4.348E-

105 
85 1 0 92.32 1 20 31.4 2 7 GU206475 

Monachus 

schauinslandi 

Ms538 
  

0 
  

0 0 89.89 0 
  

0 7 GU206477 
Monachus 

schauinslandi 

Ms543 6.10E-67 83.19 1 
3.0769E-

53 
80.12 1 2.439E-94 87.63 0 6 25.2 2 7 GU206477 

Monachus 

schauinslandi 

Ms546 2.56E-16 87.04 1 
  

0 
7.1429E-

17 
87.34 1 1 81.3 2 7 GU206478 

Monachus 
schauinslandi 

Ms550 
  

0 
  

0 
1.7647E-

42 
85.34 1 

  
1 7 GU206480 

Monachus 

schauinslandi 

Ms551 2.33E-106 87.99 1 
1.8182E-

14 
85.98 0 

1.3333E-
98 

87.65 1 13 27.6 2 7 GU206481 
Monachus 

schauinslandi 

Ms557 2.50E-57 89.26 1 
  

1 1E-92 92.52 0 22 31.6 2 7 GU206483 
Monachus 

schauinslandi 

Ms560 
  

1 
  

0 2.5E-69 90.78 1 
  

2 7 GU206484 
Monachus 

schauinslandi 

Ms564 
  

1 9E-10 86.84 0 
  

0 
  

1 7 GU206485 
Monachus 

schauinslandi 

Ms565 
  

0 5E-40 85.89 0 6E-52 86.84 0 
  

0 7 GU206486 
Monachus 

schauinslandi 

Ms575 5.00E-45 85.75 1 
5.3846E-

27 
91.92 0 5E-113 84.77 1 5 82.4 2 7 GU206489 

Monachus 

schauinslandi 

Ms586 1.43E-129 84.77 1 
3.636E-

142 
86.51 1 0 89.11 0 3 28.8 2 7 GU206491 

Monachus 
schauinslandi 

Ms594 1.80E-11 91.96 1 
6.3158E-

42 
94.12 0 

7.895E-

134 
95.08 1 3 52.1 2 7 GU206492 

Monachus 

schauinslandi 

Ms601 8.33E-54 97.16 1 
1.071E-

120 
90.76 1 

  
1 3 23 3 7 GU206493 

Monachus 
schauinslandi 

Ms603 3.00E-35 86.48 1 
  

0 2E-42 88.1 1 9 19.5 2 7 GU206494 
Monachus 

schauinslandi 

Ms612 3.00E-56 82.12 1 
  

1 
1.667E-

172 
91.4 1 22 26.4 3 7 GU206495 

Monachus 

schauinslandi 

Ms613 0.00E+00 88.36 1 5E-91 387 0 0 91.54 0 33 3.2 1 7 GU206496 
Monachus 

schauinslandi 

Ms614 5.71E-64 88.4 1 
  

1 
  

1 10 9.1 3 7 GU206497 
Monachus 

schauinslandi 

Ms615 2.30E-75 84.52 0 8.5714E- 83.82 0 1.3636E- 87.94 1 1 43.9 1 7 GU206498 Monachus 



 

35 64 schauinslandi 

Ms618 6.00E-39 92 1 
  

0 
6.6667E-

51 
90.8 1 25 43.7 2 7 GU206500 

Monachus 

schauinslandi 

Ms619 6.00E-110 86.44 0 1.25E-71 84.39 1 0 90.43 0 23 47.5 1 7 GU206501 
Monachus 

schauinslandi 

Ms621 1.17E-21 87.15 1 
  

0 
  

1 33 23.4 2 7 GU206503 
Monachus 

schauinslandi 

Ms622 4.44E-40 84.75 1 
3.4483E-

34 
86.9 1 

3.7037E-
59 

87.35 1 4 53.2 3 7 GU206504 
Monachus 

schauinslandi 

Ms623 1.25E-92 88.03 1 
  

1 
4.688E-

151 
89.49 1 6 25 3 7 GU206505 

Monachus 

schauinslandi 

Ms627 8.00E-61 88.7 0 
2.2222E-

38 
83.04 0 

  
0 7 64.5 0 7 GU206507 

Monachus 
schauinslandi 

Ms629 5.00E-166 87.56 1 1.5E-15 87.75 1 0 90.83 1 2 13.1 3 7 GU206508 
Monachus 

schauinslandi 

Ms631 4.00E-59 87.65 1 
1.875E-

88 
89.63 0 0 90.04 0 18 22.1 1 7 GU206509 

Monachus 
schauinslandi 

Ms640 
  

1 
3.1818E-

19 
83.75 1 1E-34 90 1 

  
3 7 GU206511 

Monachus 

schauinslandi 

Ms643 1.40E-64 90.53 1 4E-65 87.58 1 1.8E-11 91.82 1 X 10.6 3 7 GU206512 
Monachus 

schauinslandi 

Ms647 2.00E-69 84.6 1 
9.6774E-

63 
83.75 1 6E-57 88.79 1 1 64.2 3 8 EU913765 

Monachus 

schauinslandi 

Ms650 
  

0 
  

1 1E-59 87.36 1 
  

2 7 GU206513 
Monachus 

schauinslandi 

Ms653 1.11E-43 86.1 1 
  

0 
  

1 1 24 2 7 GU206514 
Monachus 

schauinslandi 

Ms655 
  

0 
  

0 0 88.9 1 
  

1 7 GU206515 
Monachus 

schauinslandi 

Ms656 8.70E-168 88.68 0 
1.1111E-

77 
89.3 1 0 92.23 1 2 49.5 2 7 GU206516 

Monachus 

schauinslandi 

Ms658 1.60E-110 86.12 1 
  

0 
3.175E-

158 
89.92 0 17 29.9 1 7 GU206517 

Monachus 

schauinslandi 

Ms663 6.67E-153 90.5 0 
6.6667E-

52 
91.67 1 0 90.92 1 27 25.6 2 8 EU913764 

Monachus 

schauinslandi 

Ms666 1.00E-141 90.09 0 
  

1 
6.667E-

110 
92.36 0 36 25.6 1 7 GU206518 

Monachus 

schauinslandi 

Ms669 1.00E-31 88.64 1 
2.439E-

170 
86.21 0 0 88.83 1 5 49.4 2 7 GU206519 

Monachus 

schauinslandi 

Ms673 7.07E-122 88.37 1 
  

0 
  

0 4 88.3 1 7 GU206520 
Monachus 

schauinslandi 

Ms675 0.00E+00 90.04 1 0 89.41 1 0 92.76 1 35 24.1 3 7 GU206522 
Monachus 

schauinslandi 

Ms682 0.00E+00 88.6 0 
9.756E-

103 
88.92 0 0 91.45 1 8 44.1 1 7 GU206525 

Monachus 

schauinslandi 

Ms7 
  

0 
  

0 3E-37 88.82 1 
  

1 7 GU206382 
Monachus 

schauinslandi 



 

Ms9 
  

0 
  

0 4E-28 83.82 1 
  

1 8 EU913766 
Monachus 

schauinslandi 

Msc01 2.50E-16 93.55 0 
  

0 6.25E-147 92.33 1 22 5.2 1 7 GU206362 
Monachus 

schauinslandi 

Msc02 4.71E-86 92.67 1 
3.6364E-

59 
87.61 0 

5.882E-
107 

89.76 1 35 17.1 2 7 GU206374 
Monachus 

schauinslandi 

Msc04 1.33E-46 89.27 1 
2.1739E-

17 
93.85 0 

1.3333E-

18 
87.85 1 32 13.3 2 7 GU206364 

Monachus 

schauinslandi 

Msc05 7.00E-54 86.72 0 
5.2632E-

43 
91.1 0 

3.3333E-
25 

89.2 1 7 25.8 1 7 GU206365 
Monachus 

schauinslandi 

Msc06 1.67E-76 85.71 1 2E-23 85.23 1 7.5E-39 91.71 0 10 41.1 2 7 GU206375 
Monachus 

schauinslandi 

Msc10 1.11E-36 91.74 1 
8.3333E-

51 
89.73 1 

3.5088E-
81 

91.43 0 11 59.1 2 7 GU206367 
Monachus 

schauinslandi 

Msc13 3.00E-65 93.3 1 4E-109 86.35 1 5E-123 88.68 0 34 36.8 2 7 GU206368 
Monachus 

schauinslandi 

Msc14 3.81E-37 88.05 1 
4.7619E-

21 
82.38 1 

4.2857E-
83 

85.96 1 3 65.9 3 7 GU206376 
Monachus 

schauinslandi 

Msc16 1.32E-27 84.02 1 
  

0 4.878E-86 85.51 1 31 17 2 7 GU206369 
Monachus 

schauinslandi 

Msc17 
  

0 
1.1494E-

73 
88.13 1 

2.2857E-
63 

91.67 1 
  

2 7 GU206370 
Monachus 

schauinslandi 

Msc19 5.00E-24 87.02 1 
  

0 
1.6667E-

42 
92.9 1 30 13.9 2 7 GU206371 

Monachus 

schauinslandi 

Msc20 
  

1 
  

1 2E-31 85.71 1 
  

3 7 GU206379 
Monachus 

schauinslandi 

Msc21 4.00E-37 94.89 1 
  

1 2E-26 94.64 0 5 15.2 2 7 GU206380 
Monachus 

schauinslandi 

Msc23 5.88E-67 87.97 0 
1.1429E-

52 
87.34 1 1.25E-98 90.73 0 28 32.5 1 7 GU206372 

Monachus 
schauinslandi 

Msc24 8.89E-63 96.62 1 
1.3699E-

20 
86.26 1 

3.3333E-

28 
90.64 1 1 54.7 3 7 GU206373 

Monachus 

schauinslandi 

Msc25 1.00E-28 85.08 0 
  

0 
6.6667E-

14 
86.6 1 30 26 1 7 GU206381 

Monachus 
schauinslandi 

OrrFCB1 7.00E-42 89.21 0 
  

1 3E-56 90.44 0 19 51.2 1 9 G34933 

Odobenus 

rosmarus 
rosmarus 

OrrFCB10 
  

1 
  

0 
7.6923E-

63 
86.47 1 

  
2 9 G34935 

Odobenus 

rosmarus 
rosmarus 

OrrFCB2 4.67E-49 86.13 1 
3.3333E-

38 
86.22 0 2E-82 88.93 0 12 23.3 1 9 G34934 

Odobenus 

rosmarus 

rosmarus 

OrrFCB21 3.23E-123 85.85 1 1E-56 84.83 1 
1.935E-

128 
86.9 1 15 28.6 3 9 G34938 

Odobenus 

rosmarus 

rosmarus 



 

OrrFCB24 
  

0 1.5E-42 87.57 1 
2.8125E-

44 
88.04 1 

  
2 9 G34932 

Odobenus 
rosmarus 

rosmarus 

OrrFCB7 3.33E-12 82.22 0 4E-17 90.54 1 
  

1 10 58.3 2 9 G34928 

Odobenus 

rosmarus 
rosmarus 

Pv11 4.00E-37 97.03 1 
  

1 
6.6667E-

57 
92.68 1 28 14.6 3 10 U65444 Phoca vitulina 

PV16 4.12E-74 86.83 1 
  

1 
  

1 1 76.2 3 10 U65445 Phoca vitulina 

PVC19 1.29E-15 90.54 1 
  

0 
  

1 18 16.9 2 11 L40989 Phoca vitulina 

PVC26 7.14E-14 85.37 0 
8.1395E-

23 
94.67 1 5E-21 93.51 1 30 31.6 2 11 L40988 Phoca vitulina 

PVC63 
  

0 
  

0 
1.7241E-

14 
92.31 0 

  
0 11 L40985 Phoca vitulina 

Pvc78 5.00E-18 91.67 0 3E-20 94.12 0 
  

1 36 26.9 1 11 L40983 Phoca vitulina 

PVU94900 1.55E-36 92.44 1 
  

0 
8.6207E-

20 
96.72 0 3 73.8 1 12 U94900 Phoca vitulina 

ZcCgDh1.8 1.18E-55 85.17 1 
  

0 
4.7619E-

92 
90.48 1 1 22.9 2 13 AY676475 

Zalophus 

californianus 

ZcCgDh3 3.50E-52 84.9 0 2E-36 92.83 1 0 92.73 1 12 15.9 2 13 AY676470 
Zalophus 

californianus 

ZcCgDh3.6 4.00E-65 85.45 1 
  

0 1E-80 87.67 1 15 61.9 2 13 AY676476 
Zalophus 

californianus 

ZcCgDh35 8.43E-23 90.53 1 
5.7692E-

70 
86.39 0 3E-69 86.12 0 37 25.3 1 14 AY676471 

Zalophus 
californianus 

ZcCgDh4.7 
  

1 
  

1 
5.4545E-

24 
94.87 1 

  
3 13 AY676478 

Zalophus 

californianus 

ZcCgDh46 1.55E-36 81.84 0 
  

1 
1.552E-

110 
88.24 1 12 17.7 2 14 AY676468 

Zalophus 
californianus 

ZcCgDh5.16 4.29E-31 83.09 0 
1.3333E-

24 
91.67 0 9E-26 92.42 1 34 29 1 13 AY676477 

Zalophus 

californianus 

ZcCgDh5.8 8.54E-66 85.62 1 
  

0 
4.762E-

107 
90.33 1 7 19 2 13 AY676474 

Zalophus 
californianus 

ZcCgDhB.14 4.00E-59 91.52 0 
1.4286E-

17 
89.46 1 0 90.93 1 20 36.5 2 13 AY676473 

Zalophus 

californianus 

ZcwA05 1.00E-16 86.98 1 5E-18 83.85 1 2.5E-38 90.77 1 3 29 3 15 DQ836319 
Zalophus 

Wollebaeki 

ZcwA07 2.50E-25 85.05 1 2E-32 83.19 1 3E-13 87.05 1 34 15.8 3 16 AM040044 
Zalophus 

Wollebaeki 

ZcwA12 3.33E-31 86.62 0 
  

0 3E-30 95.29 1 20 41.4 1 15 DQ836320 
Zalophus 

Wollebaeki 

ZcwB03 1.25E-27 90.48 1 
  

1 2E-53 92.41 1 X 30.9 3 15 DQ836321 
Zalophus 

Wollebaeki 

ZcwB07 7.89E-26 87.69 1 
4.2553E-

34 
88 1 4E-28 94.19 1 2 31.9 3 15 DQ836322 

Zalophus 
Wollebaeki 

ZcwB09 1.49E-48 88.42 1 
  

1 1.3333E- 92.5 0 22 25.4 2 16 AM039815 Zalophus 



 

33 Wollebaeki 

ZcwC03 
  

1 6E-24 91.95 0 1E-51 89.67 1 
  

2 15 DQ836323 
Zalophus 

Wollebaeki 

ZcwD01 2.00E-94 93.75 0 
1.7647E-

82 
92.89 0 1E-117 96.43 1 28 25.3 1 16 AM039817 

Zalophus 
Wollebaeki 

ZcwE03 3.00E-41 92.52 1 1E-35 92.24 1 
1.818E-

147 
88.04 1 1 115.1 3 16 AM039821 

Zalophus 

Wollebaeki 

ZcwE04 1.14E-83 88.29 1 
3.2143E-

53 
92.95 0 1.5E-20 91.12 0 28 20.7 1 15 DQ836324 

Zalophus 
Wollebaeki 

ZcwE12 4.55E-64 95.51 1 
7.2727E-

85 
88.74 1 

1.7647E-

85 
95.12 1 27 16.2 3 15 DQ836325 

Zalophus 

Wollebaeki 

ZcwF07 7.50E-42 92.82 1 
  

0 
6.6667E-

82 
90.29 1 31 14.6 2 15 DQ836326 

Zalophus 
Wollebaeki 

ZcwF09 3.39E-19 92 1 
  

0 
  

0 26 23.8 1 15 DQ836327 
Zalophus 

Wollebaeki 

ZcwG04 3.53E-28 83.12 1 
1.8182E-

27 
90.65 1 7.5E-26 92.95 1 16 55.9 3 15 DQ836328 

Zalophus 
Wollebaeki 

ZcwH09 1.00E-40 87.78 1 
  

0 2.5E-22 86.72 1 18 30.7 2 16 AM039820 
Zalophus 

Wollebaeki 
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A predicted microsatellite alignment of the pinniped genome, showing positions of 

pinniped microsatellite sequences within th e dog genome.  Microsatellites are shown 

aligned against full length dog chromosomes.  Red loci indicate those microsatellites in 

which more than 80% of the microsatellite flanking sequence is homologous in each of 

the dog, cat and giant panda genome sequences. 
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Dotplots of 10kb of sequences from each of the dog, cat and giant panda, aligned sequentially. Where sequence information was 

missing, the sequence was padded with Ns to retain the microsatellite in the centre of the alignment. Diagonal lines indicate 

identical sequence between two species. 
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Dotplots of 1Mb of sequence extracted from each of dog, cat and giant panda full genome 

sequences after alignment of pinniped microsatellite sequences.  White areas indicate no 

similarity, most likely due to short contigs in the panda and cat, and the large amount of 

missing sequence in the cat (substituted with Ns).  ‗Grey‘ areas show local similarity on a 

small scale.  Long stretches of similarity are indicated by diagonal lines and show sequence 

conservation/homology. 
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Pearson‘s correlation coefficients and associated p-values of significance for correlation 

between all measures of mean heterozygosity as determined by both GENHET (PHt, Hs_obs, 

Hs_exp, IR, HL) and long-hand calculations (Mean_Het, MLH and Stan_Het, sMLH) using 

21 loci (pg 244) and 18 loci (pg 245).   

 

 

 

                  PHt_21    Hs_obs_21    Hs_exp_21        IR_21        HL_21 

Hs_obs_21          0.998 

                   0.000 

 

Hs_exp_21          0.998        1.000 

                   0.000        0.000 

 

IR_21             -0.971       -0.972       -0.972 

                   0.000        0.000        0.000 

 

HL_21             -0.981       -0.981       -0.980        0.968 

                   0.000        0.000        0.000        0.000 

 

Mean_Het_21        1.000        0.998        0.998       -0.971       -0.981 

                       *        0.000        0.000        0.000        0.000 

 

Stan_Het_21        0.998        1.000        0.999       -0.972       -0.981 

                   0.000        0.000        0.000        0.000        0.000 

 

 

             Mean_Het_21 

Stan_Het_21        0.998 

                   0.000 
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Cell Contents: Pearson correlation 

               P-Value 

 

 

 

 

 
        PHt_18    Hs_obs_18    Hs_exp_18        IR_18        HL_18 
Hs_obs_18          0.998 

                   0.000 

 

Hs_exp_18          0.998        1.000 

                   0.000        0.000 

 

IR_18             -0.969       -0.971       -0.970 

                   0.000        0.000        0.000 

 

HL_18             -0.980       -0.980       -0.980        0.966 

                   0.000        0.000        0.000        0.000 

 

Mean_Het_18        1.000        0.998        0.998       -0.969       -0.980 

                       *        0.000        0.000        0.000        0.000 

 

Stan_Het_18        0.998        1.000        1.000       -0.971       -0.981 

                   0.000        0.000        0.000        0.000        0.000 

 

 

 

             Mean_Het_18 

Stan_Het_18        0.998 

                   0.000 

 

 

Cell Contents: Pearson correlation 

               P-Value 
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A predicted microsatellite alignment of the pinniped genome, showing positions of 

pinniped microsatellite sequences within the dog genome.  Microsatellites are 

shown aligned against full length dog chromosomes.   Blue ovals indicate those 

microsatellites used in this study that were able to be assigned putative positions in 

the dog genome. 
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A table showing the significance of mean IR measures firstly on status (dead vs live) then on 

pup cause of death.   

Removal of each locus sequentially and recalculation of IR in each instance does nothing to 

alter the significance of each measure. 

Significance scores: ‗*‘ 0.05; ‗**‘ 0.01, ‗***‘, 0.001 

 

 

 

  Status Cause of death 

Locus p-value Significance Effect size p-value Significance Effect size 

All loci 0.0047 ** -1.28 0.0006 *** -4.08 

Lc28 0.0072 ** -1.20 0.0005 *** -4.08 

Pv9 0.0021 ** -1.37 0.0007 *** -3.94 

Pvca 0.0101 * -1.11 0.0020 ** -3.51 

G1A 0.0085 ** -1.17 0.0038 ** -3.43 

Hg4.2 0.0009 *** -1.45 0.0001 *** -4.39 

Pv11 0.0027 ** -1.30 0.0003 *** -3.96 

Hg6.3 0.0031 ** -1.32 0.0008 *** -3.91 

Hl16 0.0287 * -0.96 0.0023 ** -3.51 

Hg6.1 0.0064 ** -1.20 0.0006 *** -4.03 

M11a 0.0019 ** -1.40 0.0004 *** -4.17 

Lc5 0.0046 ** -1.26 0.0004 *** -4.04 

Hg8.10 0.0162 * -1.08 0.0021 ** -3.68 

ZcwC03 0.0218 * -1.00 0.0014 ** -3.66 

ZcCgDh18 0.0035 ** -1.33 0.0005 *** -4.15 

ZcCgDh516 0.0120 * -1.08 0.0012 ** -3.74 

OrrFCB1 0.0023 ** -1.34 0.0005 *** -4.13 

OrrFCB7 0.0086 ** -1.14 0.0013 ** -3.66 

ZcwE03 0.0086 ** -1.16 0.0012 ** -3.71 
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