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ABSTRACT

Humpback whales undertake long-distance seasorghtions between low latitude
winter breeding grounds and high latitude summedifeg grounds. Although arguably
one of the best studied of all baleen whales, themngain some critical gaps in our
understanding of their population structure, mignatmovement and the mixing of
putative populations on the feeding grounds. Adsingsthese uncertainties is important
in the development of demographic models that rettoat the historical trajectory of

population decline and recovery following the céissaof commercial whaling.

Utilising both mitochondrial and nuclear genetic rkaais, this thesis examines the
population structure and distribution of humpbackales that migrate to separate
winter breeding grounds along the north-western raorth-eastern coasts of Australia,
and their interaction with the endangered poputatiof the South Pacific. The project
investigated three important gaps in knowledge:upadon structure among putative
breeding populations, the mixing of breeding popots on high latitude Antarctic

feeding grounds and evidence for sex-specific nimgnaalong the eastern Australian
migratory corridor. The thesis also reports thecalery and utility of novel nuclear

genetic markers (single nucleotide polymorphismdPS. These markers hold promise

for facilitating more effective multi-laboratory kaboration.

Among the Australian putative populations, weak biginificant differentiation was

detected across ten microsatellite loci and mitadni@al control region sequences. This
pattern of low level differentiation is emerging as characteristic of Southern
Hemisphere humpback whale populations indicatingerestve movement at least

historically, if not presently.



As the first step towards assessing the mixing abtfalian and endangered South
Pacific humpback whale breeding populations onAthtarctic feeding grounds, a series
of simulations were conducted to estimate the sdteail power of both mitochondrial

and nuclear microsatellite data from these popardatifor a mixed-stock analysis
(MSA). The results of these simulations confirmiedttwe can draw robust conclusions
from our MSA of Antarctic feeding ground sampledlexxied south of eastern Australia
and New Zealand in 2010. Using combined mtDNA anctosatellite datasets revealed
substantial contributions from both eastern Auitralnd New Caledonia, but not
western Australia; strengthening emerging evidetiad these Antarctic waters are
utilized by humpback whales from both eastern Aalistrand the more vulnerable

breeding population of New Caledonia, represernfliogania.

There was no compelling evidence for sex-specifigration within the eastern
Australian breeding population as indicated by thek of significant differences
detected in the patterns of haplotype sharing, digpé frequency or haplotype
differentiation between males and females. Instead, significant differentiation
revealed between the sexes at the nucleotide levebne sampling location and
between sampling locations at the haplotype lewgjgests that humpback whale

migration along eastern Australia may be more cemftan previously thought.

Increasing the statistical power of our geneticaslats through the addition of new
informative markers, including the SNPs discoveredhis project, and incorporating
non-genetic data, will assist in future studiestlod population genetic structure and

dynamics of Southern Hemisphere humpback whales.
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PREFACE

Two and a half decades have now passed since pasfdige International Whaling
Commission’s (IWC) moratorium on commercial whaliRgior to this point, over most
of the last century, exploitation of large whaleaswoften immense. In the Antarctic
alone, more than 2 million whales were killed, amth the revelations of widespread
illegal catches by the Soviet Union (Yablokov 198émskyet al. 1995, Zemskyet al.

1996), the large Southern Ocean populations wehgcezl to a fraction of their original

size (Claphanet al. 1999).

Our knowledge of the present status of the wordileen whales varies considerably
between species, with the recovery of some pojpustiproceeding strongly while
others remain highly endangered. Of the eleveniepet baleen whale (Order Cetacea,
suborder Mysticeti) populations of four species emasidered ‘critically endangered’
based on abundance estimates, including the bladewbrey whale, bowhead whale
and northern right whale. The northern right whass amongst the first large whales to
be hunted on a systematic, commercial basis wigngive shore whaling during the
17" and 18 century and indiscriminate illegal Soviet whaliig the 19" century
making this species the most threatened of alldmakehales throughout all of its range

(reviewed in Brownell Jet al. 1986).

The humpback whaléMegaptera novaeangliaes arguably the most studied of all the
baleen whale species. A coastal species over muith extensive world-wide range,
humpback whales bore the initial brunt of whalirggiaties in many areas. Often the
first species to be taken, it was frequently hurittedommercial extinction, after which

other whales were targeted (Tgnnessen and Johr&&h Claphamet al. 1997).



Hundreds of thousands of humpback whales were dkilieiring the period of
commercial whaling throughout much of their rangeyticularly in the Southern
Ocean, with many populations reduced by more th#b 8f their original size. As a
result, in 1970 the humpback whale was listed asratangered species under the
Endangered Species Conservation Act of 1969 byUthieed States government. All
populations were listed as one global entity urttleract as a precautionary measure,

regardless of their individual status.

The impact of whaling and the recovery of whale ydafpons is a key focus of the
International Whaling Commission (IWC) scientifioramittee. Estimating the former
abundance and maximum environmental carrying capafieach of these exploited
populations and reconstructing the historical ttey of their decline are essential to
accurately assess the true impact of whaling omifiene ecosystem, and to establish a
baseline for a population’s recovery. This measeam@nof population recovery plays a
crucial role in conservation management schemeghwior the most part, can mean

the difference between the recovery or decline sjecies.

Standard demographic models rely heavily on hisébgatch records from commercial
whaling as well as estimates of biological paramseseich as the rate of reproduction,
age at sexual maturity and natural mortality (B&3@1, Clapham 2001, Jacksenal.
2008). However, there are a number of uncertairsgsociated with these models that
can substantially over or under-estimate pre-efgtion abundance including
discrepancies in taxonomic boundaries, populatidrucsire and contemporary

abundance.

Modern molecular markers have been useful in hglpia address these problems.

Specifically, the use of highly variable mitochoradliand nuclear genetic markers have



provided high-resolution genetic information, allogy us to distinguish between
individuals and populations within species withlditphenotypic variationThey also
offer clues on aspects of whale migration and mamnirom high latitude feeding

grounds to low latitude tropical breeding grounds.

Utilising both mitochondrial and nuclear geneticrkeas, this thesis investigated the
patterns of population structure among humpbackleghthat migrate along the east
and west coast of Australia, and the neighbourmdaagered populations of the South
Pacific. Of important relevance to population assents of Southern Hemisphere
humpback whales, the thesis examines populatiarctste among putative breeding
populations, the mixing of breeding populations lmgh latitude Antarctic feeding

grounds and evidence for sex-specific migratiom@lthe eastern Australian migratory
corridor. The thesis also looks at the discoverg atility of novel nuclear genetic

markers (single nucleotide polymorphisms, SNPs) #na easier to ascertain, have a
well characterised mutation rate and are more us@lly comparable than the

commonly used microsatellite markers.

Field work, which involved the collection of humpmlkavhale skin biopsy samples, was
conducted along the migratory corridors of eastand western Australia and in the
Southern Ocean south of eastern Australia and NealaAd as part of a six week
Australian-New Zealand Antarctic Whale ExpeditiddE). | was also privileged to
have access to an extensive mtDNA and microsatedlétabase from the breeding
grounds of the South Pacific provided by the Sotacific Whale Research

Consortium.

This dissertation represents the partial fulfilmehthe requirements for the Degree of

Doctor of Philosophy (PhD) at the Research SchdoBiology at the Australian



National University (ANU) and the Australian Marikammal Centre (AMMC) at the

Australian Antarctic Division.

The outline of the thesis is as follows:

Chapter 1 - Low levels of genetic differentiation characteriAustralian humpback

whale (Megaptera novaeangliagopulations.

This chapter evaluated the population genetic stracamong Australian humpback
whales at both maternally inherited mtDNA and bgodally inherited microsatellite
markers, as well as extend previous analyses ofNAt®ariation in a comparison of

Australian humpback whales and the endangered abpus of Oceania.

Chapter 2 - Mixed-stock analysis of humpback whal&se@aptera novaeangliaeon

Antarctic feeding grounds.

Using a series of simulations, this chapter evalllathe statistical power of
microsatellite and mtDNA datasets from the putativenpback whale populations of
Australia and Oceania for individual assignment antked-stock analysis given
available samples size and the patterns of gedet®rgence, and 2) Determined ways
in which we can improve the accuracy and precisiomixed-stock analyses for these
priority populations for future studies. In light the simulation outcomes, the study
then estimated the population composition of Antardeeding ground samples

collected south of eastern Australia and New Zeahlan

Chapter 3 - Re-assessment of the genetic evidence for seoifgp migratory route

choice in eastern Australian humpback whaldsdaptera novaeanglide



This chapter investigated evidence for sex-spedafigratory behaviour in humpback
whales that migrate along the east coast of Auatiay assessing the patterns of
mitochondrial haplotype sharing, haplotype freqyeand haplotype differentiation

among males and females.

Chapter 4 - Development and evaluation of single nucleofadymorphism (SNP)
markers for population structure analysis in themphback whale Nlegaptera

novaeangliag

In this chapter | developed a suite of informat&fdP markers from intron sequences
and estimate by computer simulation the statistmalver of a combined panel of
intronic and exonic SNPs to detect population gergtucture in humpback whales

compared with a suite of microsatellite markers.

Appendix — Development and application of SNPs for humpbatlale population

genetics (literature review).

A review on SNP marker discovery and genotypindpneques as background research

to my final chapter on the development and evadmadf SNPs for humpback whales.
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ABSTRACT

Humpback whales undertake long-distance seasorghtioins between low latitude
winter breeding grounds and high latitude summedifeg grounds. We report the first
in-depth population genetic study of the humpbadiales that migrate to separate
winter breeding grounds along the north-western raorth-eastern coasts of Australia,
but overlap on summer feeding grounds around Amtarc Weak but significant
differentiation between eastern and western Auatralas detected across ten
microsatellite loci Fst = 0.005,P = 0.001;Dgst = 0.031,P = 0.001,n = 364) and
mitochondrial control region sequencé&s+«(= 0.017 and®?st = 0.058,P = 0.001,n =
364). For the microsatellite markers, Bayesiantelusg analyses could not resolve any
population structure unless sampling location wesvided as a prior. This study
supports the emerging evidence that weak gendtareintiation is characteristic among
Southern Hemisphere humpback whale populationss Thay in part reflect the
circumpolar distribution of summer feeding grourttigt lack continental barriers,

allowing for extensive whale movement.

Keywords: mtDNA, microsatellites, population genetic strueturconservation,

managementylegaptera novaeangliae



INTRODUCTION

For many marine species, ecological and environahehscontinuities such as ocean
currents, changes in bathymetry and ocean temperate increasingly being identified
as cryptic barriers to gene flow and dispersal Rasret al. 2006, Knutseret al. 2009,
Unal and Bucklin 2010, Mikkelsen 2011, Shetral. 2011). The influence of social and
learnt behaviors that may also establish or rea&fgpopulation boundaries are less
understood. Such factors may be highly relevantcdtacean species that exhibit
complex communication and social behaviors and &/h@gratory behavior is thought
to be learned through through social inheritanoenfthe mother to the calf (Clapham
1996, Hauseet al. 2007). Therefore, despite their high vagility,ameans may exhibit

highly structured populations primarily driven bgmphysical barriers (Hoelzel 1998).

Like other balaenopterid species, humpback whateteniake long-distance seasonal
migrations between low latitude winter breeding aatying grounds and high latitude
summer feeding grounds (Figure 1, Mackintosh 198hHese whales also exhibit a
large range of social and sexual behaviors, hakengtmaternal fidelity, and are
renowned for their repertoire of complex culturalyquired ‘songs’ and calls (Clapham
1996, Noadet al. 2000, Valsecchiet al. 2002, Smithet al. 2008). Historically,
humpback whale populations have been defined baseithe distribution of calving
areas and migratory routes. These populations baga treated as management units
in the apportionment of catch quotas for commeraidialing (Kellogg 1929,
Chittleborough 1965, Mackintosh 1965, Dawbin 1966)ore recently, because
demographic studies are difficult to undertake, egien analysis of mitochondrial
(mtDNA) and nuclear markers has been applied to gaights on population structure,

dispersal and mating systems.
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Much of what we know about population different&tiamong humpback whales has
resulted from studies in the Northern Hemispherberne whales are geographically
separated by the American and Asia-European contir{8akeret al. 1986, Palsbglét
al. 1995, Calambokidist al. 1996, Clapham 1996, Palsbetlal. 1997, Claphamet al.
1999, Calambokidi®t al. 2001, Calambokidigt al. 2008). Within each ocean basin,
individuals show strong fidelity to specific foragi areas and mix on common breeding

grounds (Calambokidist al.2001, Steviclet al.2006).

In contrast to the Northern Hemisphere where forggireas are numerous and discrete,
humpback whales in the Southern Hemisphere hawewangolar distribution on high
latitude feeding grounds in the Southern Ocean. tir annual migration, they
segregate onto seven low latitude breeding areashvéere widely distributed around
oceanic islands and specific coastal regions pratenmio continental shelf areas
(Mackintosh 1965). With no continental barriersdispersal on feeding grounds, there
is the potential for frequent movement between faimns as described for other

marine megafauna (Bongt al.2005, Boyleet al.2009).

Two recognized populations of humpback whales oatoing the coasts of Australia.
One migrates along the eastern seaboard and ighhétm mate and calve within the
Great Barrier Reef, the other migrates along thsteva seaboard and mates and calves
off the Kimberley coast off western Australia (Jenet al. 2001). During the 20
century, Australian humpback whales were huntedcalooth the eastern and western
migratory corridors and intensively in their Antaccfeeding grounds (Mackintosh
1965). By the time commercial whaling ceased in 319the western Australian
population was estimated to be fewer than 500 dsifram approximately 17,000 prior
to 1934 (Chittleborough 1965, Bannister 1994), #rel eastern Australian population

was reduced to as few as 100 individuals from aeppdoitation abundance estimate of
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between 16,022 and 22,957 (Chittleborough 196%rBanet al. 1994, Jacksomet al.
2008). Recent data have shown that both populadomsecovering strongly with the
current rate of increase at about 10-11% per an(Nioad et al. 2011, Paxtoret al.
2011, Salgado Kerdt al.2012). Absolute abundance for western Australiampback
whales is currently estimated at 21,750 (95% Cb30-43,000) (Hedlewt al. 2011)

and 14,522 (95% CI 12,777-16,504) for eastern Aliat(Noadet al.2011).

The degree of connectivity between the Australiaputations is poorly understood but
migration between the populations has been docwedemiuring the 1950s and 1960s
stainless steel ‘Discovery’ marks were shot intaaleh and some were then recovered
when the whales were killed and flensed. This aggtoprovided the first means of
tracking the movement of whales over large distararel periods of time (Mackintosh
1965, Dawbin 1966). In the summer of 1958-59, etevbales marked on the east coast
of Australia were recaptured with two recoveredwinales migrating along the west
coast, indicating some movement between breedipglations (Chittleborough 1961,

1965, Dawbin 1966).

Here, based on extensive sampling, we specifi@ibluate (i) the population genetic
structure among the eastern and western populatiofastralian humpback whales by
examining variation in both maternally inheritedDNWA and biparentally inherited
microsatellite markers for both sexes, (ii) ext@nelvious analyses of mtDNA variation
among humpback whales in Oceania and western Aiastigcombining our data with
Olavarriaet al (2007) to include eastern Australia, (iii) compand contrast our
findings with other studies of humpback whales ataohsider the ecological

implications of the emerging genetic patterns.
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METHODS

Population definition in the Southern Hemisphere

The International Whaling Commission (IWC) currgntecognizes seven breeding
aggregations in the Southern Hemisphere as ‘papoktA to G, with questions

remaining about further subdivision around Afriesystralia, and the South Pacific
(Chittleborough 1965, Mackintosh 1965) (Fig. 1).eTlumpback whales that migrate
along the west and east coasts of Australia aregrezed as population D and
subpopulation E1, respectively. Subpopulations i2E3 (Tonga and New Caledonia),
and F1 and F2 (Cook Islands and French Polynes&)otien referred to in IWC

literature as ‘Oceania’ which is listed separatelythe IUCN as endangered (IWC

1998, Childerhouset al.2008).

Sample collection, DNA extraction and sex idergtfan

A total of 364 biopsy samples were collected froompback whales. These samples
were collected from eastern (Eden, New South Walastern Tasmania) and western
Australia (Exmouth). The timing and location of tbempling is presented in Table 1.
Samples were collected using a biopsy dart progddle a modified 0.22 caliber rifle
and then stored in 70% ethanol at -80°C (Kruteeal. 2002). Total cellular DNA was
extracted from skin tissue using a standard sataetxon technique (Aljanabi 1997), or
an automated Promega Maxwell ® 16 System. Sex wisrdined using a fluorescent
5’exonuclease assay producing PCR product fronZB» and ZFY orthologous gene

sequences (Morist al.2005).
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Microsatellite loci

Samples were genotyped at ten polymorphic micrbgatdoci including nine
dinucleotide repeats [EV1, EV14, EV37, EV94, EVAflsecchi and Amos 1996);
GT211, GT23, GT575 (Berubet al. 2000); rw4-10 (Waldicket al. 1999)] and one
tetranucleotide repeat [GATA417 (Palsbell al. 199)]. To allow simultaneous
amplification of several loci in one PCR reactiore used a Qiagen Multiplex Kit for
the following sets of loci: set 1 (EV37 and GT28¢t 2 (EV14, EV96 and GATA417);
set 3 (EV1, EV94 and GT575) and GT211 and rw4-Hividually. For each locus, one
of the primers within each pair was labelled fliemently at the 5’ end to allow for
visualization of alleles on an automated sequeritach PCR had a final volume of
12.5uL and included: 1x Qiagen Multiplex PCR Mastéfix (containing
HotStarTag®DNA Polymerase, Multiplex PCR Buffer, @lgand dNTP mix), 2uM of
each primer (labelled and non-labelled) and 1 @ &ntemplate DNA (estimated using
a NanoDrop spectrometer 3300). The thermocyclingfilpr consisted of an initial
denaturing step of 95°C for 15 minutes, 30 cycBisg at 94°C, 90 s at 58°C annealing,
60 s at 72°C) followed by a final extension step36f minutes at 60°C, with the
exception that the optimal annealing temperaturéhe single locus reactions (GT211
and rw4-10) was 53°C. The annealing temperaturgHersingle locus reactions was

lowered to 53°C because null alleles were detestszh run at 58°C.

Fluorescently labelled PCR products were resolvedao ABI 3130 automated
sequencer. Allele sizes in base pairs (bp) wererohted using the LIZ-500 size
standard run in each lane. Microsatellite allelesrewvvisualized and scored using

GeneMapper v3.7® (Applied Biosystems).
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Microsatellite validation

Four steps were taken to ensure a robust micrttatanalysis. 1) To estimate
genotyping error rate (Boniet al.2004) a subset of 16 samples was randomly selected
DNA extracted and genotyped at all ten loci indially by an independent geneticist.
2) Samples with identical matching genotypes acedlsgen loci were assumed to be
due to repeated sampling and were removed frordateeset (see Results). The average
probability that two unrelated animals share thmeaenotype by chance alone, PI
(probability of identity), and the more conservatigrobability, Pd;ss (probability of
identity siblings), were calculated following Pelkaet al. (2006). 3)
MICROCHECKER version 2.2.3 (van Oosterhait al. 2004, van Oosterhoudt al.
2006) was used to screen the microsatellite datéosgenotyping errors such as null
alleles, stuttering and large allele dropout. 4ing#Arlequin 3.1 (Excoffieet al.2005),

we tested for deviation from Hardy-Weinberg equilim at each locus and for linkage
disequilibrium between loci within each populatiamd among populations. Sequential

Bonferroni correction was applied to all multiplaipvise comparisons (Rice 1989).

MtDNA

We amplified an approximately 700bp fragment of tle@trol region proximal to the
tPro RNA gene via PCR reaction using primers lgfiétnd M13DIpl.5 and heavy
strand DIp8 (Garriguet al. 2004). Amplifications were conducted in a finalwoe of
10pL at the following concentrations: 2.5mM MgCROOuM dNTP, 0.4mM each
primer, 0.25U Taq (New England BioLabs ®Inc.), IPKXR buffer (10mM Tris-HCI,
50mM KCI, 1.5mM MgC}) and 1pL DNA (approximately 10-50ng). Temperature
profiles consisted of an initial denaturing periwid2 minutes at 94°C, followed by 35

cycles of denaturation at 94°C for 30 seconds, aimwe at 54°C for 40 seconds, and
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extension at 72°C for 40 seconds. A final extengieriod for 10 minutes at 72°C was
also included. Unincorporated primers were removeam PCR products using
ExoSAP-IT® or Agencourt AMPure XP. Sequencing resnd with the PCR primers
were run using a Big Dye terminator sequencing M3tl (Applied Biosystems)
followed by the use of Agencourt CleanSEQ to remommcorporated primers. PCR

products were sequenced on an ABI 3130 automatpeeseer.

Forward and reverse sequences were manually edrietned and aligned within

Sequencher®4.8 (Gene Codes Corp.) against sequeird@8bp in length, representing
the panel of haplotypes previously defined frora ®outh Pacific (Olavarria et al.
2007). This region started at position six of tleéerence humpback whale control
region sequence (GenBank X72202; see Baker andaviedéonzalez 2002, Olavarria
et al. 2007), and is considered to include mora B%26 of the variation in the entire
control region. Comparisons of sequences to ideptilymorphic sites and haplotypes

were conducted using GenAlEx 6.3 (Peakall and Sm2086).

Statistical analysis

For the purpose of presenting summary statistiessamples from Eden and Tasmania
were pooled and are collectively referred to adesasAustralian samples. For each
microsatellite locus, the number of alleles, thenbar of private alleles, the observed
heterozygosity and the expected heterozygosity dach geographic region was
calculated using GenAlEx 6.3. Arlequin 3.1 (Exceiffiet al. 2005) was used to

determine standard measures of MtDNA genetic dtyermcluding haplotype

frequencies, the number of unique haplotypes, tamber of shared haplotypes,

haplotype and nucleotide diversity, and the numiiesequence polymorphic sites.

16



Haplotype and nucleotide diversity was calculatecbading to Nei (1987) and Tajima

(1983), respectively.

The extent of genetic differentiation among sangpliacations and among the two
putative populations was evaluated using Analy$idlolecular Variance (AMOVA)
(Excoffier et al. 1992) as implemented in GenAlEx 6.3, with statatitesting by
random permutation (999 permutations). For micedbegt data, an estimate d¥st
(infinite allele model) was calculated as per Waeid Cockerham (1984), Peakellal.
(1995) and Michalakis and Excoffier (1996). Recamalyses suggest that these
standard measures of differentiation may be posuiyed as estimators of population
divergence for data sets in which allelic diversgyhigh (Hedrick 2005, Jost 2008,
Meirmans and Hedrick 2011). Given the high varigabibf the markers used here,
Jost’s Desy; an unbiased estimator of divergence, was cakdlaising a modified
version of the R package DEMEtics V0.8.0 (Juetekbet al. 2010), with overall
estimates oDgstcalculated from individual loci using a harmoniean approximation
and statistical testing by bootstrapping with 1@@@mutations. Compared withsr,
Dest partitions diversity based on the effective numbtnlleles rather than on the
expected diversity to give an unbiased estimatibndigergence (Jost 2008). For
MtDNA data, an AMOVA was performed at both the eotide and haplotype level.
For these analyses, genetic distance matricesasgructed using individual pairwise
differences at all polymorphic nucleotide sites, haplotype differences among all
individuals (Griffiths et al. 2011). In keeping with the common practice in fami
studies of humpback whales (Olavareiaal. 2007, Rosenbaurat al. 2009) we use the
notation Fst for haplotype differentiation andst for nucleotide differentiation (e.g.

Weir and Cockerham 1984, Takahata and Palumbi 13988sonet al. 1992).
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To evaluate the genetic data without the need fms®a priori population structure,
we applied the Bayesian clustering approach imphtete in the software
STRUCTURE version 2.3.1 (Pritchaet al. 2000) to the microsatellite data set. We
also repeated the analysis using the three samfdrajions as priors to assess the
influence of geography (LocPrior model; Hubgsizal. 2009). This method attempts to
partition samples into K groups such that the lwcithose groups are in Hardy-
Weinberg equilibrium, and linkage equilibrium. Ancastry model of admixture and
correlated allele frequencies were assumed amopglg@mns with 10,000 burn-in
steps and 300,000 Markov Chain Monte Carlo repesti Five replicates for each
number of populationsK( =1 to 6) were performed to verify that the numiloér
populations identified was consistent between ru83RUCTURE output was

summarized and evaluated using the softwareSieve(Campanaet al.2011).

Potential evidence for strong sex-biased dispérstaleen eastern and western Australia
was investigated by calculating pairwise estimateBst among populations for each
sex separately using an AMOVA in GenAlEx 6.3 forttba@enetic markers. For
comparative purposes, JosbPgstwas also calculated for microsatellite daBxstwas
not calculated for mtDNA data as the method is tasedifferences in interpopulation
gene diversity (Jost 2008), and as such, doesaket into account the evolutionary

relationships between haplotypes (Meirmans and iele@011).

To investigate genetic structure between the Alistrgpopulations and those of the
South Pacific (including New Caledonia, Tonga, Cdslands, French Polynesia and
Columbia), we combined our mtDNA data with thosesented by Olavarriat al
(2007) and calculateBst and @st for pairwise comparisons. The correlation between
geographic and genetic distances was analysed w@siMantel test with statistical

testing based on 999 random permutations conduct&kenAlEx 6.3 (Smouset al.
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1986, Smouse and Long 1992). Correlation coefftsiemere calculated betwedtyr

and®sy, and the geographic distances between all samiglaagions.
RESULTS

Each of the ten microsatellite loci were found ® ibh Hardy-Weinberg equilibrium
(Table 2) and pairwise comparisons between lo@akad no linkage disequilibrium (all
values ofP > 0.01) after sequential Bonferroni correction (RIOCHECKER found no
evidence of null alleles or stutter/short allelanilbance effects across microsatellite
loci, with null allele frequency estimates listedr feach region in Table S1,
Supplementary information. Repeat genotyping of sknples by an independent
geneticist revealed two inconsistencies acrossaB2fes — an error rate of 0.6%. This
rate is lower than suggested by the guidelineshefl?wWC (IWC 2008) for systematic
quality control in the use of microsatellite makér 10% error rate) for management
decisions. This low error rate does not guarariteethese genotypes are in fact correct,
but provides a significant increase in probabitityat they are correct compared to a

single genotyping event (Pompanetmal.2005).
Sample size and sex ratio

The 364 samples generated 336 unique microsatgéitetypes suggesting the sample
set included 28 duplicate samples (resampling dngesindividual within a pod) (Table
1), with no matches between sampling locations.efAftemoval of the duplicate
genotypes the average probability of identity clatad using all remaining genotyping
was 6.8x13* (Plsiss = 3.3x10°) as calculated from the formulas shown in Peadgll
al.(2005). These very low probabilities, and the thett each of the 28 pairs were also
of the same sex and mtDNA haplotype, justify themaeal of the putative duplicate

samples.
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The sex ratio of the overall sample was signifibabtased toward males (197 males to
139 femalesy® = 10.39,P < 0.01) as were the eastern Australian samplezr gy (81
males to 50 femaleg? = 7.34,P < 0.01). The sex ratio of the western Australian
samples did not differ significantly from parityl@ males to 89 female,gz, =3.56,P =

0.06) (Table 1).
Genetic diversity

Summary data for each microsatellite locus aregortesl in Table 2. Across all ten loci,
the mean number of alleles per locus was 11.4 dnd for eastern and western
Australia, respectively, ranging from four (EV1) 18 alleles (EV37). There were 120
alleles in total, eight of which were private tostan Australia with six private to
western Australia. Mean expected heterozygositysacioci was similar for both
western and eastern Australia (0.81 £ 0.03 and &.8003, respectively). Bootstrap
resampling of the western Australian data set weaslected to generate ten data sets of

the same size as eastern Australia.

Of the 336 samples representing unique genoty@%s@quences of 470bps in length
were used in all subsequent analyses (104 fronemasustralia and 185 from western
Australia); 33 could not be sequenced and 14 sampieduced ambiguous base calls
within the target sequence. Within these seque®sgmlymorphic sites were identified
(two indels, two transversions and 61 transitiomisich defined 73 haplotypes (Fig. S1,
Supporting information). Of these 73 haplotypes, wWiére found only in western
Australia and 17 only in eastern Australia (Tabje@verall haplotype and nucleotide
diversities were 0.98 + 0.003 and 0.02 + 0.01, eespely. The haplotype and
nucleotide diversity for western and eastern Alistrare presented in Table 3.

Resampling of the western Australian data set ttegde ten data sets of equivalent
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size to the eastern Australian data set showedasimiversity estimates (haplotype

diversity = 0.97 + 0.01, nucleotide diversity =280.01).

Genetic differentiation and population structureafysis

Pairwise comparisons between sampling locationanmPAMOVA analysis found no
significant differentiation between Eden and Tasiamdior either the microsatellite
(infinite allele modelFst = -0.0003,P = 0.5; Dest = -0.002,P = 0.6) or the mtDNA
(haplotype leveFst = -0.006,P = 0.5; nucleotide levebst = -0.01,P = 0.4) data sets.
In contrast, significant differentiation was fouhdtween Eden and western Australia,
and Tasmania and western Australia (see belowy fsult, together with the known
timing of migration and satellite tracking data (€&eet al. 2009), suggests the whales
sampled off Eden and Tasmania are likely to be ftbensame population and were
therefore combined in all subsequent analyses poesent the eastern Australian

population.

The AMOVA analysis found significant structure beem the eastern and western
Australian populations for mtDNA at the haplotypelanucleotide levelHst= 0.017,P
= 0.001;®&s7= 0.058,P = 0.001). For microsatellite data, there was alsaigant but
low differentiation between populations using thénite allele model of mutatiorFgr

=0.005,P = 0.001) and JOSt’@EST(DEST: 0.031P= 0.001).

When the STRUCTURE simulation was run without ampors on the geographic
origin of samples, only one population was detedtadmicrosatellite dataRr(k) >
0.99). When the three sampling locations were plexias priors however, the results
indicated evidence (highest posterior probabilityy) two populations consisting of
western Australia vs. the two eastern samplingtiosa combined (average estimated

In probability: K = 1: -13270K = 2: -13250K = 3: -13677K = 4: -13503K = 5: -
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13674;K = 6: -13990) (Fig. 2a). This result was confirntigdtheCorrSievecalculation

of 4K and4Fst, with maximum values for both equation¥at 2 (Fig. S2).

Pairwise analyses for microsatellite data showegditant structure between the two
populations for malesFgr = 0.007,P = 0.001; Dest = 0.04,P = 0.001) but not for
females forFst (Fst = 0.002, P = 0.07) after sequential Bonferroni correction.
Significant differentiation however, was detectedfemales between populations using
Jost’'sDest (Dest = 0.02,P = 0.01). In pairwise analyses of mtDNA, both mades
females showed significant structure between pdioumis at the haplotype and
nucleotide level (female&st= 0.02,P = 0.002;®s7= 0.08,P < 0.001 and male$ist
=0.01,P =0.002;®s7t= 0.04,P < 0.001 after sequential Bonferroni correction). Due
the low levels of differentiation detected in thes®mlyses, we did not examine whether
the difference betwedfst male and~stfemale could be attributed to chance sampling,

as the differences are unlikely to be significant.

After merging the data sets described here withMARlata described by Olavarre
al. (2007), which had no data from eastern Austradig, found low but significant
differentiation between the eastern Australia papah and all six breeding populations
represented from Oceania at both the haplotypenamteotide level after sequential
Bonferroni correction (Table 4). The Mantel teswveaaed significant correlation
between genetic and geographic distances suggestipaitern of increasing genetic
differentiation with increasing geographic sepamat{Fst. Rxy = 0.70,P = 0.03; &st:

ny = 0.74,P = 004)
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DISCUSSION

Patterns of genetic differentiation among Austmalleumpback whales

Both nuclear and mtDNA markers revealed low buhisicant differentiation between
the eastern and western Australian humpback popn$atThis finding was supported
by the detection of two populations by the Bayesdcmstering analysis for the
microsatellite markers when usiagpriori information on sampling location. However,
without priors the Bayesian clustering analysidefiito detect population subdivision
which, as noted by other studiesd.Berryet al. 2004, Latchet al.2006), is likely to be

a consequence of the relative insensitivity of tlapproach when population

differentiation is weak.

High genetic diversity was found within both thestesan and western Australian
populations for each marker. Such high diversityyrba surprising given the known
population bottlenecks, however, industrial whalingthe Southern Hemisphere was
intense but relatively brief (approximately fourcddes) and the rates of recovery for
both populations have been rapid (Hedétyal. 2011, Noacdet al. 2011, Paxtoret al.
2011, Salgado Kengt al. 2012, Srembat al. 2012). These factors together with the
long generation time and age structure of humphalckles have all contributed to

minimizing the loss of genetic diversity (see Ba&eal 1993 for a similar conclusion).

As expected, genetic differentiation between thsteza and western Australian
humpback populations was stronger for mtDNA thaclear DNA. Several factors can
contribute to this common pattern including thegéar effective population size of
nuclear genes, differences in the rate and modeubation (Palumbi and Baker 1994,
Baker et al. 1998b), and sex-biased dispersal (Avise 1995,o0Bzllet al. 2000).

However, among Australian humpback whale populatitrere is limited evidence for
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strong sex-biased dispersal despite the expectatitemale philopatry and male-driven
gene flow displayed by many migratory marine veiéds (Greenwood 1983, Pardini
et al. 2001, Bowen and Karl 2007, Engelhawgit al. 2009), with similar levels of

genetic differentiation at both marker types evidegtween the sexes in this study.

Is low genetic population differentiation a chamagstic of Southern Hemisphere

humpback whales?

In the Northern Hemisphere there is strong diffeagion among feeding areas of the
North Pacific based on mtDNA sequencEsr(= 0.18), and the North Atlanti&§r =
0.04) (Palsbglet al. 1995, Larseret al. 1996, Bakeret al. 1998b). Strong population
differentiation has also been detected among hmgedopulations within the North
Pacific for mtDNA Esr= 0.11) and nuclear intron alleldss¢ = 0.07), reflecting long-
term isolation between the wintering grounds of Hfaavaiian archipelago and the coast

of Mexico (Bakeret al. 1998b, Baker and Steel 2010).

In contrast to the Northern Hemisphere, we havevehthat differentiation among the
Australian populations is weak at both nuclear osatellites and mtDNA. Similarly, in
the South Atlantic the degree of genetic differatn between breeding populations is
also weak at nuclear and mtDNA markers, even whgmarated by the African
continent (Pomillaet al. 2005, Rosenbaunet al. 2009) (see Fig. 1). Studies of
divergence among the breeding populations of th&SBacific have not yet included
nuclear markers but mtDNA analysis indicates pastef weak structure (Olavarré

al. 2007) (Fig. 1). Even among distant breeding patnhs, such as eastern Australia
versus Columbia, compared in this study (see T&hlEst values are low for mtDNA
(Fst ~ 0.06 compared to a me&r ~ 0.13 in the North Pacific; Baket al. 1998Db,

Baker and Steel 2010). Thus, the emerging evidsoggests that humpback whale
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populations of the Southern Hemisphere are charaeteby weak differentiation. This
indicates that at least historically, if not prebgnthere is extensive gene flow among

humpback whale populations in the Southern Hemigphe

Is non-genetic evidence consistent with the gereatidence for extensive gene flow

among Southern Hemisphere humpback whales?

For both males and females there is non-genetaeeace for ongoing and wide-ranging
movement between breeding grounds across the Soutlemisphere. For example,
based on fluke matching, Steviek al.(2011) reported the movement of an individual
female humpback whale between the breeding growfid8razil and Madagascar,
representing a distance of nearly 10,000 km. A g@iaé¢ntification study over a six
year period in the South Pacific reported four igtsngs of male humpback whales
between eastern Australia and neighbouring breegliognds (from catalogues of 1248
and 672 individuals respectively) (Garrige¢ al. 2011). In a preliminary study, a
catalogue of fluke images from eastern Australc@ndly reported a match with a likely
male photographed opportunistically off western tPalea (Kaufmanet al. 2011),
supporting movement between these breeding popn#atiThis non-genetic evidence
when coupled with the low levels of differentiati@uggests that whales moving

between breeding areas may be interbreeding.

The analysis of humpback whale song also providesthar line of non-genetic
evidence in support of gene flow among Southern isiginere populations. Male
humpback whales sing throughout their migratiomfrbie feeding grounds to breeding
grounds where the song is transmitted culturallpmgnindividuals and is thought to be
a form of sexual display (Noaat al.2000). All males in a population produce the same

song, which changes over time, and all singers taiairthe changes (Winn and Winn
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1978, Payneet al. 1983). The differences in the theme compositionmafle song
between humpback breeding populations within theesacean basin are found to
increase with distance, reflecting at least his@rimigratory exchange between

geographically close populations (Helwetgal. 1998).

Humpback whale song from western Australia was dotanreplace the song of eastern
Australia over only three breeding seasons in atyais of song evolution (Noaet al.
2000). Noadet al. (2000) suggested that this song evolution is medidiy the
movement of a small number of males between papukalthough it is possible that
singing on feeding grounds may also transfer sgpgs between populations without
the movement of individual whales (Mattiket al. 1987). Nonetheless, this rapid
transmission of song and change in theme composstipport contact among males of
these two populations somewhere in their annuakatogy cycle or on the feeding
grounds, suggesting a potential for gene flow saditthe breeding grounds or even on

feeding areas.

It is clear that the non-genetic evidence is caestswith the genetic evidence for long-
range movement among Southern Hemisphere humpbapklgiions. However,
neither photo-ID or song analysis offer comparabtices, so we cannot speculate on

the magnitude of interchange these combined indem®sent.

Why are the patterns of genetic variation among fluack whale populations different

between the Northern and Southern Hemispheres?

In the Northern Hemisphere, coastal wind-driven amull-driven upwelling from
continental land barriers have resulted in manyalleed areas of nutrification and
biological production (Checkley Jr. and Barth 2Q0&eating opportunities for the

formation of segregated humpback whale feedingsar€aese localized feeding areas
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may have also emerged through the formation ofRieama Land Bridge and as a
result of long glacial and interglacial periodstie Arctic (Avise 2000, Hewitt 2000,

Hewitt 2004). Long-term preference of males anddies to localized feeding grounds
combined with natal philopatry may explain the camngpively high levels of genetic

differentiation between both breeding and feediagypations. By contrast, in the high
latitudes of the Southern Ocean, prey densitygs land widely distributed throughout
a broad, circumpolar area (Williamst al. 2010) where glacial barriers have not
fluctuated to the same extent (Barlke¢ral. 2009), increasing the potential for long-term
mixing and therefore gene flow among breeding pagans. The extent to which

humpback populations mix on these feeding grousdkdrefore more likely to depend

merely upon the distance between them (Hoelzel 1998

Although migratory behavior is thought to be sdgiatherited from the mother to her
calf (Clapham 1996), the mixing of breeding popolad in the Southern Ocean may
reduce the degree of natal fidelity, relative tattfound in the Northern Hemisphere.
Also, although it is expected juveniles rather tredults are more likely to move
between populations while on the feeding groundshen Southern Ocean (Clapham
1996), there is growing evidence of adult moventent In addition to the Discovery
marking and recovery described earlier (Chittlebbgio 1961, Dawbin 1966), photo-
identification of humpback (Garrigust al. 2000, Garriguest al. 2002, Kaufmaret al.
2011) and other baleen whales (Petzkl.2009) have all revealed movement of mature

whales between breeding populations.

Estimating gene flow in the Southern Hemisphere?

The very low genetic differentiation that appearsharacterize humpback populations

of the Southern Hemisphere presents challengeliable estimates of the magnitude
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of gene flow. Allendoriet al (2007) suggest that for reliable estimate®ofbased on
Fst, the levels of differentiation need to be moderatdarge Fst > 0.05 to 0.10).
Furthermore, they warn against interpretMm values literally at the lowrst values
found in this study. Similarly, more complex meteddr estimating migration, such as
the coalescent- and assignment-based approachequaky unreliable at low levels of
genetic divergence (Faubet al. 2007, Palsbgllet al. 2010) such as those that
characterize Southern Hemisphere humpback popotatigor this reason, along with
the fact that the accuracy of coalescent-based adsthcan also be seriously
compromised by errors in sample size and mutatbe estimates (Karktt al. 2012),

gene flow estimates were not included in the priesierly.

We suggest that while the emerging evidence foregiow among populations is
compelling, additional development is required befwe can quantify the magnitude of
gene flow with any degree of certainty. With furtleevelopment, novel approaches
such as the kinship-based analyses of the spamipetal distribution of related
individuals may be able to yield more reliable msties of current migration rates even
at low levels of differentiation (Palsbat al. 2010). Alternatively, although requiring
considerable time and effort, multi-state capt@weapture models of current movement
using photo-identification and/or genotype data npagve to be the most reliable

method for quantifying the magnitude of gene flow.
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TABLES

Table 1. Samples collected from individulll)(humpback whales from three locations
off the east and west coast of Australia. The nurobduplicate samples is also shown,
and the number of known female (F) and male (Mjvddals.

Region Sampling  Samples No. of N F M
Sampling site  period duplicates
eastern Australia 141 10 131 50 81
Eden 2008 63 2 61 14 47
June 45 2 43 8 35
Oct, Nov 18 0 18 6 12
Tasmania2006-2008 78 8 70 36 34
July 1 0 1 0 1
Nov, Dec 77 8 69 36 33
western Australia 223 18 205 89 116
Exmouth 2007
Sept, Oct
total 364 28 336 139 197
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Table 2. Genetic diversity in humpback whales feastern and western Australia genotyped at terosatellite lociN = number of genotyped individuals
per locus and HW = deviation from Hardy-Weinbergigarium (p-value); significant aP < 0.05 after adjustment for multiple comparison
with the sequential Bonferroni test (Rice 1989pa(®tard errors in parentheses).

Number of alleles  Number of private alleles  Observed heterozygosity Expectéerbrygosity HW (p-value)

Locus East West East West East West East West East West East West
EV14 131 203 9 8 1 0 0.725 0.754 0.748 0.778 0.747 0.459
EV37 131 202 19 19 2 2 0.916 0.931 0.913 0.904 0.364 0.316
EV96 131 202 13 12 1 0 0.863 0.876 0.848 0.869 0.872 0.682
GATA417 131 203 15 15 2 2 0.870 0.911 0.890 0.903 0.622 0.751
GT211 130 203 10 10 0 0 0.785 0.803 0.820 0.836 0.685 0.030
GT23 131 204 9 9 0 0 0.763 0.838 0.797 0.821 0.192 0.621
rw4-10 131 203 12 12 1 1 0.786 0.877 0.831 0.854 0.567 0.809
EV1 130 203 4 4 0 0 0.523 0.567 0.552 0.526 0.429 0.427
EV94 130 202 9 9 0 0 0.792 0.827 0.807 0.809 0.769 0.352
GT575 130 203 14 14 1 1 0.815 0.788 0.811 0.803 0.801 0.260
All loci 130.6 0.2) 202.80.2) 11.41.3) 11.211.3) 6 0.784 0.03¢) 0.817 0.03%) 0.802 0.031) 0.810 0.03¢) 0.605 0.06¢) 0.4710.077%)
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Table 3. Variability in the mtDNA control region bfimpback whales
sampled along the east and west coasts of Aus(rakahaplotype diversity
andr = nucleotide diversity), N = number of samplesduseanalyses.

Region N No. of No. of No. of h +SC m = SC
haplotypes  unique shared
haplotypes haplotypes
East 104 33 17 16 0.961 + 0.006 0.018 +0.009
West 185 56 40 16 0.972 £ 0.004 0.019 +0.010
total 289 73 0.975 £ 0.003 0.019 +0.010
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Table 4. Pairwise comparisois{t and®st) among the Australian
populations and those of the South Pacific witbeesve stock definitions

in parentheses. Data combines mtDNA control reggmuences trimmed to a
470bp consensus region from the present studyheiie of Olavarrigt al.
(2007).P -values based on statistical testing of 999 rangdemmutations

were all significant aP < 0.005.

WA = western Australia; EA = eastern Australia; NGlew Caledonia;
TG = Tonga; Cl = Cook Islands; FP = French Polm&3SOL = Columbia.

a)Fst

Region/Stock WA (D) EA (E1)
WA (D)

EA (E1) 0.014

NC (E2) 0.015 0.012

TG (E3) 0.017 0.011

Cl (F1) 0.028 0.031

FP (F2) 0.040 0.044

COL (G) 0.057 0.063

b) ®st
Region/Stoc{ WA (D) EA (E1)
WA (D)
EA (E1) 0.032
NC (E2) 0.015 0.024
TG (E3) 0.018 0.013
Cl (F1) 0.023 0.027
FP (F2) 0.043 0.046
COL (G) 0.049 0.061
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Table S1. MICROCHECKER (van Oosterhetital. 2004)
null frequencies for all microsatellite loci by pdation.

Locus Null Present Null Frequency
East West
EV14 no 0.0208 0.008
EV37 no -0.0008 -0.0143
EV96 no -0.0072 -0.0054
GATA417 no 0.0117 -0.0041
GT211 no 0.0216 0.02
GT23 no 0.0232 -0.0124
rw4-10 no 0.0283 -0.0137
EV1 no 0.032 -0.0467
EV94 no 0.0094 -0.0132
GT575 no -0.0067 0.009
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FIGURES

Figure 1. Southern Hemisphere humpback whale pbpaolatructure and geographic

distribution for both nuclear and mitochondrial DNetDNA) markers.

(Fst) — Pairwise genetic distances between microsaedlieles (Australia = ten loci,
South Atlantic = nine loci) (Pomillt al. 2005); Fst — Pairwise genetic differences
between mtDNA haplotypes (Australia and South Raeif 470bp, South Atlantic =
486bp) (Bakeet al. 1998a, Olavarriat al.2007, Rosenbaumt al. 2009). All P-values

less than 0.05 except for *.

Figure 2. Proportional assignment of individual gfgpes to each of the€ = 2 inferred
clusters in the STRUCTURE admixture analysis. Blaukd grey bars represent
proportions of membership to the eastern Austradiad western Australian clusters,

respectively, using the three sampling locationgras's.

Figure S1. Geographic disribution and relative pmsi of variable nucleotides in
humpback whale mtDNA control region defining 73 loéypes. Dots (.) indicate
matches with published reference sequence X7220enk@&k), dashes indicate
insertion/deletion events (Position 1 of alignmeatresponds with position 6 of the

reference sequence). The total number of each typelds indicated for both regions.

* For consistency with the South Pacific haploytpéadset, this polymorphic site was
not included in the genetic analyses however, thaly this locus does not change the

number of haplotypes.

Figure S2. Delt& and deltaFst values /K and4Fsy) calculated usingorrSievefor
each of thK inferred clusters in STRUCTURE, with a maximumue&hbchieved & =

2.
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ABSTRACT

In understanding the impact of commercial whaliag,important gap in knowledge is
estimating the mixing of low latitude breeding ptailons on Antarctic feeding
grounds, particularly the endangered humpback whateilations of Oceania. Here we
estimated the degree of genetic differentiation @gnthe putative populations of
Oceania (New Caledonia, Tonga, the Cook Islands=aedch Polynesia) and Australia
(western australia and eastern Australia) usingmesrosatellite loci and mtDNA, 2)
assessed the power of the data for individual assgt and mixed-stock analysis
(MSA), 3) determined ways we could improve theistiatl power of our data for MSA
for future studies, and 4) estimated the populatomposition of Antarctic samples
collected in 2010 south of New Zealand and easterstralia. A large proportion of
individuals could not be assigned to a populatibroragin (>52%) using a posterior
probability threshold of > 0.90. The MSA simulatooihowever, produced accurate
results with humpback whales reapportioned to tpepulation of origin above the
90% threshold for western Australia, New Caledomna Oceania grouped using a
combined mtDNA and microsatellite dataset. RemovirggCook Islands, considered a
transient region for humpback whales, from the &tmn analysis increased the ability
to reapportion Tonga from 86% to 89% and Frenchyri®&dia from 89% to 92%.
Breeding ground sample size was found to be a &etpif influencing the accuracy of
population reapportionment whereas increasing theune or feeding ground sample
size improved the precision of results. The MSAoof Antarctic samples revealed
substantial contributions from both eastern Austrgb3.2%, 6.8% SE) and New
Caledonia (43.7%, 5.5% SE) [with Oceania contrilmt#6.8% (5.9% SE)] but not

western Australia. Despite the need for more sasnpte improve estimates of
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population allocation, our study strengthens theerging genetic and non-genetic
evidence that Antarctic waters south of New Zealand eastern Australia are utilized
by humpback whales from both eastern Australia #r@dmore vulnerable breeding

population of New Caledonia, representing Oceania.

Keywords: humpback whale; population genetics; wmhisgock analysis; microsatellite

DNA; mtDNA
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INTRODUCTION

In conservation and resource management there@a af requirement to assess how
breeding populations are impacted either throudibelate or accidental removals.
Management tends to focus on breeding units butnigratory species, exploitation or
mortality often occurs in other parts of the range.cases where only a single
population is impacted this can be relatively ginaiforward but can become
complicated when removals occur where populatioixs fine assessment then requires
an understanding of the degree of mixing and tlegtive impact on each population
contributing to a mix, referred to as mixed-stodalgsis (MSA). The classic example
of this is the impact of pelagic fishing on salmpopulations that exhibit natal
philopatry but following smoltification return tohé ocean where the mixing of
genetically distinct stocks occurs simultaneousighweommercial exploitation (e.g.
Utter and Ryman 1993, Waplex al. 1993, Olsenet al. 2000, Cadrinet al. 2005,
Beachamet al. 2008, Beachamat al. 2011). Under such conditions, the development of
a mixed stock analysis model has been useful innmzimg the risk of overexploiting

less productive stocks in the mixed stock fishery.

During the era of industrial whaling in the southdéremisphere, >2 000 000 whales
were Kkilled, driving some populations to near estion (Clapham and Baker 2002).
The waters of Antarctica were heavily targeted beeanany baleen whale populations
migrate to and mix in these krill-rich high-latidvaters during the summer. They
subsequently return to their low-latitude breedargl calving grounds in the winter.
Based on catch records corrected for illegal Sowigdling, some 200 000 humpback

whales were killed by pelagic whaling operation®uad Antarctica after 1900
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(Clapham and Baker 2002, Allison 2010), driving assive population decline (from

an estimated pre-whaling population of 125 00Ghdf species.

The impact of whaling and the recovery of whalewafons is a key focus of the IWC
scientific committee. This committee takes histaripopulation trends and combines
them with population dynamic models to predict keny rates. These models require
historical catch records and an ability to accuyaddlocate catch to a source breeding
population, estimates of biological parameters sash population structure, and
abundance estimates, all of which are subject tsiderable uncertainty (Baker and

Clapham 2004, Jacksan al.2008).

For whales hunted in the southern ocean, wheremilkang of two or more breeding
populations is suspected, the application of pdmriadynamic models is particularly
problematic. First pass attempts to allocate catthea source population have been
made using individual catch data collated and cdagdhe IWC from commercial
whaling operations in Antarctic waters (Allison 2)1 For example, the first model
(denoted ‘Naive’) assumed that the breeding pojoustcorresponded to a single
feeding area along arbitrary lines of longitudedds I-VI) (Mackintosh 1942, 1965,
IWC 1998). As new information has emerged on the&imgi of populations on the
feeding grounds (Frankliat al. 2008, Steekt al. 2008, Gale%t al. 2009, Andersoret
al. 2010, Steekt al. 2011), alternative catch allocation models havwenb#eveloped to
include areas of mixing where whales are expedsdaetequally drawn from adjacent

populations (e.g.,IWC 2010).

To date, assessments have been completed for kduerpback whale breeding

populations thought to have both simple and comp&ationships between feeding
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areas and breeding grounds e.g. those whales thtrwn the south-western Atlantic
(Zerbini et al. 2006) and the south-eastern Pacific around ColamBanama and
Equador (Johnstoet al.In Press) versus those that winter along the aedteast coast
of South Africa (IWC 2009, 2011, 2012). The humpbadtales that breed off eastern
Australia and around the low latitude island grogbshe South Pacific defined as
‘Oceania’ however, present unique challenges. iBhligrgely due to uncertainties about
both the population structure on the breeding gisuand the mixing of these

populations in Antarctic waters.

As a further complication, recovery for the eastaustralian and Oceania populations
has been variable. While the humpback whales nmingyatlong eastern Australia have
shown a high rate of population increase (10-11% gmum) (Noadet al. 2011),
Oceania humpback whales are yet to show signscolvezy (Childerhouse and Gibbs
2006, Gibbset al. 2006, Patoret al. 2006). This lack of recovery has prompted the
relisting of the population as Endangered on theCNU Redlist (IWC 1998,
Childerhouseet al.2008). The IWC Scientific Committee have therefimeommended
an assessment of the mixing between eastern Aiastirad Oceania in Antarctic feeding
Area V (130 - 18E - south of New Zealand and eastern Australiajyels as eastern
Australia and western Australia in Antarctic feagifrea IV (80 — 13fE - south of

western Australia) (IWC 2011).

In light of the uncertainty about the populatiomusture of humpback whales of
Australia and the South Pacific, many differemtustiure hypotheses have been
proposed to simplify the comprehensive assessméi@@ 2006, 2011). . For the present

study, we chose two different hypotheses that dl this uncertainty by keeping the
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low latitude island groups of Oceania either sejgaraor combined. Hypothesis 1
proposes a population structure where Oceania bsdsided into four populations
including New Caledonia, Tonga, Cook Islands andnEh Polynesia, with eastern
Australia also considered a demographically inddpah population. This hypothesis
was ranked ‘medium’ in plausibility as a realigbiological model during the workshop
on the Comprehensive Assessment of Southern Heersgiumpback whales, based
on available biological evidence (IWC 2006, Olaiarmt al. 2007, Garrigueet al.
2011). Hypothesis 2 combines New Caledonia, Tongd Brench Polynesia to
represent the ‘combined’ Oceania population, windining eastern Australia as a
separate population and eliminating the Cook Igaiithis hypothesis was proposed for
priority consideration in the comprehensive assessnas a simple but plausible
population structure scenario to deal with the ttions of catch allocation, which
excludes the Cook Islands as it lacks a viable daoece estimate (Jacksenhal. 2006,
Jacksonet al. 2009, IWC 2011). Although these hypotheses argelgr arbitrary
groupings and not necessarily representative of bmst understanding of the true
biology, they are presently an approximation thah dde accommodated by the

modelling process to develop catch allocation scesdlWC 2011).

Population genetic analysis has the potentialgbtteese two hypotheses. Furthermore,
genetic analysis can also assist in determiningdégree of mixing of Australian and
Oceania humpback whale populations on their feedmginds. Both individual-level
and population-level genetic methods hold promaetliese tasks, i.e. using genetic
information to ascertain population membership oflividuals versus groups of
individuals (Manelet al. 2005). Individual assignment tests use allele feegies to

assign individuals of unknown origin to their mbkely source population and provide
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an estimate of statistical probability for eachigresient (Davieset al. 1999). At the

population level, mixed-stock analysis (MSA) usdsla frequencies in all potential
contributing (baseline) populations and maximunelitkood or Bayesian methods to
estimate proportional contributions of each popafato a mixture (Pella and Milner
1987). Here, the question of interest is not theupation origin of individual whales in
a feeding ground mixture, but rather the populatomposition of a feeding ground
mixture and how it changes in space and time. Tiudiss have employed MSA and
maternally inherited mitochondrial DNA (mtDNA) hapypes to allocate populations to
Antarctic feeding areas but were missing data frArea V and eastern Australia
respectively (Albertson-Giblet al. 2008, Pastenet al. 2011). No study to date has
combined mtDNA and nuclear markers to investigatenpback whale population
allocation on the feeding grounds nor assessetst&tal power to conduct a mixed-

stock analysis.

In this study we draw on the most comprehensivasgatof mtDNA and nuclear

microsatellite markers presently available for hbagk whales of Australia and

Oceania. The dataset stems from a large-scal@abcoltive effort between two

laboratories, with a total of more than 1300 sampletained over eleven years (Fig. 1).
This extensive dataset provides us with an unpexted opportunity to investigate the
mixing of humpback whales on the feeding grountlepang us to fill a critical gap in

knowledge.

Our specific objectives were to: 1) Assess the epagt and extent of genetic
differentiation among the populations. 2) Applyaias of simulations to evaluate the

power of the microsatellite and mtDNA datasetsifalividual assignment and mixed-
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stock analysis given available sample size angh#itierns of genetic divergence among
populations under the two hypotheses on populatiarcture. 3) Extend the simulations
to determine ways in which we can improve the amcyiiand precision of mixed-stock
analyses for these priority populations for futgtedies. 4) Estimate the population
composition of Antarctic Area V samples collectadidg the Australia/New Zealand
Antarctic Whale Expedition (AWE) in 2010, and ingegt the findings in light of the

simulation outcomes.

METHODS

The sample collection

[.  Antarctic Area V sampling

Skin biopsy samples from 64 animals were collechiesm humpback whales in
Antarctic feeding Area V (130 — 180), south of New Zealand and eastern Australia
(where the mixing of breeding populations is expdrtduring a six week Australian-
New Zealand Antarctic Whale Expedition (AWE) contdut in February and March
2010. The majority of samples were collected fraslawhales between 162°E and
179°E around the Balleny Islands. Samples wereirdausing a biopsy dart propelled
by a modified .22 calibre rifle and stored in 70%amol at -80°C. All pods were
sampled opportunistically with every effort mades&nple all individuals within a pod,

weather and time permitting.

Seven additional samples collected during IDCR/S@trveys of Antarctic Area V
from 1999-2004 was also included in the sample sgatgTable 1) (described in

Albertson-Gibbet al. 2008, Steeét al.2008).
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Il Source data

Mixed-stock analysis and assignment methods asdhateall potential populations
contributing to a mixture have been sampled. Fergburce dataset, we included six
breeding/migratory populations which are likelynbix in Antarctic feeding Area IV or
V both frequently and sporadically (Chittleborout®65, Albertson-Gibket al. 2008,
Steel et al. 2008, Galeset al. 2009, Steelet al. 2011): western Australia, eastern
Australia and Oceania (New Caledonia, Tonga, Caténtds and French Polynesia).
Oceania samples were obtained by members of thé¢h Seacific Whale Research
Consortium during synoptic surveys dating back369l(described in Steet al. 2008,
Constantineet al. 2012). Australian samples were collected off Extho(WNestern
Australia), Tasmania and Eden (NSW) between 20062808 (described in Schmét
al. In Press). An additional 59 samples from eastustralia were collected off
Evan’'s Head (NSW), 560 kms north of Eden and weatuded in the second mixed

stock analysis of the Area V samples (see METHO&San 1l1).

See Table 1 for a summary of the sample detailguré& 1 provides a map of the

sampling locations and the feeding areas.

Molecular Genetic Analysis

The DNA extraction, sex-typing, microsatellite ggmmng and mtDNA sequencing
have been described fully elsewhere. See Sclenhdl (In Press) for the Australian
samples, and Steel et al. (2008) and Constamting. (2012) for the samples from
Oceania. Note that due to minor differences in ldgoratory procedures, it was
necessary to standardize the allele sizes for tiseogatellite loci before the data sets
could be combined. The standardization was achiéyede-analysis o2 reference
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samples drawn from the Stesdl al. (2008) study for which DNA was re-extracted and
genotyped by the methods of Schrtt al. (In Press). The lack of unresolvable
discrepancies between the datasets allowed us rdine them for all subsequent
analyses. The final combined microsatellite dataceasisted of ten loci genotyped for
335 samples from Australia (plus 59 samples frorarisvHead), 903 from Oceania and

62 from Antarctic Area V (Table 1).

For the mtDNA analysis, DNA sequences from the mregion were truncated and
aligned with a 470bp consensus region starting a#itipn six of the reference
humpback whale control region sequence (GenBankBZ2see Baker and Medrano-
Gonzalez 2002, Olavarriat al. 2007). In total 312 sequences from the Australian
samples, 872 from Oceania and 62 from AntarcticaAvewere used in all subsequent
analyses (Table 1), with 57 sequences from the 'Btde@ad samples used in the MSA

estimation.

Statistical analysis

l. Genetic structure

For an initial evaluation of the two hypotheses fopulation structure; hypothesis 1
(H1) where the Oceania populations are considegpdrately, and hypothesis 2 (H2)
where New Caledonia, Tonga and French Polynesiaambined (IWC 2006, Jackson
et al. 2006, IWC 2011), we calculated genetic differamdia among each population
pair for both scenarios using an Analysis of Molacwariance (AMOVA Excoffieret
al. 1992) as implemented in GenAlEx 6.5 (Peakall amdosse 2006, 2012) with
statistical testing by random permutation (999 peations). For microsatellite data, an
estimate ofst (infinite allele model) was calculated as per eiCockerham (1984),
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Peakallet al (1995) and Michalakis & Excoffier (1996). Givemethigh variability of
microsatellite markers, JostBest (Jost 2008, Meirmans and Hedrick 2011), an
unbiased estimator of divergence, was also cakdlasing a modified version of the R
package DEMEtics V0.8.0 (Jueterboeak al. 2010), with statistical testing by
bootstrapping with 1000 permutations. Compared Wigh Dest partitions diversity
based on the effective number of alleles ratham thathe expected diversity to give an
unbiased estimation of divergence (Jost 2008). rRtid!NA data, an AMOVA was
performed at both the nucleotide and haplotypelleMer these analyses, genetic
distance matrices were constructed using individpalrwise differences at all
polymorphic nucleotide sites (following Excoffier &. 1992), or haplotype differences
among all individuals (Nei 1987). In keeping withetcommon practice in similar
studies we use the notatidtyt for haplotype differentiation andst for nucleotide

differentiation (Olavarriat al.2006, Olavarriat al.2007, Rosenbaumt al.2009).

Il. Simulations

This is the first study to attempt a mixed stoclalgsis (MSA) of Antarctic area V
humpback whale samples using both mtDNA and mitetlga markers. Even though
we have assembled the most comprehensive geneticsda presently available for
putative source populations, the sampling of théemital source population is not
uniform across the study system. Therefore we eyeplocomputer simulations to
assess the degree of confidence that we can hawer iability to assign an individual

back to a source population and to estimate migmghe feeding grounds.

In our computer simulations, the source data isogoas to a predictive model. A high

degree of correct individual assignment or apportient (see below for thresholds)
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would suggest that the level of genetic differdidia is sufficient to distinguish
individuals from different populations or the poptbns themselves. The term
‘confidence’ comprises two components: accuracy @edision. We define ‘accuracy’
in these simulations as the agreement betweenittihdased value and the expected
value, and ‘precision’ refers to the repeatabitityhe simulated value as measured by a

confidence interval (i.e. the smaller the confidemterval, the more precise the value).

Three factors are known to be important for effedyi estimating mixture proportions
using MSA: the degree of differentiation among seumpopulations and stocks,
adequate sampling of all contributing source pdpmuia and a sufficient number of
genetic markers (Pella and Milner 1987, Epifasti@l. 1995, Kalinowski 2004). Below

we consider these factors.

Evaluating the resolution of source datasets falividual assignment and MSA

i.  Individual assignment

To test our confidence in the source data to asamnndividual whale to a given
population we used the maximum likelihood clasaifen in the program MLE
(Topchy et al. 2004). This program can use both Mendelian (i.erasatellite) and
non-Mendelian (i.e. mtDNA) loci simultaneously tgesa@n individuals to the most
likely source population based on the posteriobgability for each classification. For
MtDNA, the program uses haplotype frequencies sih@le locus to obtain maximum
likelihood estimates (Campbekt al. 2003). We applied this approach for three
population mixtures likely to occur on the feedigiunds (i.e. western Australia and
eastern Australia, eastern Australia and Oceanghgeastern Australia, New Caledonia,
Tonga, Cook Islands and French Polynesia) usiregtbenetic datasets: microsatellites,
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MtDNA, and microsatellites + mtDNA combined, empiay a posterior probability

assignment threshold of 0.90.

il.  Mixed-stock analysis (MSA)

For the MSA analysis we chose to use the prografkiVER. 3.7 (Debeveet al. 2000,

Alaska Department of Fish and Game. 2003), as dursently the only mixed-stock
simulation software that can accommodate both mamllite and mtDNA data
combined. SPAM employs a maximum likelihood apphawith allele frequency
distributions modelled using the Rannala-Mountamstprior (Rannala and Mountain
1997). This approach allows for the estimationIt#l@ frequencies for loci with many
low-frequency alleles that can cause bias and/grasision in stock-composition

estimates.

We used the 100% simulation feature in SPAM to ssdbe ability of MSA to
accurately reapportion populations, assuming thereno mixing. This approach
simulates a sample composed of 100% of each populabm the source data and then
attempts to reapportion simulated individuals teirthpopulation of origin. The
simulation uses bootstrap resampling of allele Uesgries from the source data based
on a user nominated sample size of the ‘pure stddks provides an initial benchmark
with which to test the statistical power of ourakats for MSA and is a widely reported
method in demonstrating the apportion accuracy dgenetic stock identification

applications (e.g. Smitét al. 2005, Beacharat al.2006).

The simulations were performed on three separai@seis: microsatellites, mtDNA,
and microsatellites + mtDNA combined. All 100% saenpeapportioning simulations
were conducted with 40 simulated individuals pesration and 1000 bootstrap
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resamplings were used to calculate all mean primpait contribution estimates with
95% symmetric bootstrap confidence intervals. Tdmae size of 40 was chosen as a
conservative sample number that might be colleaeda six week voyage in the
Southern Ocean. A population was considered idebtd if 90% or more of the
simulated ‘pure stock’ was correctly identified bave originated from within the
population (e.g. as demonstrated by Snathal. 2005, Albertson-Giblet al. 2008,

Andersonet al.2008, VanDeHewt al.2010, Hes®t al.2011).

Improving the resolution of our source datasetsMSA

From (i) it was identified that combining microddtes + mtDNA with Oceania
populations grouped (H2) offered the most staastpower in a mixed-stock analysis
and we therefore used this combination in subsadu&A analyses. We examined the
influence of source data sample size on the alohtyISA to accurately reapportion a
100% sample of each putative population by changiegnumber of samples in our
source dataset td > 200, 250, 300 and 400 for all populations (e.y. @opulation with
less than 200 individuals in the source datasetidvbe increased tdl = 200 and any
population withN > 200 would remain at the current sample size) apkated the
100% simulation in SPAM using 40 simulated indiatki and 1000 bootstrap
resamplings. When simulating an increase in sopopilation sample sizes we used
the original baseline allele frequencies to gemenatv individuals and therefore did not
take into account the increased likelihood of edleles appearing if larger sample sizes
were available. Despite the bias associated witlpsag error (Andersoret al. 2008),
the result will help determine whether the diffexes in sample size between

populations have a strong influence on our abildtyidentify each population in a
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mixture. Larger baseline samples are expected t¢ce@se accuracy in population

identification (Kalinowski 2004, Beachaet al.2011).

Given extensive sampling in the southern ocean lmarboth expensive and time
consuming, it is also useful to determine whethegding ground sample size is
important for an accurate MSA. We simulated differeample sizes of a ‘pure stock’,
representing samples on the feeding grounds tardete the minimum number of
samples required to confidently reapportion oneupain from its neighbouring
population, likely to occur in a feeding ground tope (i.e. western Australia and
eastern Australia; Oceania and eastern Australising the 100% simulation feature in
SPAM we simulated various feeding ground sampless{ze.N = 40, 65, 80, 120, 160,
200, 280, 400) and compared estimates of meanat@ssignment of all individuals to
their population of origin. By plotting these esates for one population from each
potential mixture and identifying the inflectionippwhere the mean correct assignment
begins to stabilize, we could determine the minimaample size required for that given

level of accuracy.

Realistically, humpback whale breeding populationsthe Antarctic feeding grounds
are likely to be a mixture of two neighbouring pigtions (e.g. 50% from western
Australia and 50% from eastern Australia; 60% freastern Australia and 40% from
Oceania). By simulating realistic population mnetsi with user defined proportions in
SPAM, we can assess the degree of confidence isduee dataset to determine the
proportion of humpback whales assigned to each lppn in a mixture. Predicted
precision and accuracy was assessed from the afffer between predicted and

observed population proportions. We used an eater of< 10% outside the predicted
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proportion to imply confidence in the source datgiedicting stock contribution in a
mixture (VanDeHeyet al. 2010). We simulated mixtures df = 40 for both marginal
feeding areas with expected proportional contrdngivarying from 0.0 to 1.0. We also
investigated the influence of the sample size aof saurce data and the number of
simulated individuals (mixture or feeding groundngde size) on our ability to estimate
different population contributions in the two mixts by repeating the analysis using a
population sample size & > 200 and a mixture sample size f= 160 based on

results from our previous analyses (ii and iv).

. Mixed-stock estimation of the 62 individual sampiefiected from Antarctic

feeding Area V

We used the program SPAM and our source data tuleé¢ maximum likelihood

estimates of humpback whale population contribwtiqwith Oceania populations
grouped and not grouped) to our Antarctic feedingaAV samples using all three
genetic marker sets and 10000 bootstrap resamplB@gsed on the outcome of the
mixed-stock analysis simulations (see Results)/lwie conducted the estimation both
with and without the 59 samples from Evan’'s Hea&astern Australia. We chose not
to conduct an individual assignment as most indi@idvhales from the source data

could not be assigned to a population of origire (Results 111).

RESULTS

In total we have assembled a data set consistidg@® individuals, with data for the
microsatellite loci available for 1300 samples, hmtDNA sequences were available

for 1246 samples. The sex ratio was significahtfsed towards males (743 males to
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514 femalesy® = 54.6,P < 0.0001) for all sampling locations with the epiien of the

Cook Islands (47 males to 42 femaljgss 0.3,P = 0.60) (Table 1).
Statistical Analysis

Summary genetic data for each microsatellite laugvell as variability in the mtDNA
control region for all samples are presented inekgix 1 and 2. None of the ten
microsatellite loci violated Hardy-Weinberg equilion assumptions after sequential
Bonferroni correction (Appendix 1). There was soewadence for a non-random
association of alleles between EV14 and rw4-10, &wB7and GT23 for New

Caledonia but not elsewhere.
l. Genetic structure

In evaluating the evidence in support of the twieraktive structure hypotheses we
considered the patterns of genetic diversity fer@cteania population sub-divided (H1)

versus grouped (H2).

Across the whole data set with Oceania sub-divil¢), genetic differentiation was
weak but significant, (microsatelliteBzr = 0.004,P = 0.001;Dest= 0.004,P = 0.035,
MtDNA: haplotype leveFst = 0.018,P = 0.001; nucleotide levebst= 0.025,P =
0.001). Pairwise comparisons for the ten microbtgeloci detected no significant
difference between Antarctic Area V and easterntralia (infinite allele model of
mutationFstand Jost'Dest= 0,P > 0.05), and Antarctic Area V and New Caledonia
(Fst andDgst < 0.005,P > 0.05). Using théestindex there was also no significant
structure detected between the Cook Islands and Glaewdonia, Tonga, and French

Polynesia respectivelyP(> 0.05) (Table 2a). For mtDNA there was low bgingicant
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structure detected at the haplotype level betwHeromparisons except Antarctic Area
V and eastern Australia, and French Polynesia hadCbok IslandsR > 0.05). At the
nucleotide level twelve pairwise comparisons wegaificantly different P < 0.05) and
nine were not including Antarctic Area V and eastdustralia, New Caledonia, Tonga

and the Cook Islands respectively ¢ 0.05) (Table 3a).

With the Oceania populations grouped (H2), gerdifferentiation was similarly weak
but significant across the entire dataset, but vatrsubstantial increase iDgst
(microsatellites:Dest = 0.017,P = 0.001, mtDNA: haplotype levétsr = 0.012,P =
0.001; nucleotide levelkbst = 0.020,P = 0.001). Pairwise genetic differentiation was
weak but significant between all comparsioRs=(0.001) except Antarctic Area V and
eastern Australia for all statistics, and Antar&iea V and Oceania fabst (Table 2b

and 3Db).

Il. Simulations

Evaluating the resolution of source datasets falividual assignment and MSA

i.  Individual assignment

At the individual level, we could re-assign morealds correctly to a population of
origin using the combined microsatellite + mtDNAtaket than microsatellites or
MtDNA alone (Table 4). However, a large proportioh individuals remained

unassigned using the posterior probability threslod> 0.90 .

For the western Australia/eastern Australia mix.946 of all individuals could be re-

assigned to a population correctly for the combinmedker set compared to 30.7% for
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microsatellites and 40.3% for mtDNA alone. More \@sadrom western Australia could

be re-assigned for all marker sets than individtral® eastern Australia.

We then evaluated the outcomes of individual assegrt tests separately for the two
alternative population structure hypotheses forad@e When populations of Oceania
were grouped (H2) for the eastern Australia/Oceamia 43.3% of individuals could be
re-assigned correctly using microsatellites + mtDN#&th only 25.7% assigned
correctly for microsatellites and 22.9% for mtDNAome. More individuals from

Oceania were correctly re-assigned for all markés.s

When populations of Oceania were retained as seepgraups (H1) significantly fewer
individuals could be re-assigned correctly when pgarad with the groupings under H2,
[ranging from only 1.0% for microsatellites to 5.8&6 the combined marker sd;(s =
18.0, P = 0.013)]. More individuals from eastern Australia could beassigned
correctly for all marker sets than the other popaies with an inability to re-assign any

individuals to the Cook Islands.

ii.  Mixed Stock Analysis (MSA)

Overall, the mtDNA alone reapportions a ‘pure stagkh a slightly greater accuracy
than did the combined and microsatellite dataséis. 2). The combined mtDNA +
microsatellite dataset however, showed a considtend of more precise estimates
(characterised by smaller Coefficient of Variati@V) (e.g. for populations grouped
under H2, mtDNA mearCV = 0.06; mtDNA + microsatellites mea@V = 0.05).
Overall, confidence in reapportioning a ‘pure stoglis highest when populations were
grouped as for H2. Under this grouping mixed staggortionment was correct 90% or
more of the time for mtDNA and the combined marsetr with the exception of eastern
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Australia (average ~ 94%). By contrast when pdpuia were grouped as for H1,
correct apportionment was lower than the 90% tloleslbetween 77.2% to 86.7%,
with the exception of western Australia, easterrstfalia and French Polynesia for
MtDNA, and western Australia and New Caledoniaiercombined marker set). Given
the improved confidence under the H2 groupings emasistent trend of improved
precision (lower confidence intervals), we conddcéd subsequent simulations using

the combined marker set and grouped as for H2 @dtbania populations combined).

Improving the resolution of our source datasetsMSA

The cost involved in obtaining whale samples isyy@gh. Simulations allowed us to
evaluate the potential benefits of increasing samgke from putative breeding
populations and on the feeding grounds under tlseinagtions that present allele

frequencies are representative of the source ptpuosa

Increasing the simulated sample size for eastestralia to 200 had the greatest effect
on our ability to reapportion a ‘pure stock’ usiMfSA, increasing the mean correct
assignment in the 100% sample reapportioning sitoals from 88.5% to 93.9% (an
increase of 5.4%) (Fig. 3). Accuracy and precisafhassignment improved only
marginally for western Australia and eastern Adstrahen sample size was increased

to> 250, 300 and 400 respectively (WA by 1.7% and §A814.% overall).

The number of simulated individuals, representiegding ground individuals, had
minimal impact on the accuracy of reapportioning@ae stock’ using MSA, although
precision increased (Fig. 4a and b). Confidencervads around the mean correct

assignment begin to stabilize at a sample siz&0ffar both feeding area mixes.

77



In simulating mixtures of different proportions mgiour original sample sizes and a
mixture sample size oN = 40, the differences between expected and estdnat
proportions for both feeding ground mixes werevathin the 10% threshold error rate
(3.4 to 3.6%) for identity except when eastern Aalgt was at an expected proportion
of 90% (11.3%) (Fig. 5a and b). Confidence intesviabwever, were all outside the

10% threshold error rate and at their largest f60:&0 mixture.

When sample size was increased from 131 to 20@dstern Australia the accuracy of
proportion estimates increased for both mixturafe2nces between the expected and
estimated proportions of western Australia (an@Milse for eastern Australia) were
reduced by an average of 0.9% (all differencesiwith8%) while for eastern Australia
(and likewise Oceania), the differences were rediuog an average of 3.0% (all
differences within 6.3%) with estimates improving &s much as 5% for expected
proportions of 50-90% (Fig. 5¢ and d). Increasimg $ource data sample size had little

effect on confidence intervals.

When mixture sample size was also increasel to 160, confidence intervals were
reduced by half and were within the 10% thresholtbrerate for all expected

proportions for both feeding area mixtures (Figahd f).

. Mixed-stock estimation of the 62 individual sampiefiected from Antarctic

feeding Area V

With populations grouped as for H2 eastern Austraccounted for 46.8% (SE =

5.9%), Oceania accounted for 52.4% (SE = 6.7%)vemstern Australia, 0.8% (SE
0.1%) of the 62 Antarctic feeding Area V samplesngisthe combined mtDNA +
microsatellite dataset. Eastern Australia accoufde@s much as 68.9% (SE = 10.8%)
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using the mtDNA only dataset (Oceania: 31.1% ,SH):8%) but only 29.6% (SE =
3.7%) using the microsatellite dataset (Oceania:4%Q SE = 8.9%) with no

contribution from western Australia (Fig. 6a).

Although signals in the above simulations appedavour a grouping of populations in
Oceania, under H1, three populations for mtDNA &nd for the combined dataset
performed above the 90% threshold in the 100% samgapportioning simulations.

Based on this result we decided to also performM&A with Oceania as separate
populations. In this case, contributions from Ouaao the Antarctic samples were
found to be predominantly drawn from New Caledoadioss all three marker sets
(combined: 50.0%, SE = 6.4%; mtDNA: 27.9%, SE =630). microsatellites: 68.7%,

SE = 8.6%) with close to negligible contributionsrh Tonga (Fig. 6b).

At the beginning of the simulation study, the 58npées from Evan’s Head (eastern
Australia) were not available, and were therefooé included in the simulations. As
increasing the number of samples from eastern Alistwvas found to boost the
accuracy of population allocation estimates, weeatgpd the MSA for the Area V
samples with these additional 59 samples. An AMO&alysis between the three
eastern Australian sampling locations found noigant differentiation for either the

microsatellite Fst= 0.000,P = 0.5;Dgst= 0.000,P = 0.5) or the mtDNAKst= 0.003,

P = 0.2; dst= 0.000,P = 0.5) datasets, thereby justifying the poolinghe data. The

addition of these 59 samples had little effect ppaationment for the Area V samples
using the mtDNA data only however, the estimateatrdoution of eastern Australia for
both microsatellite datasets increased, while thetrdution of New Caledonia and

Oceania as a whole decreased (combined: EA, 53584 6.8%; NC, 43.7%, SE =
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5.5%; Oceania, 46.8%, SE = 5.9%: microsatellite&; B0.6%, SE = 5.1%; NC =

49.6%, SE = 6.3%; Oceania = 56.1%, SE = 7.1%) @agand d).

DISCUSSION

In this study we combined genetic analysis of mtD&i&l microsatellite DNA data and
simulation to explore the role of differentiatiomang source populations, as well as
source and feeding ground sample size in effegtivéntifying pure samples and
estimating mixture proportions. Consistent with estlstudies weak but significant
differentiation was detected between populations. cases such as this where
differentiation is low, simulations are particulaimportant to evaluate the statistical
power given the available genetic markers and #mepée size. In the discussion that
follows we consider the strengths and limitatiomsoor current datasets for drawing
conclusions about population allocations on thedifee grounds and offer

recommendations on sampling gaps and adjustmeattedh be implemented to ensure

our estimates are robust.

Genetic structure

This is the first study to assess the patternsenfetic differentiation at nuclear loci
across the populations of Australia and Oceani@ dégree of differentiation among
pairwise comparisons was consistently low for batarker sets (microsatellites: H1
Destfrom 0.000 to 0.035, HPgstfrom 0.000 to 0.031; mtDNA: HEstfrom 0.002 to
0.037, H2Fst from 0.002 to 0.016; Table 2 and 3). Differentatiwas particularly
weak among the ungrouped populations of Oceanig, (With a Degst of only 0.009

between New Caledonia and Tonga, 0.000 betweenal ding Cook Islands and French
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Polynesia and 0.009 between Tonga and French Pady(matDNAFst= 0.009, 0.010,
0.003 and 0.017 respectively). In spite of thisulesdifferentiation between New
Caledonia, Tonga and French Polynesia was fourktsignificant for both markers
across all statisticsP(< 0.05), suggesting demographic independence anioege
breeding grounds. These results are consistentradént findings based on multi-state
measurements of genotype exchange within the upgbpopulations of Oceania and
between these populations and eastern Australi@astern Australia may not be more
isolated from Oceania than animals within Oceangaftom one another (Jacksenal.

2012).

Individual assignment tests

Using individual assignment tests, we could assngme whales to a population using
the combined microsatellite + mtDNA dataset thamrosgatellites or mtDNA alone.
However, a large proportion of individuals remaingthssigned (50 - 52% under H2
grouping and 91% under H1) using the posterior abdldy threshold of > 0.90. The
poor performance of the individual assignment tesltikely to be a combination of low
differentiation and an inadequate number of gematickers and samples. The ability to
assign individuals to the correct population ofjoriis known to break down when the
populations exhibit low differentiation and thesenoa priori population information
(Fst< 0.03) (Latchet al. 2006). With the addition of substantially moreiJoge may
improve our ability to distinguish between popwas characterised by low
differentiation and ultimately, our success in indual assignment (Allendorét al.
2010). The populations of Oceania (New Caledonagh, Cook Islands and French

Polynesia) were the least differentiated in the AXfOanalysis (see last section) and
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also had the least number of individuals correatigigned to them. Significantly more
individuals could be correctly assigned however,ewhOceania populations were
combined, creating a much larger sample size. 8ityjl western Australia was the
most distinguishable population in both the induatl assignment tests and the
AMOVA, with the highest level of differentiation v compared to a neighbouring

stock (WA vs EA: mtDNAFst= 0.042; microsatelliteBest= 0.031).

Feasibility of a mixed stock analysis

Our ability to confidently reapportion the poputats of Australia and Oceania using a
mixed-stock analysis was influenced by the chofcgemetic markers and the degree of
differentiation. Our 100% sample reapportioning Wetion results suggest that the ten
microsatellite loci alone did not allow us to acety reapportion each population
using a 90% identity threshold, and may therefave @ poor estimate of population
apportionment on the feeding grounds. This findglikely to have been influenced by
the very low differentiation at the microsatelli@ci. Although the mtDNA control
region dataset alone could accurately discrimiaat@ng most populations at the 90%
identity threshold and a mixture sample size of #e combined mtDNA +
microsatellite dataset could do so with a greatecipion (smaller confidence intervals).
Given the increase in precision was not significhotvever, mtDNA control region
sequences alone may be sufficient for MSA in hurakbahales. These results are
consistent with the highly discriminatory naturenofDNA due to their haploid nature
and uniparental inheritance which are expectedesult in a larger genetic drift
compared to nuclear loci (e.g. Avise 1995, Sunn&30). Although nuclear loci can

provide greater resolution in discriminating betwg®pulations due to the variable
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nature of some markers (Angers and Bernatchez 198&i8pe and Toonen 2006), the
AMOVA results in this study suggest that the tenosatellite loci may add little to the
discriminatory power of mtDNA. Therefore, givenethHow differentiation that

characterizes Oceania and Australian humpback whalehe nuclear level, it may
unnecessary to combine both marker types to edtinieg mixture contributions of

populations on the feeding grounds.

100% sample reapportioning simulations showed thastern Australia, eastern
Australia, New Caledonia and French Polynesia cbeldeapportioned above the 90%
threshold for either the mtDNA or combined datasghg original sample sizes and a
simulation sample size of 40. The lack of powerdapportion Tonga and the Cook
Islands is likely to be a consequence of the ifggrpetween the smaller sample size of
the Cook Islands and the weak differentiation betw#nem. Yet when the Cook Islands
was removed from the simulation analysis, the gbib reapportion Tonga increased
from 86% to 89% and French Polynesia increased fB9% to 92% using the
combined mtDNA + microsatellite dataset (data rmmven). This result and the lack of
significant differentiation between Tonga, the Cdslkands and French Polynesia, is
consistent with the suggestion that the Cook Isdaagigregation is transient based on
strong connections with Tonga (Garrigeteal. 2002, Hauseet al. 2010). Our results
confirm that the region should not be included asnajue entity in comprehensive

assessments, as has been suggested previous|y2(00&).
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Performance of mixed-stock simulations under the twpotheses for population

structure

Based on the results of the 100% sample reapportj@mulations and despite the low
differentiation between New Caledonia, Tonga an&nEh Polynesia, with the
exclusion of the Cook Islands, we suggest accueatenates of humpback whale
feeding ground composition will be possible undethbhypothesis 1 and 2 given

adequate sample sizes.

Improving the accuracy and precision of mixed-staclyses

Sample size of the source populations was foundet@ key factor influencing the
accuracy of population identification. For examphdien sample sizes were increased
through simulation, greater confidence in reappartient to eastern Australia was
observed with a marginal improvement for westerrstéalia. A moderate increase in
the sample size of eastern Australia from 131 t0 BAd the greatest effect on our
ability to reapportion the population, increasitg taccuracy from 88.5% to 93.9%;
above the 90% threshold for identity. Increasingiree sample sizes beyond 200
produced diminishing returns. Fisheries stock satioih studies generally support these
findings, reporting little benefit in increasinggdation sample size beyond 100 or 200
fish, a result which is dependent on the resolutbrthe genetic markers set used
(Kalinowski 2004, VanDeHewgt al. 2010, Hes®t al.2011). Indeed a moderate increase
in source sample size has been found to have gmgsites in the statistical power of the
data than moderate increases in the number of aruldei (up to 20 loci; 8-33 alleles
each), particularly whekstis low (< 0.01) and the average correct assignnera

populations is greater than 80% (Kalinowski 200%yrid et al. 2009, Hes®t al.2011).
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The simulations demonstrate that increasing thepkasize of eastern Australia to 200
and the feeding grounds to 160 produced estimaigsanfidence intervals within the
stringency threshold for all expected proportioms both feeding area mixtures.
Therefore a moderate increase in both source aedinig ground sample sizes is
recommended from this study for accurate apportemnof these populations on the
Antarctic feeding grounds and an entirely viableiap given prior sampling efforts

(Pastenest al.2011, Steeét al.2011).

Simulation limitations

There are two ways in which our analyses may biasmates of simulation
performance for all three marker sets. Firstly, 8P#as been found to overestimate the
predicted accuracy and precision of mixed-stocklysma by resampling from the
baseline with replacement, particularly for closeflated populations (Andersan al.
2008). Different types of simulation software hateempted to address this problem
(Banks and Eichert 2000, Pist al. 2004, Andersoret al. 2008) but there is still no
consensus on the most robust way to demonstratstaiistical power of a baseline
using simulations. There is also no software yrgdunbiased estimates of genetic
stock identification that can accommodate combimetDNA and nuclear data.
Preliminary analyses using the 100% sample reapporgy simulation feature in
ONCOR which attempts to reduce this bias (Andersinal. 2008) and the
microsatellite data only, produced similar estirmatdhen mean correct assignment was
greater than 90% (e.g. SPAM estimate for OceanideiuiH2 = 94.1%; ONCOR
estimate = 92.4%). Nonetheless, it is uncertaintveffect sampling the baseline with

replacement might have on mtDNA or combined mtDNW auclear data. Despite the
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bias associated with SPAM, our results providerimftion on the relative accuracy and
precision of marker types, and the effect increasiarker number and sample size has
on genetic stock identification in humpback what&scondly, it should be noted that all
MSA simulations assume that the source samplesallel@ frequency estimates are
representative of the populations present in theture and, therefore, do not take
account of unrepresentative baseline samples d&ldsabr omitted source populations.
As there is no way to systematically account fag gossibility of individuals from
unsampled populations in the mixture, simulatior astimation results should be

interpreted with a degree of caution.

Population composition of Area V samples

Our simulations offer important clues about therdegf confidence we can expect in
estimating the population apportionment of Aus&raind Oceania humpback whales on
the Antarctic feeding grounds using a mixed-stonklysis. It is evident that these

estimates are influenced by the genetic distinn#ge among source populations,

choice of genetic markers, and both source andungxdample sizes.

Notwithstanding the value of increasing samplessitiee simulations indicate that our
MtDNA and combined mtDNA + microsatellite dataseéve the potential to provide
estimates that are close to satisfying the 90%gncy threshold for both hypotheses

of population structure.

In light of these simulations, what can we safa@paude about the population mixture
of our Antarctic Area V sample? Two important giss emerge from the simulations:
1. The contribution of western Australia is smalhiegligible. We have a high degree of
confidence in this conclusion given both the snBA estimated error (Fig. 6a to d)
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and the outcomes of the simulations that predatechgreement between estimated and
expected proportion mixtures when the contribufrem western Australia is low (Fig.
5b). 2. Both eastern Australia and Oceania (largefyresented by New Caledonia)
make substantial contributions to the Area V samyleat is less certain is the exact
apportionment of feeding Area V samples to thegauladions. This uncertainty arises
from the discrepancy between the MSA estimates dxtvthe three different marker
sets, and the error surrounding these estimatgs @& and b). The simulations also
indicated the largest errors are predicted wherethee more or less even contributions
of eastern Australia and Oceania (Fig. 5a). With dlddition of the 59 Evan’s Head
samples to eastern Australia however, the discpéetween estimates for each
dataset was reduced (Fig. 6¢ and d). Thus, whilecavebe confident that there is a
substantial contribution of both populations to @&uatic feeding Area V, whether or not
the contributions are even or a little biased \p#rhaps require more discriminating

genetic markers.

Collectively, our results add support to individeainnection studies usirigiscovery
tags, photo identification and genotype matchesyelbas satellite tags linking eastern
Australia to Antarctic Area V (Dawbin 1966, Olavaret al.2006, Rock 2006, Franklin
et al. 2008, Galeset al. 2009, Constantinet al. 2011, Steelet al. 2011). From the
Antarctic Area V whales used in this study, Consteret al. (2011) and Steel et al.
(2011) found the majority of fluke and genotype chat were to eastern Australia, with
one match to New Caledonia and the New Zealandataigr corridor. Despite the low
number of matches with Oceania, their result nagleis implies that Area V is a
region where mixing between eastern Australia andaBia occurs. Their study also

corroborates our findings of a negligible contribatfrom western Australia in Area V,
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with no matches found. This is consistent with rbsults ofDiscoverytag recoveries,
implying humpback whales breeding in western Alistrare more likely to mix with
those of eastern Australia east of ®5n Antarctic Area IV (Chittleborough 1965,
Dawbin 1966) Our findings also support the results of otheerddISA studies, that
despite their data limitations offered new evidetitat New Caledonia may have a
larger connection with Area V than previously thbug@Albertson-Gibbet al. 2008,

Pasteneet al.2011).

This study is the first to comprehensively asshegpbwer of a combined microsatellite
and mtDNA genetic dataset to discriminate betweastralian and Oceania humpback
whales on the Antarctic feeding grounds at bothviddal and population levels. We

emphasize that these results should be considesdichpary, pending a re-analysis of
other population structure scenarios as new bic&gvidence comes to light. Despite
the need for more samples to improve estimatesoptilption allocation, our study

strengthens the emerging genetic and non-genatiersse that Antarctic feeding Area
V is utilized by humpback whales from both easteustralia and the more vulnerable

population of New Caledonia, representing Oceania.
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TABLES AND FIGURES

Table 1. Samples from individual whales (assumeh funique genotypes) genotyped
at ten microsatellite loci and sequenced at theN#tzontrol region for Antarctic
feeding Area V and the six source populations.

M = males, F = females, ? = unknown

Region Sampling N
period Microsatellites Sex mtDNA Sex
M F 2 M F ?
Antarctica Area V 1999-2010 62 31 31 62 31 31
western Australia
Exmouth 2007 204 116 88 189 107 82
eastern Australia 190 127 62 1 180 141 59
Eden 2008 61 47 14 57 44 13
Tasmania 2006-2008 70 34 36 66 31 35
Evans Head* 2009 59 46 12 1 57 66 11
Total Australia 394 243 150 1 369 248 141
New Caledonia 1999-2005 310 172 123 15 29970 121 8
Tonga 1999-2005 298 196 97 5 292193 95 4
Cook Islands 1999-2005 95 47 42 6 91 46 42 3
French Polynesia 1999-2007 200 100 83 17 193 81 16
Total Oceania 903 515 345 43 872 502 339 31
Total 1359 789 526 44 1303 781 511 31

*Evans Head samples only used in the MSA of AnizaicArea V samples.
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Table 2. Pairwisé& st andD est values among source populations and Antarcticiigeltea VV under

(a) H1 and (b) H2 based on ten microsatellite Bgk values are given below the diagonal &ngr

values are given above the diagonal. Significamalues P < 0.05 after sequential Bonferroni correction)
for F st, based on statistical testing of 999 random peatious and fob est, based on 1000 bootstrap
resamplings, are shown in bold.

Area V = Antarctic feeding Area V; WA = western Auadia;
EA = eastern Australia; NC = New Caledonia; TG nda
Cl = Cook Islands; FP = French Polynesia

(a) H1 (b) H2

Popn. AreaVi WA EA NC TG CI FP Popn. AreaV| WA EA Oceania
Area V 0.028 0.000 0.004 0.019 0.020 0.035 Area V 0.028 0.000 0.013
WA 0.006 0.031 0.024 0.023 0.026 0.026 WA 0.006 0.031 0.021
EA 0.000 | 0.005 0.014 0.023 0.020 0.023 EA 0.000 | 0.005 0.016
NC 0.002 | 0.006 0.003 0.009 0.008 0.022 Oceania 0.005 | 0.005 0.005

TG 0.016 | 0.014 0.015 0.013 0.000 0.007

Cl 0.007 | 0.010 0.009 0.004 0.013 0.000

FP 0.008 | 0.005 0.005 0.005 0.009 0.004

Table 3. Pairwisé st and® st values among source populations and Antarcticiigetea V under
(a) H1 and (b) H2 based on mitochondrial DNA cdntgion sequences.st values are given

below the diagonal andtst values are given above the diagonal. Signifieaxnalues P < 0.05 after
sequential Bonferroni correction) based on stedistesting of 999 random permutations are shoviaolth

Area V = Antarctic feeding Area V; WA = western Auadia;
EA = eastern Australia; NC = New Caledonia; TG ada
Cl = Cook Islands; FP = French Polynesia

() H1 (b) H2

Popn. AreaVi WA EA NC TG CI FP Popn. AreaV| WA EA Oceania
Area V 0.024 0.001 0.003 0.005 0.018 0.047 Area V 0.024 0.001 0.006
WA 0.016 0.042 0.017 0.022 0.045 0.082 WA 0.016 0.042 0.027
EA 0.002 |0.015 0.021 0.012 0.012 0.036 EA 0.002 |0.015 0.013
NC 0.005 | 0.016 0.010 0.005 0.019 0.042 Oceania 0.010 | 0.015 0.010

TG 0.015 | 0.016 0.010 0.009 0.007 0.035

Cl 0.033 | 0.031 0.025 0.030 0.010 0.005

FP 0.037 {0.034 0.031 0.031 0.017 0.003
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Table 4. Individual assignment test results usiagmiaximum lkelihood clasification in the progr&hE (Topchyet al. 2004).
Individuals from the three genetic datasets (mtDNrosatelites and mDNA + microsatelites) wezeassigned to the most likely
population in mixtures likely to occur on the Awtiir feeding grounds by calculating the posterimbabilty for each classification.

WA = western Australia; EA = eastern Australia; NGlew Caledonia; TG = Tonga; Cl = Cook IslandsFPrench Polynesia

MtDNA microsatelites mtDNA + microsatelites

Mixture % individuals re- % individuals re- % individuals re-assigned

Population assigned correctly assigned correctly correctly
western Australia and WA 48.2 33.8 50.5
eastern Australia EA 28.4 26.0 38.9

total 40.3 30.7 45.9
eastern Australia and EA 21.9 115 27.5
Oceania Oceania 23.0 28.1 45.9

total 22.9 25.7 43.3
eastern Australia, New Caledonia, EA 6.5 2.3 16.0
Tonga, Cook Islands and NC 0.3 0.0 5.8
French Polynesia TG 0.0 0.3 2.0

Cl 0.0 0.0 0.0

FP 3.2 3.0 7.5

total 15 1.0 5.8
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Appendix 1. Genetic diversity in humpback whalesyglad from Antarctic feeding Area V, the six souppulations,
and the Evan's Head data from eastern Australiatgeed at ten locN = number of genotyped indviduals per locus,
Na = number of alleledjo = observed heterozygositte = expected heterozygosity and HW = deviation fiandy-Weinberg
equilibrium (p-value); significant at P < 0.05 afthe adjustment for multiple comparison with sejiaéBonferroni test (Rice 1989)
(Standard errors in parentheses).

Locus N

Na

Antarctic Area V
Ho

He

HW

Na

western Australia

Ho

He

eastern Australia

Evan's Head (eastern Australia)

HW Na Ho He HW N Na Ho He HW

Evi4 62 9 0.758 0.723 0.426 203 8 0.754 0.778 0.458 131 9 0.725 .7480 0.742 59 11 0.729 0.757 0.367
Ev37 62 16 0.935 0.909 0.372 202 19 0.931 0.904 0.322 131 19 160.9 0.913 0.360 59 15 0.898 0.910 0.043
Ev96 62 13 0.823 0.852 0.049 202 12 0.876 0.869 0.688 131 13 630.8 0.848 0.867 59 12 0.915 0.864 0.641
GATA417 58 15 0.862 0.883 0.420 203 15 0.911 0.903 0.741 131 15 0.870 8900. 0.631 59 13 0.898 0.877 0.043
GT211 62 9 0.758 0.787 0.868 203 10 0.803 0.836 0.033 130 10 850.7 0.820 0.675 59 9 0.644 0.849 0.024
GT23 62 8 0.823 0.759 0.492 204 9 0.838 0.821 0.618 131 9 0.763 .7970 0.185 59 8 0.797 0.792 0.410
rw4-10 59 10 0.932 0.835 0.819 203 12 0.877 0.854 0.798 131 12 .7860 0.831 0.582 59 10 0.847 0.825 0.123
Evl 62 4 0.452 0.565 0.006 203 4 0.567 0.526 0.428 130 4 0.523 5520.  0.429 59 4 0.694 0.581 0.434
Evo4 62 10 0.823 0.801 0.182 202 9 0.827 0.809 0.357 130 9 0.792 0.807 0.760 59 8 0.780 0.831 0.081
GT575 61 14 0.803 0.783 0.703 203 16 0.788 0.804 0.292 130 14 8150. 0.811 0.824 59 11 0.847 0.819 0.578
allloci 612 0.5) 10.8(.2) 0.80 0.04) 0.79 0.03) 0.43 0.10) 202.8 0.20) 11.4 (L.4) 0.82 0.03) 0.81 0.03) 0.47 0.08) 130.6 0.2) 11.4 (.3) 0.78 0.03) 0.80 0.03) 0.61 0.07) 59 (0.0) 10.1£.9) 0.81 0.09) 0.81 0.09) 0.27 0.08)

* Of the 13,590 genotypes in total we failed toggpe 384, with only two of 1,359 individuals migsigenotypes from three or more loci
and no individuals missing data from more than fafuten loci.
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New Caledonia Tonga Cook Islands French Polynesia
N Na Ho He HW Na Ho He HW Na Ho He HW N Na Ho He HW
309 9 0.725 0.729 0.558 188 10 0.766 0.773 0.344 94 9 0.830 80.79 0.120 189 9 0.735 0.761 0.014
292 21 0.932 0.925 0.910 288 19 0.913 0.921 0.025 90 17 0.867 9210. 0.011 199 19 0.920 0.909 0.761
310 13 0.910 0.880 0.375 292 12 0.839 0.878 0.303 87 12 0.770 8640. 0.039 183 12 0.869 0.867 0.309
275 18 0.931 0.904 0.378 294 21 0.925 0.909 0.935 16 17 0.920 8980. 0.790 197 21 0.873 0.905 0.590
310 10 0.852 0.831 0.425 290 10 0.824 0.825 0.637 94 10 0.840 8160. 0.869 199 9 0.804 0.823 0.437
309 9 0.822 0.790 0.883 292 9 0.818 0.795 0.226 95 9 0.811 0.7780.771 196 9 0.806 0.811 0.265
307 11 0.834 0.844 0.144 292 13 0.795 0.824 0.289 7 12 0.805 8130. 0.938 196 11 0.801 0.822 0.941
300 4 0.500 0.506 0.057 288 4 0.479 0.480 0.244 94 4 0.511 0.501 0.624 193 4 0.430 0.455 0.510
309 10 0.848 0.807 0.461 293 9 0.775 0.805 0.194 90 9 0.711 30.81 0.020 192 9 0.802 0.803 0.034
308 15 0.828 0.814 0.417 292 15 0.815 0.833 0.391 95 12 0.758 8170.  0.300 197 14 0.838 0.806 0.688

302.98.6) 12.0 (L.6) 0.82 0.04) 0.80 0.04) 0.46 0.09) 280.9 10.3) 12.2 (L.6) 0.80 0.04) 0.80 0.04) 0.36 0.08) 89.1@.3) 11.1(L.2) 0.78 0.04) 0.80 0.04) 0.45 0.12) 194.1 (..6) 11.7 (L.6) 0.79 0.04) 0.80 0.04) 0.46 0.10)
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Appendix 2. Variabilty in the mtDNA control regiaf humpback whales sampled from Antarctic
feeding Area V, the source populations, and Evdread (eastern Australia).
(h = haplotype diversity and = nucleotide diversity)

Area V = Antarctic feeding Area V; WA = western Anadia;
EA = eastern Australia; NC = New Caledonia; TG sday
Cl = Cook Islands; FP = French Polynesia

Region/Popn No. of  No. of unique h +SD r +SC
haplotypes haplotypes

Antarctica Area V 30 3 0.969.008 0.1410.072
WA 56 23 0.97%0.004 0.1320.067
EA 40 4 0.966+0.00¢ 0.12¢+0.06¢
NC 64 9 0.9730.002 0.1380.070
TG 53 4 0.9640.003 0.1360.069
Cl 29 1 0.92%0.016 0.12%0.065
FP 30 3 0.91%0.01( 0.114+0.05¢
Oceania 80 30 0.986.009 0.1330.067

Evan's Head EA 27 1 0.946.018 0.1990.103

Total 114 48 0.973+0.002 0.183.067
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Figure 1. Australian and Oceania humpback whaleding/migratory populations and
their associated feeding areas (Area 1V, V, VI andlivided into ‘Pure Stock’ and
‘Mixing’ areas (IWC 2009). We also include the nweniof individuals sampled from
each regionN). ‘Oceania’ combines New Caledonia, Tonga and ¢hdPolynesia in a
population structure hypothesis proposed for them@ehensive Assessment of
Southern Hemisphere humpback whales (IWC 2006). ¥\Western Australia; EA =

eastern Australia.

Figure 2. Results of 100% simulations for humpbadiale populations under a) H1
and b) H2. The program SPAM was used to simulapeii@ stock’ N = 40) consisting
of 100% of each source population. We then assekeeatbility of mixed stock analysis
to correctly estimate the reapportionment of eambufation using mitochondrial DNA
(mtDNA) control region sequences, ten microsatellitoci, and mtDNA +
microsatellites combined. We expect to see 100%h@fcorrect population. Error bars

represent 95% confidence intervals.

WA = western Australia; EA = eastern Australia; NQNew Caledonia; TG = Tonga;

Cl = Cook Islands; FP = French Polynesia

Figure 3. The effect of increasing population sargkte on the genetic distinctiveness
of populations under H2 for the combined mtDNA +crosatellite dataset using the
100% simulation analysis in SPAM and a simulatiample size oN = 40. Error bars

represent 95% confidence intervals.

Figure 4. Mean reapportionment for a) western Alisin humpback whales in a

western Australia/eastern Australia mix, and b) & humpback whales in a
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Oceania/eastern Australia mix, simulated as a foncdf feeding ground (mixture)
sample size using the 100% simulation feature enpitogram SPAM and the combined
microsatellite and mtDNA control region datasetoEtbars represent 95% confidence
intervals. The horizontal line represents whererttean correct assignment begins to
stabilize. In both figures the dashed circle encassps the feeding ground sample size
where the mean reapportionment matches the hoakdine value and confidence

intervals begin to stabilizeN(= 160).

Figure 5. Results of simulated mixture analyses tioo humpback whale feeding
ground mixtures; eastern Australia/Oceania andemegtustralia/eastern Australia. We
used the program SPAM to simulate mixtures witheex@d proportional contributions
varying from 0.0 to 1.0. We then performed mixeacktanalysis, calculated maximum
likelihood estimates of the proportional contrilomis in each simulated mixture, and
compared estimated values to the true expectedoprops using the combined

microsatellite + mtDNA control region datasets. (Fgs a) and b) used original
population sample sizes and a mixture sample di2¢ © 40; Figures ¢) and d) used
population sample sizes200 and a mixture sample sizeMf= 40; Figures e) and f)

used population sample size200 and a mixture sample Nf= 160.

Figure 6. SPAM maximum likelihood estimates of hinagk whale feeding Area V
composition N = 62) under H1 (b and d) and H2 (a and c) usihghake genetic
marker sets. Error bars represent jackknife stahdarors. Figures a and b show
estimates using source data and figures ¢ and\d slRtmates using source data with

eastern Australia supplemented by 59 Evan’s Heales.
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6c. Estimation of Area V composition under H2 (with 59 Evan's
Head samples added to EA)
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ABSTRACT

While the coarse-scale spatial and temporal pattefnhumpback whale seasonal
movements between low latitude breeding groundshagid latitude feeding grounds
are broadly understood, the assumption that thergepattern of migration for both
sexes is similar is still under question. One stiyy Valsecchi et al. (2010) has
challenged this prevailing view for the humpbackalels that migrate along the east
coast of Australia based on a finding of significatDNA nucleotide differentiation
between northbound males and females sampled &tll8bke Island in 1992. They
suggested that sex-specific patterns of migratrenogerating such that when sampled

at the same location, males and females repregéaredt populations.

Using sex-specific and temporal mtDNA data presgimethis previous study together
with 180 additional samples from two new samplirggions along the eastern
Australian migratory corridor (Evan’s Head and $ee&astern Australia), we reassessed
the evidence for sex specific migratory route cloiSpecifically we determined
whether the patterns of haplotype sharing, hapétinequency and haplotype and
nucleotide differentiation are consistent with thal hypothesis that males and females

drawn from the same population will be geneticalipilar.

In our initial analysis of the mtDNA data, we fous@ynificant structure among all
sampling locations at the haplotype level, irresipecf sex or migratory direction, and
for whales migrating north towards the breedingugds. When samples were
partitioned by sex and sampling location, we recede¢he same intriguing finding as
the previous study of significant structure betw&#radbroke Island males and females
at the nucleotide level, both overall and for nbahnd individuals, but this was not

repeated in the samples off Evan’'s Head and sagdtes Australia. Across all three
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sampling locations, regardless of migratory dimtti we found no significant
differences in the patterns of haplotype differatmndin, haplotype sharing and haplotype
frequency between the sexes. Overall, our resalte rdoubts about whether eastern
Australian males and females are utilizing différenigratory routes, as well as

highlight other potential anomalies.

We discuss possible explanations for these findimgduding sampling, mixing with
neighbouring populations, demographic consequentesistorical overexploitation,

and social and age class structuring during mignati

KEY WORDS: Humpback whales, mtDNA control regiomgd&ding grounds, eastern

Australia

"Email: natalie.schmitt@aad.gov.auatschmitt@hotmail.com
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INTRODUCTION

Long-distance, seasonal migration is displayedlbsnajor animal groups but arguably
the most commonly known examples are from spedidsrds and marine mammals
(Dingle & Drake 2007). In both hemispheres, mangcsgs of birds migrate hundreds,
even thousands of kilometres from tropical to terafgeregions to breed in spring and
perform the return journey the following autummng(eCox 1985). Similarly it has been
shown that many marine species make large-scaiediaial migrations which may also
be driven by mating opportunities, as well as thanalance of suitable prey, thermal
habitat preferences and ocean processes (Blodk2QHl). The long-distance seasonal
migration of the humpback whaMegaptera novaeangliais one of the most intensely
studied migrations of all marine species. Occuriim@ll ocean basins, these whales
forage in productive, high-latitude areas in thenswer before undertaking extensive
movements to low-latitude coastal waters, whereingaand calving occur during

winter and spring (Dawbin 1966).

With the development of satellite and geolocatiagst tracking studies of long-
distance, seasonal migration behaviour is how conplage among migratory species,
revealing different strategies during migration elegeent on sex, age or condition. For
example, in many bird species, the males depairthieter habitats first to establish a
breeding territory on the summer breeding grounds po the later arrival of females
(e.g. Stanley et al. 2012). Such studies havedifsmvered that the route of migration
can vary greatly; even the same individual may gkaits migration route between
years based on its own condition or climatic vdaal{e.g. Yosef et al. 2006, Purcell &
Brodin 2007, Senapathi et al. 2011, Gronroos e2@12). However, despite this large

and rapidly growing body of literature, where migrg behaviour can be strongly
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influenced by an individual’s life-history, thereeavery few examples where the actual
migratory route differs substantially between sex#éhin a population. It was therefore
surprising when Valsecchi et al. (2010) raised tossibility in humpback whales.
Their study found significant mtDNA nucleotide @iféntiation between northbound
males and female whales sampled from the migratoryidor off Stradbroke Island
(Queensland) in 1992. To explain this result théhens suggested that sex-specific
patterns of migration are operating in humpback leghdahat migrate along eastern
Australia. Further, based on behavioural evidericey argued their best supported
hypothesis was one where eastern Australia malgsatei northward to the breeding
ground elsewhere in the western South Pacific, edgefemales migrate along the east
coast of Australia. The males that migrate nortimgleastern Australia are thought to

belong to a separate western South Pacific populati

This intriguing result and hypothesis is not imgliéale given the unique environment of
the western and central South Pacific Ocean for ghatk whales. Thousands of
islands and reefs create a band of suitable wigdnabitat for a number of breeding
populations in close proximity to each other, whinegitudinal movements between
adjacent populations or feeding areas are not nst by large land masses (Garrigue
et al. 2000). Valsecchi et al. (2010) suggestetigheh longitudinal movements may be
adaptive if males can opportunistically visit mamrmgeding sites at the ‘peak’ of female

receptivity within one migratory season.

The Valsecchi et al. (2010) result demands furth&sessment for several reasons.
Firstly there have been several behavioural, gerstd tagging studies on western
South Pacific humpback whales that have revealedpdeal segregation along

migratory routes according to age, sex and reptoductate (Chittleborough 1965,
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Dawbin 1966, Brown & Corkeron 1995, Brown et al9%9 Craig & Herman 1997,
Smith et al. 2012), but have not indicated sex-$jgeunigratory route choice. Secondly,
it is thought baleen whale calves develop a “caltunemory” of particular migratory
routes from their mother prior to weaning thus pr@dg maternally directed fidelity to
feeding and breeding areas (Clapham & Mayo 198apl@&m & Seipt 1991, Clapham
et al. 1993, Clapham 1996); the Valsecchi et a&01(3 result challenges this view,
suggesting there may be male-specific migratoryesuFinally, if indeed there is sex-
specific migratory route choice in the western &decific, then this would raise doubt
over the validity and interpretation of the impottaand influential population
abundance estimates for eastern Australian humpbheles derived from surveys off
Stradbroke Island (Noad et al. 2005, Noad et al120These data are not only used to
assess the population trend of the eastern Awstrgdopulation but also to derive
biological parameters used in population, recovang even whaling management
models developed by the International Whaling Cossion (e.g. Best 2001, Clapham

2001, IWC 2001, Baker & Clapham 2004, Jackson.e2G{8).

In this study we reassess the genetic evidencexo§gecific migratory route choice in

western South Pacific humpback whales using tha ge¢sented by Valsecchi et al.

(2010) together with 180 additional samples fromo tvew sampling regions along the

eastern Australian migratory corridor.

MATERIALS AND METHODS

Samples

Our data set consisted of 315 mtDNA sequences atkiinom humpback whale skin

biopsy samples from the eastern Australian migyatorridor (Table 1). This included
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135 sequences (91 males and 44 females) from samopllected off Stradbroke Island

in 1992 throughout the annual migration, publisbgdvalsecchi et al. (2010) and 180
sequences (121 males and 59 females) from samgliogs between 2007 and 2009
around Evan’s Head, NSW and south-eastern Austradnich included Eden, NSW,

and eastern Tasmania (see Schmitt et al. In Pr8gg).table 1 for a breakdown of
samples according to sex and migratory directiowelsas the sample collection dates.
All eastern Australian samples were collected dutire peaks of both the northern and
southern migrations (Paterson et al. 1994), wid Bvan's Head sample collection
overlapping the Valsecchi et al. (2010) samplingique for the northern migration.

Further details on the sample collection and seterdenation can be found in a

previous paper (Schmitt et al. In Press).

mMtDNA sequence

For all samples, our analysis was based on a 4@@hgensus region starting at position
six of the reference humpback whale mitochondratiol region sequence (GenBank
X72202: see Baker & Medrano-Gonzalez 2002, Olaaatial. 2007). The Stradbroke
Island sequences were extracted from Valsecchi. é2@10) based on their haplotype

identity referenced from Olavarria et al. (2007).

Statistical Analysis

By virtue of its maternal inheritance, interbreagipopulations will share mtDNA
haplotypes. Thus, in the absence of sex-biase@dizl) samples of males and females
drawn from the same population will be geneticaignilar. For mtDNA there are
several different, but complementary ways to compghe genetic similarity between
the sexes. At the simplest level, the number dedght haplotypes shared, relative to
the total number of haplotypes, is a potentiallipimative measure. A comparison of
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haplotype frequencies provides another way to asggnetic similarity, while

guantifying the extent of genetic differentiatioffens a third approach. If adequate
samples of males and females were drawn from the saterbreeding population, we
would expect to find high levels of haplotype shgri haplotype frequencies to be

similar, and haplotype differentiation to be absent

To test for the presence of sex specific migratayte choice among our eastern
Australian samples we employed three complemerdgppyoaches using the software
GenAlEx 6.5 (Peakall & Smouse 2006, 2012). For éhasalyses we partitioned the
data in four different ways: 1. by sampling locati®. by sampling location and

migratory direction, 3. between sexes within samgpliocations, 4. between sexes by

migratory direction within sampling locations.

[.  Analysis of Molecular Variance (AMOVA)

The Analysis of Molecular Variance (AMOVA) framevwkomllows the hierarchical
partitioning of genetic variation between groupsl #ime estimation of the widely used
F-statistics and/or their analogues. We implememdOVA analyses following
Excoffier et al. (1992), Huff et al. (1993) and Rah et al. (1995), to partition the
genetic variance within and among groups with stigtil tests by random permutation
(999 permutations). We employed permutation testisiog the ‘specialised’ permute
option in GenAlEx. This option performs an addiabmpermutation procedure where
either individuals are shuffled among sexes witampling locationsHpr or @pg), Or
the sexes are shuffled among sampling locatiéis ¢r @r7) to estimate probability.
This permutation option was chosen due to the tete®f significant ‘regional’

structure, or structure among sampling locatioee RESULTS 1). We also performed
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pairwise analyses where appropriate, where samplye permuted between each

pairwise contrast of interest.

Within GenAlEx, the data type and choice of disemalculation used as input for
AMOVA led to related but different analysed/e report here results for both the
haplotype and nucleotide level differentiation. Foe haplotype analysis, the list of
numerically coded haplotypes (1 for each individldatmed the basis of the input, with
the pairwise genetic distance between the hapletypeEing either O (same) or 1
(different). At the nucleotide level, genetic diste matrices were constructed using
individual pairwise differences across the polynmicpnucleotide sites (following
Excoffier et al. 1992). We use the notatiég for haplotype differentiation andst for
nucleotide differentiation (e.g. Weir & Cockerhar8#, Takahata & Palumbi 1985,

Hudson et al. 1992).

II.  Haplotype sharing

By virtue of maternal inheritance and the lack e€ambination, haplotypes will be
invariably shared with other maternally relatediwdlals (Ebert and Peakall, 2009a).
Haplotype sharing (or lack thereof) can thus previdhportant clues about the
distinctiveness between groups, which complememdseatends other genetic analysis,
such as estimates of genetic differentiation. Talifate this analysis we extended the
capability of GenAlEx 6.5 to determine the numbEhaplotypes shared relative to the
total, between sexes within sampling locations, bativeen sampling locations. To
assess whether or not the number of haplotypesdib@tween the sexes was consistent
with males and females being from the same germtigulation, we employed
permutational testing using procedures analogouthdse used in AMOVA, where

haplotypes were randomly permuted between eachvigaircontrast of interest (999
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permutations), as described above. For each pationt the number of haplotypes
shared was recomputed and that value comparedthatbbserved value. By tallying
the number of times the observed value was smatléarger than the permuted value
we were able to perform both one-tailed and twiedbstatistical tests of departure from

the null hypothesis (with only the two-tailed tesported).
lll.  Haplotype frequency

Shannon information indices have been widely engdoyn ecology but largely
overlooked in genetics. Sherwin et al. (2006) asstshe performance, power and
theoretical expectation of Shannon indices fornesting genetic diversity. They
concluded that the Shannon information frameworteref a powerful method of
guantifying genetic diversity across multiple sesalélere we estimated Shannon’s
Mutual Informationindex, *Hua, between the sexes within sampling locations, and
between sampling locations, for pairwise compagsénuseful property of this index is
that it can be directly transformed to the logHilkeod contingency test statisti@,
providing a convenient way to test for differenaesaplotype frequencies between the
sexes. However, to avoid the risk of high typerberates that have been reported
under some conditions f@ tests when employing the chi-square distributioadsess
significance (see Ryman & Palm 2006), we test fatigical significance via random

permutation (999 permutations).
Influence of small and uneven sizes

Sampling humpback whales along their migrationtoaistrongly male biased, resulting
from a potential excess of males heading nortthéolreeding grounds (Brown et al.
1995). Because an excess of males characteriseld ofiaur data, we were interested
in assessing whether small sample sizes in sonmes ¢d®m females) could bias our
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estimates of genetic differentiation. To test thige re-ran the pairwise AMOVA
analysis with the following modification. For eaphirwise comparison of interest, we
determined the smallest sample size for that padr set that sample size for both
groups. We then performed 1000 runs, each run ralyddrawing without replacement
from the available set of samples, up to the setpsa size. We then computed the
averageFst and @st about these values across the 1000 runs. In thatyss, all
individuals from the smallest group will be drawrorh each run, with a different

random subset of the samples drawn from the laygemp.

RESULTS
I. Between sampling locations

The hierarchical AMOVA analysis found significantrusture between the three
sampling locations at the haplotype levek({ = 0.007,P = 0.001) but not at the
nucleotide level (Table 2a). In pairwise compargosignificant differentiation was
detected between all sampling locations at the atgpé level but only between
Stradbroke Island (STR) v. south-eastern Austr¢fBA) and STR v. Evans Head

(EVH) at the nucleotide level (Table 3a).

Pairwise haplotype sharing analyses found no sagmt differences between sampling
locations whereas pairwise haplotype frequency yaeal only found significant

differences between the STR and SEA samptéga(= 0.191,P = 0.001; Table 3a).
II. Between sampling locations by migration direction

In northbound whales, the hierarchical AMOVA and&yat the haplotype level revealed

significant structure between sampling locationsrall (Frr= 0.011,P = 0.030; Table
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2b), with significance also detected between ati@ang location pairwise comparisons
(Table 3a). At the nucleotide level, the hierarahiaMOVA found no significant

differentiation in northbound whales between sangpliocations but in pairwise
comparisons, significant differentiation was detecbetween STR v. SEA and STR v.

EVH (Tables 2b and 3a).

In northbound whales, pairwise haplotype sharin@lymes found no significant
differences between sampling locations but onlgrasequential Bonferroni correction
for STR v. SEA P = 0.026; Table 3a). Haplotype frequency analysisfl significant

differences for northbound STR v. SEAH( = 0.330,P = 0.008) and STR v. EVH

whales fHuya = 0.256,P = 0.027).

For southbound whales we found no evidence forifsignt differentiation between
sampling locations from the hierarchical AMOVA (lhatype and nucleotide) or for all

pairwise (STR v. SEA only) analyses (Tables 2c 2aid
1. Between sexes within sampling locations

The hierarchical AMOVA analysis detected signifitatructure between sexes within
sampling locations at the nucleotide levéilpg = 0.026,P = 0.003) but not at the

haplotype level (Table 2a)

Pairwise AMOVA comparisons only revealed significaifferentiation between STR

males and females at the nucleotidg(= 0.059,P = 0.002; as reported by Valsecchi et
al. 2010) but not the haplotype level (Table 3d)e haplotype sharing and haplotype
frequency analyses found no significant differdidia between males and females at

STR.
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For EVH and SEA we found no evidence for significdifferentiation between the
sexes within these sampling locations from pairwMOVA (haplotype and

nucleotide), haplotype frequency and haplotypeisgamnalyses (Tables 3b).

IV. Between sexes within sampling locations by mignadioection

The hierarchical AMOVA analysis detected significaifferentiation between sexes
within sampling locations for northbound individsalt the nucleotideZ{pr = 0.049,P

= 0.008) but not at the haplotype level (Table 2Bhere was no significant
differentiation between sexes for southbound whalkethe haplotype and nucleotide

levels (Table 2c).

As previously reported by Valsecchi et al. (201®)pairwise AMOVA of northbound
STR males and females revealed significant diffeméan at the nucleotide levetbgr

= 0.114,P = 0.001; Table 3b). However, we found no significdifferentiation at the
haplotype level Kst = 0.026,P = 0.037) after correction for multiple comparisons

(Table 3b).

In northbound whales at EVH and SEA we found nodewnce for significant
differentiation between the sexes within these d@mmplocations from pairwise
AMOVA (haplotype and nucleotide), haplotype freqagnand haplotype sharing

analyses (Tables 3b).

Likewise, in southbound whales within the two samgplocations (STR and SEA), we
also found no evidence for significant differenbat between the sexes from all

pairwise analyses (Tables 3b).
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Influence of small and uneven sample sizes

When the available data were partitioned by locatsex and migratory direction some
sample sizes were small (min = 8; SEA northboumdates). Simulation analyses that
reduced the sample sizes in pairwise analyses émgbally small found the estimates of
genetic differentiation changed little even forrpase comparisons that included the
smaller sample size (e.§st from -0.013 to -0.014 for SEA northbound males v.

females; see Table 3, negatives not shown).

DISCUSSION

Our dataset of 315 samples gave us the opporttmitgassess the evidence for sex
specific migration in humpback whales sampled adhocations along the eastern
Australian migratory corridor. In our initial anakg of the mitochondrial sequence data,
we were surprised to find significant structure agall sampling locations at the
haplotype level, irrespective of sex or migratoiyedtion, and for whales migrating
north towards the breeding grounds. However, tagilt was only replicated at the
nucleotide level for pairwise comparisons that udeld the STR sampling location.
When samples were partitioned by sex and sampdtiogtibn, we recovered the same
intriguing finding as Valsecchi et al. (2010) ofisificant structure between STR males
and females at the nucleotide level, both overall far northbound individuals, but this
was not repeated in the samples off EVH and SEAo#sall three eastern Australian
sampling locations, regardless of migratory dimtti we found no significant
differences in the patterns of haplotype differatmndin, haplotype sharing and haplotype
frequency between the sexes. Overall, our resalte rdoubts about whether eastern
Australian males and females are utilizing différenigratory routes, as well as
highlight other potential anomalies; both of whwgharrant closer scrutiny.
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Those results that revealed significant differdigraeither between sampling locations,
or between sexes within a sampling location, almeostlusively involved the STR

sample. To investigate this further we partitioradidhaplotypes into the four primary
clades (AE, CD, 1J and SH) described by Baker (18193, 1998), and also employed
by Valsecchi et al. (2010) to describe their d#then partitioned by sex and migration
direction, northbound STR males have a near evpresentation of the CD (45.2%)
and 1J clades (50.0%) whereas northbound females predominantly of the CD clade
(CD: 81%; 13: 6.2%; see Table 4). The near eveinildigion of the CD and IJ clade was
also found in southbound males (CD: 53%; 1J: 42.886) all the remaining samples,
regardless of sex, migratory direction or samplmzgtion, the distribution of the CD

and IJ clades were uneven and remarkably similah approximately 70% CD (64-

88%) and 25% IJ (12-28%; see Table 4). The STRItréswalso surprising as the

frequency of the CD clade in other western Souttifiégpopulations, including eastern
Australia, has been previously reported to rande/dzen 60% and 85% (Palsbgll et al.

1995, Larsen et al. 1996, Baker et al. 1998, Otévat al. 2007).

To explain the differentiation between northbourales and females at STR, driven by
the relatively high proportion of divergent haplo#g, Valsecchi et al. (2010) proposed
and assessed several migration hypotheses. Thehegeconsidered most plausible
suggests males within the eastern Australian bngedopulation consistently migrate
north elsewhere in the western South Pacific ben timigrate south off eastern
Australia; females simply migrate north and soutbn@ eastern Australia. These
authors argue that males may use such differematoiy routes to females in order to
‘maximise reproductive opportunities’. This impliggles that ultimately return to the

eastern Australian natal population do so afteting females in other western Pacific
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breeding grounds. If this scenario is correct, weuld expect to see substantial

movement between the western South Pacific andrmaltstralia.

The evidence for such movement is sparse. In gesax photo-identification study in
the western South Pacific only four individuals &e&ommon to both the Oceania and
eastern Australia cataloguds £ 672 and 1248 individuals respectively; Garrigtial.
2011). In contrast, 20 individuals were resightetiveen breeding grounds in Oceania
and 78 were resighted in the same breeding groatwdelen seasons. Although a recent
study factoring in the population size differenagvieen Oceania (Constantine et al.
2012) and eastern Australia (Noad et al. 2011) dotlee movement rates among
Oceania breeding grounds were no higher than bet@eeania and eastern Australia,
movement between all breeding grounds is still ©@red low (Jackson et al. 2012).
Similarly, two individuals were resighted withinas®n between the Cook Strait (New
Zealand) and 300kms north of Stradbroke Island esijgg a migratory link with
eastern Australia (Franklin et al. In Press), bethpps not the substantial movement
required to produce the scenario proposed by Velset al. (2010). Genetic evidence
also suggests that male migration behaviour isfadtitating broad scale gene flow
through the western South Pacific. If there is saisal male movement within this
region combined with female philopatry, as hypotres by Valsecchi et al. (2010), we
would expect significant spatial structure at mtDNoAit not at nuclear markers.
However, in a previous chapter of this thesis wentb low but significant genetic
differentiation between neighbouring breeding gasimsing both mitochondrial and
genomic markers (see Chapter 2; Table 2 and 3se¢ahi et al. (2010) also imply that
males migrating north off eastern Australia mokelly belong to the New Caledonian
breeding population. Yet in a simple examinationhaplotype sharing, northbound

STR males shared more haplotypes with males sanaidetvhere in eastern Australia

134



than males sampled in the western South Pacifee Table S3), with similar measures

of Fsrfor all comparisonsHst= 0.02,P < 0.05).

The lack of corroborating evidence for the Valsedtypothesis leads us to explore
other possible explanations for the significanfedéntiation detected between males
and females sampled off STR in 1992. When the abigldata were partitioned by sex
and migration direction, the STR, and indeed theHEAhd SEA samples sizes were
relatively small (e.gN = 16, STR females northbound). This raises thaipoiy that
the lack of consistency in the in the measuresitbérdntiation between males and
females presented here are a product of statigtiggle | or Il) error. Although female
sample size was small in some analyses, femalesotiappear to be driving the
Valsecchi et al. (2010) result. In the simple sumymaf haplotype frequencies (see
Table 4), it is the STR males (arguably both namtid southbound) that standout as
anomalous for eastern Australia, yet both are ssmed by reasonable sizés £ 42
and 49 respectively) and therefore less likelyg@atiected by sampling error. Likewise,
STR males were found to be significantly differateéd from EVH males for bothsrt

and®st (P < 0.001) despite the reasonable sample sizes.

If sample size is not an immediate concern, att liEgganales, then are there alternative
explanations for the results presented here? Omssilge explanation is that some
samples may not be representative of the populascawhole. This may occur if there
is temporal genetic structure within the migrateomd sampling does not span the full
migration period. For example, in a study of bowhednales, Jorde et al. (2007) found
elevated genetic differences between whales sangledek apart on their migration

past the coast of Barrow in Alaska. They could prowvide a definitive explanation for

the result but suspected it may be due to soaiattstring where related individuals
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migrate together or display similarity in their tmg of migration. Alternatively they
proposed that genetically differentiated whales masyter in different regions of the

Bering Sea and thus may pass Barrow at differerggior in separate pulses.

Migrating humpback whales show both age and seregation (Chittleborough 1965,
Dawbin 1966, Craig et al. 2003) but are not knownntigrate in kin-based pods
(Valsecchi et al. 2002, Pomilla & Rosenbaum 208&)senbaum et al. (2002) have also
demonstrated that age-related genetic structureocemr due to interactions between
reproductive success and environmental factors tadnpact of commercial whaling
could accentuate age related structure. This stgygesiay be possible to generate a
sample that is not broadly representative of thgrating population if sampling is
restricted to a short period within the migratidalsecchi et al. (2002, 2010) state that
samples were collected over a 69 day period duhegpeak of the northern and a 68
day period on the southern migration, althougls ihot clear what the distribution of
sampling is within each of these periods. Sampfogn EVH was also temporally
restricted (16 day period) but extended in SEA (d&9 period over two seasons). This
limited period of sampling and temporal structuri¢him a migration season may also
explain why we detected weak but significant ddferation at the haplotype level
between EVH and SEA (see Table 3), although thssiltevas not repeated at the

nucleotide level.

Another potential source of temporal genetic stmectin the eastern Australian
migratory corridor could be that more than one pajon uses this route either
consistently or sporadically with temporal sex age, or social structuring within and

between the contributing populations. If this whe tase however, then we would
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expect to see a greater number of resights beteastiern Australia and New Caledonia

than has been reported thus far (Garrigue et alLl R0

In conclusion, a biological or statistical explaoatfor our findings and those of

Valsecchi et al. (2010) remain uncertain and tleeefve should remain circumspect
about the possibility of sex specific migratory t®ghoice along the eastern Australian
migratory corridor. What is clear, is that the genéifferences observed between the
sexes for humpback whales migrating past Stradbisiked in 1992, using nucleotide
level analyses, were not consistent within ourexasfustralian sampling locations and
across complimentary analyses. Resolving the patesdmplexities along the eastern
Australian migratory corridor will involve improvgnthe geographical and temporal
coverage of humpback whale samples across thextéht of the migration, while also

maintaining focus on possible mixing with neighbogrpopulations, age and social
structure, and better understanding the influentcéistorical overexploitation and

recovery on temporal structure. We would also revemd a multi-analysis approach,
which includes non-genetic data such as sateliggihg to help avoid Type | errors,

particularly when there is such weak differentiaticharacterising the breeding

populations of the western South Pacific (Olaveaetial. 2007).
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TABLES

Table 1. Description of samples used in analysas individual whales
sequenced at the mtDNA control region, M = males fémales.
(Number of males in parentheses)

Sample location Sex Migratory direction
Sampling period M F North (M) South (M)
Stradbroke Island 1992 (38 days - 5thJur 91 44 58 (42) 77 (49)
to 21st Oct)
Evan's Head 2009 (16 days - 16th 46 11 57 (46) 0
June to 2nd July)
south-eastern Australia * 2006-2008 75 48 44 (36) 79 (39
Eden 2008 (14 days - 24th 44 13 43 (35) 14 (9)
June to 1st Nov)
Tasmania 2007 (25 days - 6th 31 35 1() 65 (30)

July to 30th Nov)
* Samples from Eden and Tasmania were pooled ferstudy following Schmitt et al. (In Press)
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Table 2. Summary of hierarchical AMOVA analysidta haplotype and nucleotide level, with
molecular variance partitioned among the eastestiralian sampling locations and sex, with
and without the influence of migratory directiongriicant P-valuesi < 0.05) are based

on statistical testing of 999 random permutatiaadcilated using the specialised permute option

in GenAlEx 6.5).

a) Not including migratory direction

Haplotype level

Nucleotide level

Source

Statistic Value P

Statistic Value P

Among sampling locations

Among sexes within sampling locations

Frr 0.007 0.001
Fer 0.001 0.334

DR 0.007 0.096
Dpr 0.026 0.003

b) For northbound whales

Haplotype level

Nucleotide level

Source

Statistic Value P

Statistic Value P

Among sampling locations

Among sexes within sampling locations

Frr 0.011 0.030
Fer 0.008 0.192

DR 0.006 0.314
Dpr 0.049 0.008

¢) For southbound whal

Haplotype leve

Nucleotide leve

Source

Statistics  Value P

Statistics  Value P

Among sampling locations

Among sexes within sampling locations

Frr 0.002 0.287
Fer -0.003 0.766

DR -0.001 0.549
Dpr 0.013 0.087
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Table 3 Pairwise comparisions of haplotype sharing, germdffierentiation at the haplotyp& 1) and nucleotide levetst) and haplotype frequency differences (Shannontsahu
information indexsHua) between: a) the three eastern Australian samiptiragions and, b) male and female humpback whaitksr each sampling location, with and without thiuence
of migratory direction. We also include averdger and® st values based on sub-sampling with equal sampe §ES), with 95% confidence intervals in parergke3 he significance
levels shown for genetic differentiation, haplotybering analysis and haplotype frequency are basélte outcomes of statistical tests by randommptation (999 permutations).
Significant P-values (AMOVAP < 0.05; 2-tailed non-parametrP < 0.025) are shown in bold after correction foitiple comparison with the sequential BonferrosittéRice 1989

STR = Stradbroke Island; EVH = Evan's Head; SEAutlseastern Australia.

a)
Haplotype Sharir Genetic Differentiatio Haplotype frequenci

Sampling location No. of shared P (rand >= data)P (rand <= datd) Fst Fst (ES) P Dst @st (ES) P sHua Permutation

haplotypes/total probability
STR vs EVH 22/47 0.400 0.782 0.008 0.008 (0,0.018) 0.027 0.039 0.041 (0.015, 0.07.®P1 0.170 0.117
STR vs SEA 27/55 0.150 0.946 0.007 0.007 (0.005, 0.008) 0.0p2 0.019 0.019 (0.01®24). 0.004 0.191 0.001
EVH vs SEA 20/47 0.462 0.765 0.009 0.009 (0.001, 0.019) 0.0[L6.006 0.006 (0, 0.022) 0.167 0.167 0.300
Northbound whales
STR vs EVH 18/33 0.308 0.867 0.018 0.018 (0.018, 0.018) 0.0p9 0.057 0.057 (0.0505D. 0.001 0.256 0.027
STR vs SEA 13/36 0.026 0.995 0.014 0.014 (0.007, 0.022) 0.0fL6 0.035 0.035 (0.0135@). 0.023 0.330 0.008
EVH vs SEA 17/35 0.835 0.383 0.013 0.013 (0.003, 0.024) 0.0pR®.014 0.014 (0, 0.034) 0.101 0.238 0.270
Southbound whales
STR vs SEA 25/48 0.871 0.325 0 0 (0,0) 0.453 0.006 0.0@®{, 0.012) 0.19D 0.124 0.627
b)

Haplotype Sharir Genetic Differentiatio Haplotype frequencit

Sampling location and sex No. of shared P (rand >= data)P (rand <= datd) Fsr Fst (ES) P Dst @t (ES) P sHua Permutation

haplotypes/total probability
STR males vs STR females 17/42 0.226 0.914 0.006 0@sA1L6) 0.087 0.059 0.061 (0.025, 0.109) 0.0p2 0.217 0.162
EVH males vs EVH females 8/27 0.962 0.147 0 0 (0, 0.053) 0.420 0 0 (0, 0.058) 0.390 0.224 0.686
SEA males vs SEA females 17/40 0.268 0.873 0 0 (0, P.004 0.460 0 0 (0, 0.016) 0.390 0.198 0.540
Northbound whales i
STR males vs STR females| 8/24 0.398 0.807 0.026 0.0Z6088) 0.0370.114 0.111 (0.029, 0.218) 0.0P1 0.318 0.082
SEA males vs SEA femalest 4/25 0.558 0.766 0 0 (0, 0.036) 0.457| 0 0 (0, 0.116) 0.396 0.266 0.611
EVH males vs EVH females| 8/27 0.967 0.137 0 0 (0, 0.052) 0.442 0 0 (0, 0.057) 0.349 0.224 0.677
Southbound whales i
STR males vs STR females| 12/38 0.600 0.621 0 0 (0,0.002 0.457| 0.016 0.015 (0, 0.063) 0.215 0.286 0.726
SEA males vs SEA females 14/35 0.664 0.561 0 0(0,0) 560.40.011  0.011 (0.007,0.017) 0.157 0.281 0.57Q

Note: all negativé- 51 and® g values have been converted to 0
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Table 4. The number of mtDNA control region hapety represented for humpback whales sampled afdli8tke Island
(Valsecchi et al. 2010), Evan's Head, and soutteeagustralia (Schmitt et al. In review) for adaples and subclasses
within each dataset. The columns on the right-rsael shows the number of individuals in each of tdades (AE, CD,

IJ and SH) described in previous studies (Bakat. €993; 1998; Olavarria et al. 2007), and thef%dwiduals in the CD

and IJ cladedN = number of samples.

Migratory No. of
Sampling location Sex direction N haplotypes  AE/CD/1J/SH %CD %IJ
Stradbroke Island M north 42 23 0/19/21/2 45.2 50.0
F north 16 10 0/13/1/2 81.3 6.3
M south 49 30 0/26/21/2 53.1 42.9
F south 28 19 0/20/7/1 71.4 25.0
Evan's Head M north 46 25 0/36/8/2 78.3 17.4
F north 11 10 0/8/3/0 72.7 27.3
south-eastern Australia M north 36 22 0/25/10/1 69.4 27.8
F north 8 7 0/7/1/0 87.5 12.5
M south 39 26 0/25/11/3 64.1 28.2
F south 40 23 0/31/9/0 77.5 22.5
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Table S1. Summary of hierarchical AMOVA analysighet haplotype and nucleotide level, with
estimates of variance components made among #dreasustralian sampling locationRT),
among sexes within sampling locatioRRRj, and among sexeBT). Significant P-values

(P < 0.05) are based on statistical testing of 988w permutations (calculated using
specialised permute option in GenAlEx 6.5).

Haplotype level

Source df SS MS Est.Var. %
Among sampling locations 2 1.691 0.845 0.003 1%
Among sexes within sampling locations 3 1.505 0.502 0®.0 0%
Among sexes 309 148.794  0.482 0.482  99%
Total 314 151.990 0.485 100%

Nucleotide level

Source df SS MS  Est.Var. %
Among sampling locations 2 29.329 14664 0.033 1%
Among sexes within sampling locations 3 29.991  9.997 12D. 3%
Among sexes 304  1392.726 4.581 4581 97%
Total 309  1452.045 4.736 100%
Statistic Value P Statistic Value P

Frr 0.007 0.001 @Rt 0.007 0.096
Fer 0.001 0.334 Ppr 0.026 0.003
Fer 0.008 0.002 ®pr 0.033 0.001
F'rr 0.189 D'rr 0.008

F'pr 0.026 D'pr 0.031

*Due to the limitations oF - and¢@ -statistics for analysing data from highly varialolei (Hedrick 2005

Meirmans & Hedrick 2010) we also present the stadidadF' - and @' -statistics. These are calculated
by standardising the nornfal and® -statistics by the maxmumvalue it can obtain gitiee observed
within population diversity.
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Table S2a. Summary of hierarchical AMOVA analysighe haplotype and nucleotide level, with
estimates of variance components made among &dreasustralian sampling locationRT),
among sexes within sampling locatioRRj and among sexe®T) for northbound humpback
whales. Significant P-value® (< 0.05) are based on statistical testing of 99@wm

permutations (calculated using the specialised pierimption in GenAlEx 6.5).

Haplotype level

Source df SS MS  Est. Var. %
Among sampling locations 2 1.737 0.868 0.005 1%
Among sexes within sampling locations 3 1.623 0541 000 1%
Among sexes 152 72.425 0.476 0.476 98%
Total 157 75.785 0.485 100%

Nucleotide level

Source df SS MS  Est. Var. %
Among sampling locations 2 28.229 14115  0.029 1%
Among sexes within sampling locations 3 26.129  8.710 234. 5%
Among sexes 152 685.863 4.512 4.512 94%
Total 157 740.222 4.775 100%
Statistic Value P Statistic Value P

Frr 0.011 0.030 @gr 0.006 0.314
Fer 0.008 0.192 &pr 0.049 0.008
Fer 0.018 0.001 @pr 0.055 0.001
F'rr 0.267 D' 7 0.007

F'pr 0.167 D'pr 0.059

*Due to the limitations oF - and@ -statistics for analysing data from highly variatolei (Hedrick 2005
Meirmans & Hedrick 2010) we also present the stasidadF' - and®' -statistics. These are calcula
by standardising the nornF - and @ -statistics by the maxmum value it can obtain gitiee observe
within population diversity.
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Table S2b. Summary of hierarchical AMOVA analydishe haplotype and nucleotide level, with
estimates of variance components made among &dreasustralian sampling locationBT),
among sexes within sampling locatioPFk) and among sexePT) for southbound humpbar
whales. Significant P-value® (< 0.05) are based on statistical testing of 998aan
permutations (calculated using the specialised piermption in GenAlEx 6.5).

Haplotype level

Source df SS MS  Est. Var. %
Among sampling locations 1 0.487 0.487 0.001 0%
Among sexes within sampling locations 2 0.849 0424 0@.0 0%
Among sexes 153 74.461 0.487 0.487 100%
Total 156 75.796 0.488 100%

Nucleotide level

Source df SS MS  Est Var. %
Among sampling locations 1 6.684 6.684 0.000 0%
Among sexes within sampling locations 2 13.985  6.993 064. 1%
Among sexes 148 688.896  4.655 4.655 99%
Total 151 709.566 4.718 100%
Statistics Value P Statistics ~ Value P

Frr 0.002 0.287 @t -0.001 0.549
Frr -0.003 0.766 Ppr 0.013 0.087
Fer -0.002 0.649 ®pr 0.012 0.076
F'rr 0.059 D' ry -0.002

F'pr -0.126 D' pr 0.016

*Due to the limitations oF - and® -statistics for analysing data from highly varialolei (Hedrick 2005;
Meirmans & Hedrick 2010) we also present the statidadF' - and®' -statistics. These are calculated
by standardising the nornfal and @ -statistics by the maxmum value it can obtain gitee observed
within population diversity.
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Table S3. The number of shared haplotypes as antiospof the total between northbound
Stradbroke Island males (STR), northbound males fouth-eastern Australia (SEA) and
Evan's Head (EVH), and males from neighbouring dirgegrounds.

WA = western Australia; NC = New Caledonia; TG =ga

Haplotype sharing between northbound STR males and:

No. of shared No. of shared haplotypes/total

Sampling location and sex  haplotypes/total (proportion)
SEA males (northbound) 11/33 0.33
EVH males (northbound) 15/32 0.47
WA males 11/55 0.20
NC males 17/63 0.27
TG males 16/55 0.29
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ABSTRACT

Studies of cetacean population genetics would litefnefn the use of SNPs as scoring
is more reproducible than for microsatellites, magkithem suitable for long-term,
collaborative studies of globally distributed sgsciHere we report the development of
SNPs in the humpback whale and the assessmenteaf ghatistical power for
population genetic structure analysi$agma® assays for 17 SNPs and ten
microsatellite loci were used to genotype samplesnfwestern AustralianE22),
eastern AustralianE23) and Californiar(=22). POWSIM was used to simulate the
statistical power of both markers to detect popoastructure for different values of
Fst, based on empirical estimates of allele frequenciEhe simulations suggest
adequate power to deteEtr >0.03 for both markers, given the sample sizeshisf
study. For the detection of structufé{= 0.005) that is typical among some humpback
populations, sample sizes >150 would be requiredhi® SNPs, oN>75 if 50 loci are
used, compared tdI>50 for the microsatellites. Consistent with thengliation, an
AMOVA found significant differentiation between @faknia and each of the two
Australian regions at the microsatellitdss{ = 0.029 and 0.036), but only between

eastern Australia and California using the SNRs € 0.034).

Keywords: humpback whale; population genetics; SMisrosatellites; POWSIM
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INTRODUCTION

Studies of cetacean population genetics are offt@itedd by the number and geographic
coverage of available samples because of the aost$ogistic challenges of collecting
biopsy samples from individuals that are wide-raggand at times elusive. For this
reason, studies are often carried out over manysyaad across multiple laboratories.
To date, nuclear microsatellite loci and mitochadDNA (MtDNA) sequences have
been the genetic markers of choice for humpbacklevfiegaptera novaeangliae
population genetic studies. However, microsatallitan be problematic in long-term
population studies that require aquisition of datar time, and from multiple labs, due
to the problem of inconsistencies in allele amgidifion and size calling (LaHoaet al.
2002, Vignalet al. 2002, Hoffmanet al. 2006). This problem has been overcome for
human forensic analysis by the use of coordinatégtnational standards involving the
strategic selection of ‘reliable’ loci (Parentagesiing Committee 2003, Butler 2005).
Such standardization is not easily implementedtlier studies of cetaceans in part at
least because of restrictions on internationalsfiemof samples and DNA under the
Convention on International Trade in Endangeredctege(CITES), inconsistencies in
technology between laboratories and the presenceadfers that are often difficult to
genotype. Programs such as Allelogram (Mainal. 2009a) attempt to resolve these
concerns by using controls to normalize and bireledl from multiple sources.
Mitochondrial markers are more prevalent among haok whale population studies
as they are more comparable, with nine studiesgudita derived from multiple
laboratories compared to three for microsatellftesn 2004 to 2011. However, as a
single maternally inherited locus, it complementg bannot substitute for variable

nuclear markers (Gagneex al. 1997, Harpendingt al. 1998, Hare 2001).
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Single nucleotide polymorphisms (SNPs) have theemi@l to be genotyped with
greater reliability than microsatellites as theg &ss technology dependent, and are
especially useful when datasets need to be combawdss time and between
laboratories (Vignalet al. 2002, Brumfieldet al. 2003, Morinet al. 2004). This is
because SNP genotypes are detected as sequelcerdiéfs rather than estimated allele
sizes. Although SNPs generally have only two atlalempared with the multiallelic
and often hypervariable microsatellites, their hagfundance across the genome, and
their ability to statistically outperform microsHiies with sufficient loci and
appropriate sample sizes, make them a useful markgopulation structure analysis
(Liu et al. 2005, Laocet al. 2006, Paschoat al. 2007, Ryynanest al. 2007, Sacks and
Louie 2008, Freamet al. 2011). The mutation rates and complex mutation etsod
associated with microsatellite markers can alsditfieult to predict, frequently leading
to homoplastic alleles which may be identical iresbut not descent (Macaubetsal.
1997). The presence of size homoplasy in a micetigatdata set is likely to dampen
the signal of population structure, especially lloge-scale population comparisons or
comparisons between species (Haasl and Payseu). Zlitiough homoplasy can also
be an issue with bi-allelic markers, the frequersciikely to be reduced due to their
lower mutation rate and simple, well defined muatimodel. Divergence-based
statistics likeFsrandDegst are therefore easier to interpret for SNPs witloamcern for
the impacts of within-group polymorphism or incatrenutation model (Meirmans and

Hedrick 2011).

Nuclear intron sequences have been used previousihg study of cetacean population
structure (e.g. Palumbi and Baker 1994) and marentty as a source of variation for

SNP discovery in the finless porpoise @i al. 2009), sperm whales (Moriat al.
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2007a), and in bowhead whales for population strecanalysis (Moriret al. 2010).

Intronic SNPs have also had broad taxonomic utddyoss a diversity of more distantly
related taxa such as the red fox and Pacific sal{8onthet al.2004, Smithet al. 2005,

Parisetet al. 2006, Sacks and Louie 2008, Sevanal. 2010). In this study, we report
for the first time the development and testing dfPSmarkers for humpback whales.
Our specific objectives were; 1) to develop a soitenformative SNP markers from
intron sequences; 2) estimate by computer simulatite statistical power of a
combined panel of intronic and exonic SNPs to depspulation genetic structure
compared with a suite of microsatellite markersygisn approach utilized by Moret

al. (2009b); 3) compare the results of the simulatiath an analysis of molecular

variance between closely related and distant huokppapulations.

MATERIALS AND METHODS

Sample collection and DNA extraction

The sample set consisted of 67 humpback whale lskipsy samples collected from

neighbouring regions eastern Australia (Eden, N@®; 3' S, 150 E; N = 18 and
Evan's Head, NSW; 297' S, 153 27' E;N = 5) and western Australia (Exmouth;
21° 55' S, 114 01' E;N = 22), and a more distant region off the coastesitral
California in the North Pacific (3748' N, 122 24' W; N = 22) (Bakeret al. 1998,

Schmitt et al. In Press). Based on previous microsatellite amalitse dataset was
known a priori to include no duplicate samples. However, the @&astAustralian
samples strategically included three mother/caifspéo assist in the detection of

genotyping errors. Total cellular DNA for the Awdtan samples was extracted from
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skin tissue using an automated Promega Maxwell @yfiem. The central California
samples were provided by Oregon State Universitwlagle genome amplified DNA

(WGA), amplified using Templiphi V2 from GE Biosciees.

Intronic SNPs

For intronic SNP discovery, ‘exon priming intronossing’ (EPIC, see Lessa 1992,
Sladeet al. 1993, Palumbi and Baker 1994) primer sets werggded from humpback
whale transcriptome data aligned to chromosomesahd 3 of théBos taurusgenome
using the software Bowtie (Langmeaxt al. 2009). The transcriptome data was
assembled from 17,000,000 lllumina 65 bp unpaieadis from a pool of cDNA created
from the epidermal tissue of six adult whales. Rragts for exon primer design were
selected at random from each of the three Bovim@ensbsomes. Potential intronic
regions of at least 600bps in length were chosenagrimise the sequencing read of a
PCR product with long enough exonic sequences ifignkoth sides of the desired
intron for PCR primer design. Primer pairs were HBTed in GenBank

(http://blast.ncbi.nlm.nih.gov/Blast.ggto minimize multiple targets within the cow

genome and therefore, hopefully the humpback genome

In total, 41 epic primer pairs were designed. Thesee then tested for sequencing
suitability using total cellular DNA and a polymseachain reaction (PCR) gradient
thermocycle with annealing temperatures rangingnfr69°C to 66°C. Loci were

classified (0-3) according to whether they produ@@dno product; (1) a single band,;
(2) two bands; or (3) three or more bands via agargel electrophoresis. Loci
producing a single band were considered ‘suitdiolesequencing and loci producing a

double band could be optimized potentially to oaadby gel purification (Freeze N’
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Squeeze DNA Gel ExtractifBio-Rad). Amplifications were conducted in a final
volume of 10ul at the following concentrations: 8l MgCl,, 200uM dNTP, 0.2mM

each primer, 0.25 U Taq (New England BioLabs ®In&.)X PCR reaction buffer

(10mM Tris-HCI, 50mM KCI, 1.5mM MgG), 10 X BSA and 1ul DNA (approximately
5-10ng). Temperature profiles consisted of anadhienaturing period of 2 min at 94°C,
followed by 35 cycles of denaturation at 94°C férs3 annealing at 59-66°C for 40 s,
and extension at 72°C for 40 s. A final extensieniqal for 10 min at 72°C was also

included.

Successfully optimized loci were used to amplifgubset of eight to 24 individuals

(average 14) representing the humpback whalesntigriate along the east and west
coast of Australia, to identify variable sites (lald). We chose samples that were
representative of each Australian region in thecalisry panel in an attempt to

minimise ascertainment bias influencing subsequaTdlyses. These amplifications
followed the above conditions with optimized anmegatemperatures determined from
the initial PCRs (Table 2). Unincorporated priméasd nucleotides) were removed
from PCR amplicons using ExoSAP-IT®. Sequencingtieas were run on a standard
thermocycler using either the forward or reversgner and a Big Dye terminator

sequencing kit (Applied Biosystems). Agencourt GeBQ was used for the post-

sequencing removal of unincorporated primers. P@RIycts were sequenced on an
ABI 3130 automated sequencer and then aligned nwiBl@iquencher®4.8 (Gene Codes
Corp.). Chromatograms were visually inspected fequencing errors. Sequences
containing SNPs were then BLASTed against publtalaisse sequences in GenBank to

assess identity of the target gene (Table 1) (Hitpst.ncbi.nim.nih.gov/Blast.cgi).
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SNPs were considered real (as opposed to sequemteafgcts) if they were detected in
both sequence strands, or in one direction onlyfront either multiple individuals or a
region of good quality sequence (i.e. single proaith reliable signal). We considered
a site to be polymorphic only if the height of $econdary peak was at least 75% of the
height of the primary peak. Loci that provided psequence (i.e. amplified multiple
products, or produced a very low, unreliable sigeaulting from interspersed repetitive
regions) were discarded from further analyses. SMéte selected for further analyses
based on sufficient flanking sequence to allow glesif PCR primers (>100bps), and
when two SNPs were used from a single locus, eceléhat the SNPs were not in
phase (i.e. > two haplotypes present in the sasyibset). To minimise ascertainment
bias, SNPs were defined as all variable sites withsequence and not just those with

high heterozygosity or displaying all three genetypBrumfieldet al.2003).

TagMan® PCR probes and ‘custom Tagman SNP gen@ygssays’ were designed by
Applied Biosystems and used to genotype all SNPseXonic SNP marker discovery
project was also conducted in parallel to this gt(llolanowskiet al. 2011) and we

were able to incorporate ten of these exonic SiHadrease the total number of loci
(see Table 3 for TagMan primer sets). Our goal twagbtain ten intronic SNPs along
with the ten exonic SNPs. SNPs were genotyped Ifdd7ahumpback whale samples.
Genomic DNA (gDNA) from eastern and western Augralas re-extracted using the
CTAB extraction method (Winnepenninckx al. 1993) to increase DNA concentration
and quality and then standardised to 2.5ng/ul perpée as recommended by the kit
protocol (Custom TagMan® SNP Genotyping Assaysdeaf Applied Biosystems; 1-

20ng/ul). Whole genome amplified (WGA) DNA from ¢ext California was validated

by genotyping a suite of ten microsatellite loolldwing the methods of Schmit al.
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(In Press), and comparing the results to those ftbm original genomic DNA

(genotyped at Oregon University). The WGA DNA wdert also standardised to
2.5ng/ul. gPCR amplifications were conducted inOal eaction volume containing:
0.25 pl of 40XTagMan SNP Genotyping assay (comgjstf forward and reverse
primers at 36puM concentration, and two TagMan MG8bps at 8uM concentration,
designed by Applied Biosystems), 5ul of 2XTagManPSBenotyping Master Mix
(Applied Biosystems) and 4ul of 2.5ng/ul DNA tentplaA negative control was
included by adding sterile deionised water instefdNA template. Real-time PCR
was performed in optical 96-well reaction platestioa Roche LightCycl&480 using

the manufacturers instructions for TagMan probes.
SNP Validation

Four steps were taken to determine whether oue siiSNP markers were robust for

population structure analyses.

1. To estimate genotyping error rate, a subset of @hpdback samples from
Australia and five from central California were damly selected then re-

genotyped and scored by an independent persoh& Bl loci.

2. Three mother/calf pairs were included in the west@ustralian dataset to
ensure genotypes were consistent with Mendeliagiesiocus inheritance across

all loci.

3. Tests for deviation from Hardy-Weinberg equilibrianeach locus and linkage
disequilibrium between loci were performed usindeduin 3.1 (Excoffieret al.

2005), and Haploview v4.2 (Barrettt al. 2005) respectively. Sequential
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Bonferroni correction was applied to all multiplaipvise comparisons (Rice

1989).

4. To provide an independent estimate of populationcsire for the same set of
samples, we also compared the SNP results withetlfreen a panel of ten

microsatellite loci from Schmitt al (In Press).

Data analysis

I.  Genetic Diversity

The general characteristics of each of the 17 SidPslch as minor allele frequencies,
the observed and expected heterozygosity were ndieied for each region using

GenAlEx 6.3 (Peakall and Smouse 2006).

II.  Simulation of statistical power

The program POWSIM (Ryman and Palm 2006) was useddess the statistical power
of the 17 SNP loci to detect different levels atisture between two populations based
on the allele frequencies of the Australian dataBeé performance of the 17 SNP loci
was then compared to that of ten microsatellitekera: The program mimics sampling
from the populations at predefinekpectedlevels of divergence (measured Bgy)
using information on effective population size, ragnof samples, number of loci, and
allele frequencies for any hypothetical degreeroé differentiation. Allele frequency
drift was simulated under a Wright-Fisher model hwitt mutation or gene flow
subsequent to divergence. The expected level tdrdiftiation between the populations

is determined by the number of generations thag loiverged according to the formula:

Fst=1-(1-1/())t,
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whereN, = effective population size anid= number of generations. The significance of
the tests is assessed wijth as well as Fisher's exact tests. Weak but sigific
differentiation Fst of 0.0025 to 0.025) is a common characteristicmeighbouring
humpback whale regions in the southern hemispl8aienittet al. In Press). Given this
finding, we simulated genetic drift to expectEdr levels representing weak (0.001,
0.0025, 0.005, 0.01 and 0.02), and moderate (@5 and 0.06) differentiation for
both marker types by setting the numbers of gelerat), with a sample size of 23 for
each region (approximately consistent with sammessfrom this study), using an
effective population sizeNg) of 1000. We also tested the effect of populasample
size on the statistical power of each marker teagiopulation structure at an expected
level of Fst = 0.005. For the SNP markers we then examinedeia¢éionship between
population sample size and the number of loci needeletect arfrst of 0.005, using
average allele frequencies from the Australian s¥dtaThe statisticak-error, or the
probability of rejectingHo when it is true, was estimated by omitting gendtié (i.e.

Fst=0) as per Ryman and Palm (2006).
lll.  Population differentiation

The extent of genetic differentiation among alethrregions was assessed for both the
SNP and microsatellite loci in an Analysis of Mal&r Variance (AMOVA) as
implemented in GenAlEx 6.3 (Peakall and Smouse RO@8h statistical testing by
random permutation (999 permutations). The AMOMWRalgsis provided an estimate
of Fst (under the infinite allele model) for codominardtal following Peakalket al

(1995) and Michalakis and Excoffier (1996).
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Given a recent suggestion thagr may not offer the best estimation of population
divergence when using highly variable markers hkerosatellites (Hedrick 2005, Jost
2008, Meirmans and Hedrick 2011), JodPsst was also calculated for both markers
using a modified version of the R package DEMEY€s8.0 (Jueterboclet al. 2010),

with statistical testing by bootstrapping with 10p@rmutations. Compared witfsr,

Dest partitions diversity based on the effective numbtmlleles rather than on the
expected diversity to give an unbiased estimatibrlivergence (Jost 2008; but see

Meirmans and Hedrick 2011, for alternative estimsgto

RESULTS

Intron sequencing

Of the 41 primer pairs developed from cDNA alignedBovine chromosomes 1-3, 26
loci yielded ‘usable’ amplification, with all butvo of these loci producing a single
strong band as visualised by agarose gel electrepiso Of these, 21 loci produced
good quality sequence for SNP detection. Of thedoataining SNPs, nine (82%) had
somewhat similar matches (>74%) to known sequeeg®ms in other mammals with
two loci (18%) closely matching to regions of thevihie genome (>88%) following a

BLAST search (Table 1).

Intronic SNP detection

A total of 16 variable sites (Table 2), or potehB&lPs, were found among eleven loci
and 13771 bps of intronic sequence, or one SNPye&&l bps. However,
polymorphism was not uniformly distributed acro#isl@ci, with three loci containing

multiple variable sites. Most SNPs were identifiesing eight individual samples.
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Primer sequences, annealing temperatures and apwatex fragment length can be
found in Table 2. Potential SNPs could be clagssiito one of three categories (i) The
SNP was visible in both directions; (ii) the SNRagred in only one direction, in high
guality sequence, and the reverse sequence waavaiéble; and (iii) the SNP was
visible in only one direction but either (a) theeese sequence contradicted it, or (b) the
reverse direction was not available and sequenaktyjwas not highln summary, ten
SNPs across nine intronic loci (two loci were lidkéell into categories 1 or 2 and were
selected for genotyping, and six other possible SMiere not verified by further
sequencing or locus optimization. Among the ten Shientified positively, eight were

transitions and two tranversions.

Assay development and SNP validation

We developed TagMan® assays for ten intronic andeteonic SNP loci from which
there was sufficient high quality sequence for grirdesign (Table 3). Three intronic
assays were removed from further analyses bechagddiled to amplify consistently
or failed to produce interpretable genotypes, ey theviated significantly from Hardy-
Weinberg equilibrium for the 45 Australian humpbaamples (data not shown). The
remaining 17 SNP assays were genotyped for all &Mpks representing three
humpback whale regions. Of these 17 SNPs, onlypameshared the same sequence
fragment (UHMK1 and UHMK2, 155 bps apart). The WE&NA from the central
Californian samples was shown to be reliable fonoggoing by producing results
consistent to the genomic DNA samples when genadtygteten microsatellite loci.
GenBank Accession numbers for the sequences gedefdm these 17 loci are:
410759353 — 410759359 (intronic), 410759319 — 496825 (exonic), 410759331 —

410759333 (exonic).
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The 17 SNP loci finally selected were in Hardy-Wssrg equilibrium for both
Australian regions and pairwise comparisons betwieen revealed no significant
linkage disequilibrium (all values d® > 0.05) for all three regions after sequential
Bonferroni correction (Table 4). The power to détetkage between the two loci that
share the same sequence fragment was limited (UHMILUHMK?2) due to UHMK1
being monomorphic for western Australia and disiplgyow variation for the other two
regions. TSPAN3 was also found to be monomorphicQalifornia. Two loci for
central California were found to deviate signifitgrirom Hardy-Weinberg equilibrium
in this region (P2YS and ZRANB2). However, analysese run with and without
these loci and in each case showed similar resultsP-values (data not shown).
Repeat genotyping of 20 samples from Australian plaeck whales and five from
California by an independent person revealed nonsistencies across 850 allele calls.
The three mother/calf pairs from western Australiso showed genotypes consistent
with Mendelian single-locus inheritance acrosslallloci. Following validation, we

removed one from each pair of mother/calf sampéasjing 64 samples in total.

Data analyses

I.  Genetic Diversity and simulation of statistical pow

All SNPs were bi-allelic with minor allele frequenanges and averages similar for all
three humpback regions: EA from 0.02 to 0.48 withagerage of 0.25; WA from O to
0.47 with an average of 0.24; Cal from 0 to 0.5hwanh average of 0.25 (Table 4).
Average expected heterozygosity across loci wese similar for all regions (EA: 0.32

+ 0.04; WA: 0.32 £ 0.04; Cal: 0.32 £ 0.04).
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For the simulation results we chose to report tlstnpowerful tests for each set of
markers: the Fisher's exact test for the microBeeloci and the Chi-squared
contingency test for the SNP markers, as recomntebgieRymanet al. (2006).The
estimate of the probability of rejecting the nujipbthesis o; genetic homogeneity)
when it is true was 0.040 for the 17 SNPs and 0fd6the microsatellite markers, as
expected for a reliable test when using the 0.06t for significance(Figure 1).The
probability of obtaining a significant result wheampling from 23 individuals per
region, atNe = 1000, exceeded 80% at the expeé¢iegvalues of >0.01 and >0.03, for
the ten microsatellites and 17 SNPs respectivelgu(E 1). Thus the simulations
indicate that the ten microsatellite loci offer mgpower to detect lower levels of

differentiation than the 17 SNPs.

Simulations of the effect of the number of genotypelividuals within each population
on the statistical power to detect differentiatairan expected the level Bgr = 0.005,
for both the SNPs and microsatellite markers, drews in Figure 2. To detect
differentiation between populations with a >80%laoility for an expecteéfst value
as low as 0.005, sample sizes of >50 would be reduior the ten microsatellite
markers, while for the 17 SNPs >150 samples ardate& ensure reliable detection.
Thus as expected, larger sample sizes are redoirgéetect low levels of differentiation
by 17 SNPs, compared with ten microsatellites. Bgreasing the number of
independent SNP loci to 50, using a minor alleégiiency of 0.25 in the simulation,
>75 samples are required to accurately detect (>0&bability) anFst of 0.005
(Figure 3). In other words, by tripling the numiméISNPs, we can halve the number of

samples needed to detect a low expeé&tgd(0.005). In contrast, as little as 40 to 70
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samples per population were required for the 17 &MFkers to detect dfst of 0.01-

0.02 with a similar level of statistical power (ués not shown).

[I.  Population differentiation

SNPFsrvalues ranged from 0 to 0.034 and microsatdigevalues ranged from 0.005
to 0.036 (Table 5). Consistent with the computerutation results, both markers could
detect anFst of > 0.03, finding significant structure betweeastrn Australia and
California, with only the microsatellite markersalfinding significant differentiation
between western Australian and CaliforniaFgn< 0.03. Given the small sample sizes
however, neither marker detected structure betwleerustralian humpback regions,
observed using a larger microsatellite datasechmfittet al (In Press)Kst= 0.005,P

= 0-001;DEST: 0.031P= 0.001).

Differentiation between regions was also significasing an alternative estimator of
divergence,Dest Dest values for the microsatellites were higher than tfee SNPs
which is consistent with the wdyest partitions diversity. SNBPestvalues ranged from

0 to 0.015 and microsatellit@est values ranged from 0.009 to 0.124. For the eastern
Australia/California region comparisoRgr values for individual SNP loci ranged from

0 to 0.257 andesy; from 0 to 0.095 with five loci showing evidencé sagnificant
population structureFHst and Dest;, P < 0.05). For each of the microsatellite lé&ir
ranged from 0 to 0.133 ardksrfrom O to 0.421 for individual loci with four ohé ten

loci showing evidence of significant populatiorusture.
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DISCUSSION

SNP markers are becoming increasingly easy totesédlam non-model organisms due
to technological advances in high throughput segagn which means that identifying
SNPs is a more viable and attractive alternative nticrosatellite identification
(Rosenberget al.2003). Some especially informative SNP markees {hose that show
the greatest allele frequency variation among patpuis) have even been known to
exceed the average information content of micrdigatenarkers (Liuet al. 2005). The
lower mutation rates with simple mutation modelse ability to easily combine data
from different technologies and laboratories ad a&lthe potential for long-term digital
archiving, makes them an appealing marker for sgidf whale population genetics. In
this study we’'ve shown that with sufficient sam@iges a small number of SNP
markers, of varying quality and utility, can detedifferentiation between both
neighbouring and distant regions in the humpbacklevifstin the range of 0.005 to

0.04).

The POWSIM results indicated that for the small glEnsizes used in this study
(approximately 20 individuals per region), the INFSmarkers had sufficient statistical
power (at least an 80% probability) to detect ddfdiation between two populations at
an Fst of > 0.03 compared to dfst of > 0.01 for the ten microsatellites. Consistent
with the power analysis, the AMOVA found signifitastructure between both
Australian humpback whale regions and those fronlifd@aia using the ten
microsatellite markers (EA and C&lgr = 0.036; WA and CalFst = 0.029), but only
between eastern Australia and California usinglth&NPs (EA and Calist= 0.033).

A previous power simulation study found that 19 SINEl ascertained from bowhead

whales were able to detect gy of 0.02 between two populations with a sample size

171



55 (Morinet al.2007b). In this study, only 40 samples were remlito detect the same
level of structure with our suite of 17 SNPs. Takboth studies into consideration, we
suggest that a dataset of 20 informative SNPs @&ndahples per population will be
adequate for detecting structure between distanipback populations (i.e. between
oceans and/or hemispheres), but not necessarilwebat more closely related

populations.

Although the 17 SNPs have less statistical poweligbnguish between closely related
or demographically independent populations thandhemicrosatellite markers due to
the lower number of independent alleles, we fouhdytcould also detect weak
population structure if larger sample sizes arel ki et al.2005). Our results indicate
that increasing the sample size results in sigmitigains in the statistical power of the
SNP markers to detect population structure, as shiowother studies (Kalinowski
2005, Morinet al. 2009b). By increasing the sample size within epcpulation to
approximately 150 or more, the 17 SNP markers cdatdct structure between closely
related populationd=r= 0.005) with a statistical power of greater tldaB; equivalent

to a dataset of 50 or more for the ten micros#eltici. In fact, an increase in sample
size from 50 to 100 provided a two-fold increase¢hia power of the 17 SNPs to detect
weak differentiation, from 0.35 to 0.72 (proportiofi significanty” tests). This is in
agreement with Kalinowski's (2005) and Morinkt al (2009b) observation that
increasing sample size is most beneficial for Waith low mutation rates, such as SNPs,
and wherFsris low (<0.01). Morinet al(2009b) also found that increasing the sample
size rather than increasing the number of SNPifolkely to result in greater gains in
statistical power. Our study supports this findmigere the number of SNPs needed to

be tripled (17 to 50), while the sample size ordfwvkd (150 to 75) to reliably detect an
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expectedrst of 0.005. Given the ease of current methods of 8dBovery however,
and the difficulty in collecting large sample sizeem Cetacean species, 50 SNPs
combined with 75 samples would not be unreasonabtietect weak differentiation at

this level ofFst.

Although the power to resolve population differatitn is lower for individual SNPs

than that of individual microsatellites becauseythee bi-allelic, we found that the set
of SNPs examined here can provide sufficient pade@etect population structure even
when divergence between populations is very IByt € 0.01). This study is one of the

first to examine the utility of SNP markers in humapk whale population structure

analysis, an area of research where microsateliags, until now, been the most viable
option for nuclear marker (Bourreet al. 2008). The challenges we face in
understanding population structure in humpback adhatmain considerable, including
the collection of samples over many decades anduthee need to combine data from
researchers with access to samples in differersgroceegions. SNPs appear to offer the
best option so far for overcoming those challerages serve as a foundation for future
regional and global collaborations. It is likelyaththe primers and sequence loci
described here will also be useful for SNP discgver a broader range of baleen

species.
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TABLES AND FIGURES

Table 1. Results of a BLAST search in GenBank éguenced intronic SNP loci

Locus Accession No. Species Unique gene code e-value . ibfienxtity
%
SFRS15 BS000114.1 Pan troglodytes intronic DNA 5.00E-50 75
TFRC Cu695181.11 Sus scrofa intronic DNA 1.00E-51 80
MSL3 FP245417.7 Sus scrofa intronic DNA 4.00E-36 84
LOC786990 NG_008397.1 Homo sapiens FBXO11 1.00E-131 79
AKIRIN NM_001101236.1 Bos taurus AKIRIN1 3.00E-62 89
kin BC149047.1 Bos taurus intronic DNA 1.00E-76 88
UHMK AL359699.12 Homo sapiens intronic DNA 8.00E-29 80
ZRANB2 EZ461740.1 Mustela putorius furo intronic DNA 3.00E-50 82
LOC513885 XM_001490761.1 Equus caballus LOC100050763 5.00E-94 88
LOC781886 AC078860.19 Homo sapiens intronic DNA 2.00E-43 75
ZC3HT7E AC192851.. Pan troglodyte intronic DNA 4.00E-1 74
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Table 2. Primers designed and the number of SN#gifabd for the 21 intron loci sequenced.

Locus Aligned with cow  Productsize  No. of SNPs  No. of individuals F primer sequence R primer sequence TA(°C)
Chromosome (bps) found screened

SFRS15 1 618 1 24 TGGCCCAACTGTTTCAGACAACTCAAGGTC AACCTGREGATCACAGCATTGTCAATGGC 66
TFRC 1 646 2 24 TATGTCGGAAAGGAGACTCTCTTGGAG TCCGTGCTACGTCTAGNAACAACCG 66
MSL3 1 840 1 8 TCTTAATCCATCCACCATCTCCTTACAAAGGTC CAATGAGSGCCTCGTCACCATCACGC 66
KIA 1 428 0 24 TTTACCATTTTCTTTTGAAACACTCAACTTGGG AACCCCTAGCTGTAGCCATCTCC 66
PHKA 1 976 0 8 GACTGTGATGAGAAGTTGTTTGACGATGCC CAGATAGCACICGAGGATGTGCTTTGCAG 68
RPS6KA 1 725 0 8 TAACCATCCTTTTATTGTCAAGTTGCATTATGC GAAAGTCAATATAAGATACAACTTCCCTTCAG 64
UBXN7 1 454 0 24 GTGGACCCAAACAATGGAAGGGCC GCAGGAAATGTATGICTAATAAGTGGTCTC 66
LOC786990 1 640 1 8 CAGTTTCTCCTGAAGATACTGTTCAGC TTTGCCAAAAAGAACAGGTGTCCTAC 67
AKIRIN 3 746 1 8 ATGAGACAAAGACACTTCCCTACCTGC TTTCATTATATAGTGTTAACAAGCTTAGTTGCAAAC 64
kin® 3 732 3 8 AATCAGAACAGACACGAGGTTCTCATG AAGAACATGCTGATCATGATTCTATATGTATGC 66
UHMK® 3 764 3 24 TTCTGCTTCCGGAGCCCGATACCCGTC CATCATGAGGGTTATGTATGCAGACCTC 66
ZRANB2 3 796 1 8 GTTTAATACAGAAAAGTTTTGTGAATTGGAGAGGAG TTAGAAGGTGGACTTTCAAGAAGTCTGAGGCAC 68
ARHGAP30 3 906 0 8 AGGAAGTCTTCCTGAGCGCCTATGATGACC GGACCTGGGACCTGAACCAGGGTGG 66
MACF1 3 667 0 8 TATCATACACAGGCTGTTTGCCACCAAGAG ATTGCTGGAGATGCCAGAAAGCGGGC 68
NCL 3 854 0 8 TCCAGCAAAGAAGATGATGGTTTCCCC GCAAGATCATTTTTSCAAAAAGGTCACTG 59
UAP1 3 660 0 8 ATTCTTCAGCGGGGAAAACTCATCTTCCCG CCAGGGGCAGAATTAAGCCAGACAAACC 66
LOC513885 5 357 1 24 GAAACATTGGAAAGTCTATCGTAGGCGG TGAATGBRCAGTGATAAAAGATGTTAAAGGTG 63
LOC781886 5 394 1 24 CTTGGACTTGATATTGGAGAATTGTCCAGTCTC BBAAGCAGTGGCTAGTAAAGAAATAGG 64
ZC3H7B 5 384 1 8 CACCAGGGCATCTTCACTTTCCTCTGTGAG TGCAGCGGATTGAAGCCAGCAGAGC 66
TSPO 5 839 0 GCAGCTGGCTCTGAACTGGGCATGGCC TTGAGCATGGCOBAGGCCAGCCAG 70
TMED7 5 345 0 24 TTCGGTACCTAAAATTAATTAGAGGACAGC GCTTCAGCATGAATTTTCTACTTTCACAC 63
Total’ 13771 16 14.1

8LOC786990 contained an indel of a T and a T/C SNRynsassay could not be designed to isolate the SNP
®kin sequence could not be optimized, so was nat feegenotyping
UHMK° and TFRE- 1 SNP was not used for genotyping at each loitiwas too close to another SNP to provide enolayiking sequence for probe design
“Total represents the sum for sequence length,ttber of SNPs found, but the average for the numbsamples
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Table 3. SNP genotyping and TagMan primer sets

Assay F primer sequence R primer sequence Reporter 1 sequence Reporter 2 sequence SNP
(VIC dye) (FAM dye) VIC FAM

SFRS15 GGGAAATGTGGGAAAGGTGAAAA TTCCGCAGTTCTCTCCAAAGG GCTATTTCTCAGTGTGCTGT CTATTTCTCAGCGTGCTGT T C
LOC513885  AAGTGCAAGATGAAATTAAATTTAAAGCCGATA CCGAGGTCRACATCTTTTCTTGATT ATGTAACAGGAGTACTGC TGTAACAGCAGTACTGC G C
LOC781886  TGGGTGCCATTTAAAAACAAAACTTTAATCTTAT GAGAAGGTTTTAATTATTCTTTTGAGGGTAAGAG AAAAGCTTGAACTTTTT AAAGCTTGAATTTTTT cC T
UHMK1 GCCCACTTTCCATCCAACCA TGTGGTAGCCAAGGACTCAAAATTT QCATTGCGATTTCAG CTCATTGCAATTTCAG G A

| UHMK2 ACACTTTCCATACAACTGCTCATTTCT AGCTCTTTGCAGAGTGTCQTATTT CTCTCTTGCCTGTCAGAC CTCTCTTGCCTTTCAGAC G T

N TFRC AATTTAAGAATGTTGAGAACCGGCTACT CCCAATGCAGTTAGAGTTRCAAAGG TTTACAATTTTAACATTAGAAGAT CAATTTTAACATCAGAAGAT T C

: ZRANB2 GTTAATGAGGAACAGATTGAAGAAAGTTTTTTAAGT AGTTAAACA CCTCAAAGCAAATGTTCAC AAGACCAACAGACATTGTGA AGACCAACAGACGTTGTGA A G

o AKIRINL GCCCTGCCCTTGTTTTGG GGTAGTCACTTGTTCCTGGAAGAG CTGTAATGCGAGTGGCC CTGTAATGCAGTGGCC G A

n MSL3 GTGATGCAGAAGGTGGACAGA GGACCGCCCCCTTCAG CTCCCGGTGATTGG TCCCGGTAATTGG G A

S ZC3H7B CCCTCCACGGTCGATTCC AGGTCGGGCCTCCAAAAC CTCCACTGTGGCCTGT CTCCACTGTAGCCTGT G A
Anon 1Y GGGTGGTTCAGAGTGTCACTATCT ACCAAGATGCAGCCAAAGCT CTGACTTGCCATCTCC CTGACTTGTCATCTCC cC T
HNLR AGATCCTGACGCCGTTTACC GGGCCGAAGTCCCAGAAAC CATGGACACGGTCTCT CATGGACACAGTCTCT G A
Anon 2K AGTCACCATCTCCCCACTACTC AGAAGGAGAAACTTTGACTTTGCA CACTGTCTTTCTATTTGCT CACTGTCTTTCTCTTTGCT A C
TSPAN3 GTGGACCTGCTCAATTCACCTT GGTGGAACCTATGCATAGTAGAAACT CCAAATCAGAGCAAGAC CCAAATCAGAACAAGAC G A
AHNAK CCTCCTTCTATCTTTGGTCCTGAGA GCTCTCAACTTGGATGCACCAA AAGTCCTCCGGCAAAC AAGTCCTCCAGCAAAC G A
P2YS GGCTTCACTGACTGCGTTTT TCCACTTGGTTCTTCAATAAGAAAATATTTCATTTT CTGGAATGACGGATTT CTGGAATCACGGATTT G C

E BRCA1 CCACGCGGCCCTCTAG CAGGCTGTCATCCTCTCCAAAA CCCGTCACCTCCCACA CCGTCACGTCCTA C G

o ANON3R GGGCCCGAGAAAGCAGAT GCATGGAGCAGGCAGATG ATGGAGCTCACGTGCCGA TGGAGCTCACATGCCGA G A

n ANON 4K GAAGCGGACGTCCTTTCAC CCTCTGCGTCCGAGCTTT CCCCCGGGTGCGAG TCCCCCTGGTGCGAG G T

S ANON 4S CCGTGTGTGTTGTGGTTTTCAC GGTGCTCAGCCACTCCTC TCGCACCTGCTGCCCT TCGCACCTCCTGCCCT G C
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Table 4. Genetic diversity in humpback whales fisastern and Western Australia and California gepetyat 17 SNP loci. N = number of genotyped indigald
per locus and HW = deviation from Hardy-Weinbergitlgrium (p-value); significant aP < 0.05 (Standard errors in parentheses).

EA is eastern Australia; WA is western AustraliagdaCal is California.

N Minor allele frequencies Observed heterozygosity Expected heterozygosity HW (p-value)
Locus EA WA Cal EA WA Cal EA WA Cal EA WA Cal EA WA Cal
SFRS15 23 19 22 0.04 0.08 0.09 0.09 0.16 0.18 0.08 0.15 0.17 0 10 1.00 1.00
LOC781886 22 19 22 0.20 0.11 0.09 0.32 0.21 0.18 0.33 0.19 0.17 1.00 1.00 1.00
UHMK1 23 19 22 0.02 0.00 0.02 0.04 0.00 0.05 0.04 0.00 0.04 1.00 monomorphic 1.00
UHMK2 23 19 21 0.13 0.16 0.19 0.26 0.32 0.38 0.23 0.27 0.31 1.00 1.00 1.00
TFRC 23 19 21 0.04 0.08 0.14 0.09 0.16 0.29 0.08 0.15 0.24 1.00 00 1. 1.00
ZRANB2 23 19 21 0.48 0.34 0.50 0.61 0.37 0.05 0.50 0.45 0.50 0.42 .61 0 0.00
AKIRINL 23 19 19 0.43 0.47 0.34 0.43 0.63 0.58 0.49 0.50 0.45 70.6 0.38 0.35
Anon 1Y 23 19 21 0.26 0.29 0.19 0.26 0.37 0.38 0.39 0.41 0.31 13 0. 0.61 1.00
HNLR 23 19 22 0.13 0.13 0.36 0.17 0.16 0.36 0.23 0.23 0.46 0.31 .26 0 0.37
Anon 2K 23 19 22 0.17 0.13 0.05 0.35 0.26 0.09 0.29 0.23 0.09 00 1. 1.00 1.00
TSPAN3 23 19 22 0.28 0.21 0.00 0.30 0.42 0.00 0.41 0.33 0.00 0 0.3 0.54 monomorphic
AHNAK 23 19 21 0.46 0.32 0.45 0.74 0.32 0.52 0.50 0.43 0.50 0.04 0.29 1.00
P2YS 23 19 22 0.15 0.21 0.18 0.30 0.32 0.00 0.26 0.33 0.30 1.00 .00 1 0.00
BRCA1 23 19 22 0.37 0.47 0.45 0.57 0.42 0.55 0.47 0.50 0.50 0.65 5 0.6 1.00
ANON 3R 23 19 22 0.41 0.47 0.45 0.57 0.63 0.73 0.48 0.50 0.50 67 0. 0.38 0.08
ANON 4K 23 19 22 0.48 0.42 0.45 0.52 0.53 0.55 0.50 0.49 0.50 00 1. 1.00 1.00
ANON 4S 23 19 20 0.11 0.18 0.30 0.22 0.37 0.50 0.19 0.30 0.42 00 1. 1.00 0.62
All loci® 22.9 0.06) 19.0 0.0) 21.40.2) 0.250.04) 0.240.04) 0.250.04) 0.340.05) 0.330.04) 0.32 0.06) 0.320.04) 0.320.04) 0.32 0.04) 0.72 0.08) 0.73 0.07) 0.71 0.10)

®All loci - represents the average across all.loci
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Table 5. Population comparison among geographrealsausing
17 SNP and ten microsatellite loci

EA WA Cal
SNPs microsaty SNPs microsals SNPs microsats
EA 0.000 0.028 | 0.015* 0.124*
WA | 0.000 0.005 0.009 0.113*
Cal |0.034* 0.036* | 0.018 0.029*

F 57 values are presented in the lower left matrix Brd; values

are shown in the upper right. Statistically sigrafit P-values

based on 999 permutations of the data and afteles¢iq!

Bonferroni correction are marked with an asterRR & 0.05).

EA is eastern Australia; WA is western Australiaga&Cal is California.
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Figure 1. Simulated estimates of power (usingytheest for SNPs and Fisher’s test for
microsatellites) to detect population differenbati between two populations when
drawing a sample af = 23 individuals from each at various true nuclegs for 17
SNP and ten microsatellite loci. Atr= 0 the proportion of significances represents the

a-error.

Figure 2. Effect of sample size (number of indidlugenotyped per population) on
simulated estimates of power (using tpe test for SNPs and Fisher's test for
microsatellites) to detect population differentatibetween two populations at the level

of Fst= 0.005 for the 17 SNP and ten microsatellite.loci

Figure 3. Effect of sample size per population lom statistical powen{ test) to detect

an expected level d¢fst= 0.005 for different numbers of SNP loci.
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CONCLUSIONS

Utilising both mitochondrial and nuclear geneticrkeas, this thesis investigated the
patterns of population structure among humpbackleghthat migrate along the east
and west coast of Australia, and the neighbourm@aagered populations of the South
Pacific. Important in the development of demograpimodels that reconstruct the
historical trajectory of population decline and aeery following the cessation of

commercial whaling, this project investigated thetrictural parameters: population
structure among putative breeding populations,ntiteng of breeding populations on
high latitude Antarctic feeding grounds and evidefar sex-specific migration along
the eastern Australian migratory corridor. This iexlge will be crucial for the

ongoing effort of the International Whaling Comnigs(IWC) in assessing the impact
of whaling and the recovery of whale populationse ¥lso report the discovery and
utility of novel nuclear genetic markers (singleclmotide polymorphisms, SNPSs).
These markers hold promise for facilitating morefeefve multi-laboratory

collaboration and are discussed under FUTURE RECEGMMATIONS.

Among the Australian putative populations, bothleacand mtDNA markers revealed
low but significant differentiation. This patterm low level differentiation is emerging
as a characteristic of Southern Hemisphere humpldcde populations indicating
extensive movement at least historically, if natgantly. Contrary to the expectation of
female philopatry and male-driven gene flow as ldiggpd by many migratory marine
vertebrates, there is limited evidence for stroeg lsiased dispersal among Australian
humpback whales, with similar levels of geneticfedi#ntiation at both marker types

evident between the sexes.
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In understanding the impact of commercial whaliag,important gap in knowledge
was estimating the mixing of low latitude breedimgpulations on Antarctic feeding
grounds, particularly the endangered humpback wheafailations of Oceania in the
South Pacific. A mixed-stock analysis (MSA) of Artiac samples collected south of
eastern Australia and New Zealand using combindaNAtand microsatellite datasets
revealed substantial contributions from both eastaustralia (53.2%, 6.8% SE) and
New Caledonia (43.7%, 5.5% SE) [with Oceania cbnting 46.8% (5.9% SE)] but not
western Australia. This result is significant imtimon-genetic evidence based on photo-
ID matching has suggested limited connectivity lestwthe Antarctic feeding grounds
where these samples were collected and New Calked@ceania) but supports

connections with eastern Australia (Constanéhal.2011, Steeét al.2011).

Before employing an MSA it was important to firsakiate the statistical power of the
dataset and how we might go about improving theura@y and precision of these
analyses for future research. Despite the low @hffeation among them, we found that
all populations, whether Oceania was sub-divide@wNCaledonia, Tonga, Cook
Islands and French Polynesia) or grouped (minus Gbek Islands) using either
combined mtDNA + microsatellite datasets or mtDNlana performed close to or
above the threshold for genetic identity (90%).sThesult therefore allows us to be
relatively confident in the Antarctic feeding graurestimation. To increase our
confidence, we found that removing the Cook Islantien the Oceania populations are
treated separately and a moderate increase inibgegtdound sample size had the

greatest impact on the accuracy of an MSA.

While the coarse-scale spatial and temporal pattefnhumpback whale seasonal

movements between low latitude breeding groundshagid latitude feeding grounds
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are broadly understood, the assumption that thergepattern of migration for both
sexes is similar is still under question. Along #astern Australian migratory corridor,
we found no compelling evidence for sex-specificgmraiory behaviour at three
sampling locations, when the data was partitiongddx and migration direction, i.e.,
males and females using different migratory routat) no significant differences in
the patterns of haplotype sharing, haplotype fraqueor haplotype differentiation
detected between the sexes. However, we did recbeesame intriguing finding as a
previous study (Valsecchet al. 2010) of significant structure between males and
females sampled off Stradbroke Island in 1992 atnircleotide level, both overall and
for whales travelling north towards the breedingumds. We also found significant
structure among all sampling locations at the hsgpko level, irrespective of sex or
migratory direction, and for northbound whales. §&eesults suggest that humpback
whale migration along eastern Australia may be nooraplex than previously thought,
perhaps involving mixing with neighbouring poputats, as well as social and age class
temporal structuring. However, due to the small @ansizes used in some analyses, a

final biological explanation for our results remmaumcertain.

FUTURE RECOMMENDATIONS

Some recommendations have emerged from the bialogind technical chapters of this
thesis that warrant discussion here and furthetoextoon for future humpback whale

research.

Measuring gene flow when genetic differentiatioweak

The emerging evidence of low differentiation thppears to characterise populations in

the Southern Hemisphere, presents significant ehgdls for reliable estimates of the

191



magnitude of gene flow using many statistical apph@s. Not only are estimates
unreliable at low levels of genetic divergence, mpspulation genetic inference
methods are unable to discern between ongoingcentéiistoric migration because of
the assumptions underlying the estimation of genéitvergence (see, Whitlock and
McCauley 1999, Pearse and Crandall 2004, Pertdldil. 2007, Palsbglét al. 2010).
As a result of these challenges, clearly definirmpagement units for humpback whales

in the Southern Hemisphere becomes an importandiéincult problem.

Novel approaches such as the kinship-based analysles spatio-temporal distribution
of related individuals hold promise in being abteyield more reliable estimates of
current migration rates at low levels of differatiton. However, formal estimation
procedures applicable to a range of species Iggohes are required (Palsbell al.

2010). Other recent advances involve methods thaw dhe simultaneous analysis of
genetic and non-genetic data to infer current niignaand genetic drift using a
Bayesian approach (see review in Gaggiotti and Z@1l0). However, presently these
methods require further development as the spatimponent is not taken into account

explicitly.

Until we can obtain reliable estimates of currengration in systems where there is
low differentiation between populations we suggegegrating information from

multiple lines of evidence in Southern Hemisphemmpback whales. Capture-
recapture models using photo-identification, gepetynatching and the evolution and
movement of song between populations, combined @gtimates of population genetic
structure may help delineate between current asirical gene flow and quantify the

magnitude at a broad level.
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Resolving population structure along the easterstfalian migratory corridor

Despite the lack of compelling genetic evidencedex-specific migratory behaviour,
our data provided potential evidence for tempotaicture along the eastern Australian
migratory corridor. The significant structure degetbetween three sampling locations
at the haplotype level, and between at least twopsiag locations for three other
statistics, suggests there could at least be teahdferences and potentially more than
one population using the corridor at any one tiP@ssible biological explanations for
our study include the sporadic sharing of the easteistralian migratory corridor by
males and females from neighbouring breeding greuddring migration, social
structuring of the migratory population or even coencial whaling leaving a signal on
the genetic composition of age classes. Resolvirgget structural complexities is
important as they may significantly impact our msties of abundance for the eastern
Australian population and the modelling of theircoeery from historical
overexploitation, particularly if there is more thane population using the migratory
corridor. There may also be broader consequendbesé structural complexities occur

along other migratory routes in the Southern Hehresg.

At this stage we have insufficient samples fromerasAustralian humpback whales for
a quantitative evaluation of temporal genetic strrecalong the migration from feeding
grounds to breeding grounds, as well as the effettage and social structure on
temporal genetic shifts. We also lack data on hogvdffective size of the population
and the patterns of intermixing may have changed essult of commercial whaling,

particularly with the eastern Australian populatinoreasing at a more rapid rate (10 to
11% per annum) than neighbouring populations whiehstill considered endangered

(Childerhouseet al. 2008, Noacket al.2011). Resolving the potential complexities along
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the eastern Australian migratory corridor will iw@ improving the geographical and
temporal coverage of humpback whale samples frenStiuthern Ocean through to the
breeding grounds around the Great Barrier Reef,revivee are yet to obtain any
samples. We also need to maintain focus on possibleng with neighbouring

populations, age and social structure, and bettetenstanding the influence of

historical overexploitation and recovery on tempstaicture.

Enhancing inferences of population structure angroning the resolution of mixed-

stock analyses — mitogenomics?

Defining management units for humpback whales witastern Australia and Oceania
has been a contentious issue within the Internaltidrhaling Commission due, in part,
to the limitations associated with the weak geneliiferentiation between them.
Accurate assessments of population structure agdatory connectivity are important
for effective management and for modelling the vecy of these putative populations.
Moreover, the weak genetic divergence among papuaktintroduces an element of
uncertainty into estimates of population contribng on the Antarctic feeding grounds
(see Chapter 2), even if divergence is signifidzaged on haplotype and microsatellite

allele frequency differences.

To date, short fragments of the mitochondrial cantegion have been the marker of
choice in analyses of population structure amongghack whales due to its highly
discriminatory and uniparental inheritance whicle @&xpected to result in a larger
genetic drift compared to nuclear loci (e.g. Avis895, Sunnucks 2000). Nuclear
markers have generally detected equivalent or dersbly less structure than that
inferred using mitochondrial markers (see Chaptesad 2). As mtDNA control region

haplotypes are widely shared across Australia dm& $outh Pacific, expanded
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screening of the mitochondrial genome may benaftyses of genetic structure among
populations. MtDNA analysis beyond established m@@ntegion fragments has
improved the resolution of intraspecific phylogemgny and population structure of
several marine taxa. Phylogeographic analysis oblevhmitochondrial genome
sequence variation in killer whale®rcinus orcd provided strong support for species
status of the ecotypes (Moret al. 2010), whereas an earlier analysis based on shorte
sequences failed to resolve these relationshipausecof the limited polymorphism
(Hoelzelet al.2002). Another study on green turtl€hglonia midasdemonstrated the
utility of mitogenomic SNPs for detecting cryptittigture among populations that are
marked by extensive sharing of common haplotypsesdban <1 kb of the mitogenome,

a similar scenario to Southern Hemisphere humphbécites (Shambliet al.2012).

Mitogenomic sequences may therefore increase #iestatal power of our humpback
whale genetic data to detect cryptic structure ampuatative populations as well as
increasing certainty in mixed-stock analyses onféieeling grounds and other areas of

potential population mixing.

SNPs — the marker of the future for long-term dmlative cetacean research?

Although microsatellites have been the nuclear eradf choice in studies of cetacean
population genetics, the research would greatlefiefiom the use of single nucleotide
polymorphisms (SNPs) as scoring is universally caraple and mutation rates and
patterns of are well described by simple mutatioodels making them suitable for

long-term, collaborative studies of globally distried species.

In the fourth, technical chapter on the developnaant application of SNP markers for
humpback whale population genetics, we developemti@nic and exonic SNPs using
a targeted gene approach that had sufficient staigpower to detect weak structure
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that is typical among some populatiofg(= 0.005) with sample sizes of >150. Given
the ease of our methods of SNP discovery and ftifieudly in collecting large sample
sizes from Cetacean species, we recommended thatf H0ese informative SNPs
combined with 75 samples would not be unreasortabtketect weak differentiation at
this level ofFst. Since writing the review on SNP discovery andliagpon however,
high throughput sequencing technology has advareesh further and is now
considered a highly effective platform for SNP digery. A particularly efficient and
cost-effective protocol based on the sequencintamgfe sets of restriction fragments
that holds great promise for future SNP discovariiumpback whales and cetaceans in
general, is termed “restriction-site associated DNRAD) (Miller et al. 2007), in
combination with the Illlumina Genome Analyzer setpieg device. With the
capability of generating thousands of informativPSmarkers and the sequenced
genome of the common dolphifyrsiops truncatysnow available as a reference for
the alignment of contigs, there is much potentraldiscovering a combination of
markers for humpback whales that provide bettefityusmformation than is possible

from currently employed marker systems.

As well as being useful in helping to resolve crymtructure among some humpback
whale populations, the universal comparability diPS may allow us to create a
centralised genetic database for cetaceans, camgbdaita from researchers with access
to samples collected over many decades in diffeveaanic regions. SNP databases for
human genetics studies and forensics are alreatlyestablished with free access to a
substantial proportion of the 18 million SNP locirently characterised in the human

genome.
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Although there are still problems associated wiNPSmarkers that present challenges
for their broad use in humpback whale populationegie analyses, particularly when
dealing with large numbers of loci (e.g. ascertantbias, linkage between loci, and
neutrality), the most effective application mayibecombining them with the suite of

genetic markers we already have available (e.gnspdiales Mesniclet al.2011).

The findings of this thesis provide new information the population structure and
distribution of the humpback whales of Australia dhe South Pacific. Given the weak
genetic differentiation that appears to charaatenbales from this region, determining
accurate structure hypotheses for modelling thevery of the species will continue to
be contentious. With the new era of population geoe and high throughput

sequencing technologies in the development of newrmative markers we can

substantially increase the statistical power of data. Exploring new and innovative
ways of combining our genetic and non-genetic datadelineating patterns and levels
of gene flow will also contribute substantially@ar understanding of the dynamics of

humpback whales from these two regions.
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Appendix: Development and application of SNP’s farmpback

whale population genetics (literature review)

In less than half a century, molecular markers abng polymorphisms at the DNA level
have totally changed our view of nature, and inghecess they have evolved themselves.
Nonetheless, the current repertoire of genetic awglogies remain inadequate for

answering many questions and there are signifiemhinological and analytical limitations.

Over the last decade, nuclear microsatellite lood anitochondrial DNA (mtDNA)
sequences have been the tools of choice for popuolaenetic studies. Both types of
molecular marker represent rapidly evolving DNA s=aces that are informative for
answering population-level questions. However, g/hiseful and indeed optimal for some
applications, the high information content, a resfihigh mutation rates, comes at a price.
Analytical issues include the limitations of depiergdon a single locus (MtDNA, Gagneux
et al. 1997, Harpendin@t al. 1998, Hare 2001), high and variable mutation rétes are
difficult to predict for data analysis (microsaiels, Excoffier and Yang 1999, Balloux
2002) and limitations due to sample size (B-Raol200echnical problems include nuclear
inserts of mitochondrial DNA (numts, Bensassginal. 2001, Dunshe&t al. 2008), and
microsatellite null alleles, and allelic dropoutaihdi et al. 1992, Callenet al. 1993,
Taberletet al. 1996, Gagneurt al. 1997, Morinet al. 2001). Microsatellite markers can be

particularly limited in long-term population studi¢hat require addition of data over time
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and across multiple labs, due to inconsistenciesl@te size calling (LaHooét al. 2002,

Vignal et al. 2002, Hoffmaret al.2006).

Ideally, molecular markers for population studiésnon-model organisms would possess
three properties. First, the markers should be ddmiand distributed widely across the
genome to avoid biases associated with single lana$/sis. Second, well-understood and
well-characterized models of evolution should apply facilitate analysis and
interpretation. Finally, technical applications maflow data acquisition from many loci
scored in large population samples, and the datst tm&l comparable across laboratories
using different genotype scoring methods or teabgies (Sunnucks 2000). Genetic
analyses of wide-ranging, elusive species like tmempback whale Megaptera
novaeangliagwill benefit from using markers that allow datiss® build over a period of

decades and that allow sample size augmentatioin spatially and temporally.

Single nucleotide polymorphisms (SNPs) are rapiokcoming the tool of choice for
assessing genetic variation in wild populationshey have many of the characteristics of
an ideal marker (Vignagt al. 2002, Brumfieldet al. 2003, Morinet al.2004): 1) They are
frequent, abundant and easy to ascertain in manymmael organisms (Aitkeat al. 2004,
Seddonet al. 2005, Cappucciet al. 2006, Morin and McCarthy 2007). 2) The rate and
patterns of SNP mutation have been characterizezhgixely in several genomes and are
well described by simple mutation models (Nachmaeh @rowell 2000, Ebersberget al.
2002, Silva and Kondrashov 2002). 3) SNP genotyesbased on detection of DNA

sequence nucleotide differences rather than PCBuptaize differences (microsatellites),
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so that genotype data are universally comparabie pamtable, eliminating the need for
common controls (Moriret al.2007b). Hence, SNP studies can be replicatedoqeed in
parallel across several laboratories, and addex amples become available without the
need to calibrate results at each step in the pso@d SNP genotyping technologies vary
widely, ranging from simple to highly multiplexedrf high throughput genotyping,

allowing a broad choice of systems (Vigealal.2002, Morinet al.2007b).

In spite of these obvious advantages, and theasorg use of SNP’s in human and model
organism studies, they have not been employed dérgtyu in studies of non-model

organisms. This is primarily due to technical andlgtical issues in SNP isolation as well
as cost-effectiveness and efficiency of genotymelpction in relatively unknown genomes
(Vignal et al. 2002, Aitkenet al. 2004). In this review | examine the feasibility of
developing and applying SNP’s to the genetic amalysf humpback whales, focusing
specifically on new innovating methods of SNP digry and genotyping that endeavour
to reduce cost and effort, thus enabling the etitaf better quality information than is

possible from currently employed marker systems.

A SNP is a single nucleotide variation at a spediication on the genome that is by
definition found in more than 1% of the populatiédthough in principle, at each position
of a sequence stretch, any of the four possibléentide bases can be present, SNPs are
usually biallelic in nature and co-dominant (Vigredl al. 2002, Kim and Misra 2007).
Being the most abundant genetic variant within @ogee (coding and non-coding regions,

typically every 300-1000 bps in most genomes), itteeeasing popularity of SNPs has
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arisen from the recent need for very high densitiegenetic markers for the studies of
multifactorial diseases, and the recent progregmlymorphism detection and genotyping
techniques (Vignaét al.2002). The use of SNP markers involves two prilecipeps: locus

discovery (ascertainment) and genotyping.

SNP DISCOVERY

SNP discovery is the process of finding the polyphar sites in the genome of the species
and populations of interest. The most well knownatsgies for SNP discovery utilized in
the human genome project are performedsilico, meaning genomic information from
multiple individuals in public databases are sceeeffor the identification of putative
polymorphisms. These strategies include: expressgdence tags for polymorphic sites

and reduced representation shotgun sequencingo{&eaiel 2004).

Expressed Sequence Tags (EST)

The simplest approach using public databases, wah@eenovowhole-genome sequencing
project is not yet feasible in a given organismriasons of cost or technical difficulty, is a
screen of expressed sequence tag databases whides$oon protein-coding sequence by
sequencing only mRNA (Adams 1991, Hudson 2008).|&hAn EST project does not
produce more than a fraction of the informationilabée from a whole-genome sequence,
it can produce a ‘tag’ of sequence from the prot&ding region of most genes. Because
the majority of these EST libraries have been olethifrom different individuals, assembly

of overlapping sequences (or ‘tags’) for the sasgian can lead to the identification of
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new SNPs. A significant risk in such an analysighet many sequence variations are the
result of poor quality sequence data typically fum single-pass EST datasets. Therefore,
the success of any strategy using EST data segesion strategies used to cull sequence

errors from the candidate pool (Picoult-Newbetgl. 1999).

Reduced representation shotgun sequencing (RRS)

RRS is a new and more comprehensive approach,tasiedlate a very high number of
SNPs in humans (Altshulet al. 2000). Here DNA from different individuals are ratk
together and plasmid libraries composed of a redluepresentation of these genomes are
produced by using a subset of restriction fragmputgied by agarose gel electrophoresis.
A 2-5 fold shotgun sequencing of the libraries s&fprmed and aligned overlapping

sequences are screened for polymorphism.

Both strategies are at risk of false positives duehe alignment of sequences from
repeated loci (Vignagt al. 2002). This can be partially overcome where spedaabases
of repeated elements are available, that can be tasélter the sequence reads prior to

alignment. However, the case of duplicated locl alivays remain difficult to manage.

For most non-model organisms, in the absence abdaes of comparative sequences,
SNP’s have to be found through laboratory scree(eng sequencing) of segments of the
genome from multiple individuals (Moriet al. 2004). The most common screening
strategies to maximize the number of SNP loci ifiedtacross a genome are: 1) designing

primers from conserved sequences of related spebsgsare available online or 2)
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sequencing anonymous nuclear loci, either throughimy or PCR methods, such as
amplified fragment length polymorphisms (AFLPs) (Brfield et al. 2003). These
approaches are applicable to any organism and peoduge numbers of DNA fragments

that can be readily sequenced for SNP screenirigreliatively little investment.

AFLPs — a random sequence approach

The amplified fragment length polymorphism methddSolP discovery is a PCR-based
technique that has been successfully applied tode vange of organisms with a broad
application to population and evolutionary genef{MsLenacharet al. 2000, Bensclet al.
2002, Nicod and Largiader 2003). The technique ased on the selective PCR of
restriction fragments from a total digest of genonINA involving three steps: 1)
restriction of the DNA and ligation of oligonucléd# adapters; 2) selective amplification
of sets of restriction fragments and 3) gel analgdiamplified fragments. SNP markers are
then isolated from the direct sequencing of distelectrophoresis bands which highlight
several homologous copies of a particular DNA fraginThe efficiency of this strategy in
SNP isolation will depend critically on the proport of AFLP bands that represent unique
DNA fragments, SNP density in the organism undadytand the quality of the DNA
utilized (the effectiveness of AFLP is reduced wilewA quality is poor) (McLenachaet

al. 2000, Nicod and Largiader 2003). Nonethelessgiims of cost, isolation of a couple of
hundred candidate SNPs involves about the samensepand time effort as is usually
invested to isolate microsatellite markers for gapon genetics studies (Nicod and

Largiader 2003).
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The targeted gene approach

As a way of complimenting existing mtDNA and micatallite markers for a given species,
allowing the partitioning of maternal and biparéntaomponents of dispersal and
population structure, a number of mammalian stutlase used a target gene approach to
detect SNPs and nuclear intron sequences (PalumbBaker 1994, Aitkeret al. 2004,
Seddonet al. 2005, Cappuccicet al. 2006, Morinet al. 2007a). The targeted gene or
genomic region approach exploits the fact thatethae often conserved regions of genes
from multiple species (e.g. mouse and human) frdrickvPCR primers can be designed to
amplify a less conserved region in related spe@es an intron, or microsatellite). These
primers have been termed ‘comparative anchor tagggdences’ (‘(CATS’; (Lyons 1997)
or ‘exon priming intron crossing’ (‘EPIC’; (Palumbind Baker 1994). The advantages of
this method include the wide availability of primgknowledge of the gene ortholog which
contain the SNPs, which may be useful in detecsi@lgction on ecologically important
genes (Palumbi and Baker 1994, Primraeal. 2002, Aitkenet al. 2004) and potentially
broad taxonomic utility with less per-sequenceiahigffort to find SNP loci than might be

required using a random sequence approach (M@h 2004).

Introns are a common source of nuclear sequenca dsitthey evolve with fewer
evolutionary constraints relative to coding seqee(falumbi and Baker 1994, Prychitko
1997, Friesen 1999, Hare 2003). The use of integusnces as a source of variation where
the more highly conserved regions (i.e. exonshefgenes are used for primer design, has

been exploited extensively to date in both phylegen(e.g. (Oakley 1999, DeBry 2001)
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and population genetic studies (e.g.(Lessa 199&nBi2000). As with screening methods
for model species, there are similarly technical eonceptual limitations to this approach
that may affect SNP identification. Foremost is thereased risk of amplifying both
paralogs of the same locus which can result innaorrect inference of genotypes, and a
biased inference of historical events resultingrfrthe effects of selection acting on the
associated genes (Aitkext al. 2004, Ryynanen and Primmer 2006). A new methadedr
intron-primed exon-crossing (IPEC) was developedRlyynanen and Primmer (2006) to
circumvent this problem in species bearing putatuelicated genomic fragments or an
entire duplicated genome, whereby primers weregdesi in more variable intronic regions
of salmonid genes to bind to only one of the dugtéd loci. The proportion of screened
loci that revealed polymorphism was around six sirhgher with the IPEC than the EPIC
method, suggesting that less effort is neededél yhe same number of SNPs than with
the EPIC (or CATS) method. The success of thisrtiegle of SNP isolation in humpback
whales would depend upon the availability of mohant one sequence copy of the
particular gene from related species in the datsbasmd knowledge on the extent of
duplicated genes in different species (would alsednto ascertain costs). (Baketr al.
2006) found evidence of gene duplication as weligh allelic and nucleotide diversity for
at least two DQB loci in the humpback whale andimieary evidence for three in the
right whale, supporting the feasibility of the IPE@ategy for detecting SNPs in baleen

species.

Generating novel SNP loci using the targeted ggpeoach can require significant effort,
as a large investment in CATS primers is necesg#2§0 primer pairs, ~US$25 a pair)
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(Morin et al.2004). Although the initial investment in primestsould ideally be spread out
over many species, making the relative cost of ldgueg markers for several species
substantially lower, this project focuses specifican developing SNPs for humpback
whale population analysis. A comparison of SNPUesties across a diverse range of taxa
suggests that researchers can expect, on aveoajed SNPs in over 50% of loci. Hence,
100 loci (each of 500-800 bp in length) can be sagad for<US$6000 with SNP assays
assembled for ~US$3750 (Brumfiekt al. 2003, Morin et al. 2004). By comparison,
discovery of 15 new microsatellites, using a conuiadly generated enriched library,

would cost ~US$12000.

Whichever sequence generation method is employdil} 8etection requires multiple
sample sequences to be generated from each logusr{&t al.2004). The last “in silico”

step of identifying the SNPs in the sequence trabes greatly benefited from the
development of specialized software estimatingghality of base calling such as PHRED
(Ewing 1998a, Ewing 1998b) and of other programsgughis quality assessment for
polymorphism detection such as POLYPHRED (Nicker$887) or POLYBAYES (Marth

1999). These programs assist in SNP detectiorgredtinectly from all amplified samples,
or on a subset of samples subsequent to high thpaiglbut potentially less accurate)

methods of mutation screening (Wolford 2000, Brhafet al.2003, Aitkenet al.2004).

SNP Discovery in whales

Only four studies to date have employed the useN#®s for the genetic analysis of whales:

one for sperm whale population studies (Moeinal. 2007a) and three using historical
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samples to supplement existing tissue collectiamsthie genetic analyses of Bering-
Chukchi-Beaufort (BCB) bowhead whales (Givens 20@dyin et al. 2007b, Morin and

McCarthy 2007).

Morin et al. (2007a) utilized two hundred and two comparatinehar tagged sequence
(CATS) primer pairs to identify 18 new SNP markimn a pool containing 20 individual
sperm whales representing a broad geographicalbdison and six DNA samples from
one individual. Although their intent was to usee thooled sample to identify SNPs
common in some populations but not others, mostsSNeére ascertained using the six
individual samples, and the pooled samples sermigto confirm the presence of some

SNPs. High quality sequence data was screened\iBs 8ising POLYPHRED.

Givens (2007), Moriret al. (2007b) and Morin and McCarthy (2007) identif8NPs by
screening random genomic DNA sequences using psimesigned from existing cloned
sequences from a single bowhead whale. Sequencig performed using highly
multiplexed PCR of small (<120bp) products, a mdthareviously developed for
sequencing of mtDNA and single copy nuclear genas fancient DNA samples (Krause
2006, Rompler 2006a, 2006b). The estimated coshisftechnique based on an NPRB
proposal summary in 2005, to produce about 30-3epandent SNPs for population

analysis, was US$8079.
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SNP GENOTYPING

Genotyping typically involves the generation ofeltspecific products for SNPs of
interest followed by their separation and detectmmgenotype determination (Vignet al.
2002, Kim and Misra 2007). Unlike microsatellite nkexs that have a standard procedure
for genotyping involving PCR and size determinatodthe amplified fragment, there exist
at least 20 different SNP genotyping methods totayneet the cost, throughput and
equipment needs of each laboratory (TsuchihashR)0Dechnologies can range from
simple and standard (such as electrophoresis-lsyséeins) to highly multiplexed for high
throughput genotyping (e.g. microarrays Mogh al. 2007b). Most current genotyping
technologies with only a few exceptions rely on-agnaplification of the SNP-containing
genomic region by PCR, to introduce specificity amcrease the number of molecules for

detection following allelic discrimination (Kim aridisra 2007).

Allele discrimination strategies

Allele discrimination is performed using allele-siie biochemical reactions of which
there are four popular methods: primer extensiaclgotide incorporation), hybridisation,

ligation and enzymatic cleavage.

I. Primer Extension (Advantage: Accurate genotypingisabvantage: Similar

reagents as in PCR)

These approaches involve allele-specific incorponabf nucleotides in primer extension

reaction with a DNA template, utilizing enzyme gfiety to achieve allelic
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discrimination. The primer extension reaction isa#ed as robust, allowing specific
genotyping of most SNPs at similar reaction coodsgi (Syvanen 2001) This feature is
advantageous for high throughput applications asefifort required for assay design and
optimization is minimized. Consequently, primerexdion is gaining acceptance as the
reaction principle of choice for high throughpunhggyping of SNPs, and has been adapted
to various assay formats, detection strategiestacknology platforms (Syvanen 2001,
Morin et al.2004). Primer extension assays either use a conpmimer for detecting both
alleles (single base extension or SBE) or spepifimers for detecting each allele (allele

specific primer extension or ASPE) (Kim and Misfi2).

With single base extensions, a primer is desigoednneal with its 3' end adjacent to a
SNP site and extended with nucleotides by polyngeriszyme (Sokolov 1990). The
identity of the extended base is determined eltlydtuorescent labelling or mass to reveal
the SNP genotype. Primer selection and assay demignsimple and allow for the
simultaneous selection of multiple SNPs, therelgjiceng costs and improving throughput
(Vignal et al. 2002). Hence a large number of commercial systermgloy SBE for SNP
genotyping (e.g. mass spectrometry: The PinPoisaygasMassEXTEND, SPC-SBE, and
GOOD assay; fluorescent labelling: SNaPshot, SKBstr and Microarray primer
extension, see (Syvanen 2001, Tsuchihashi 2002inMoral. 2004, Kim and Misra 2007)

for comparisons).

Allele-specific primer extension (ASPE) involves R@Gmplification of genomic DNA

using allele-specific primers that are labellededté#ntly and a common reverse primer. The
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extended PCR product is generated only when te&eapecific primer binds perfectly to a
SNP site and can be detected by fluorescence ¢ondieee SNP genotype (Ugozzoli 1992,
Kim and Misra 2007). However, in practice, the P&@Rditions can be difficult to set up
and reliability is low (Vignalet al. 2002). Examples include the Tag-It approach (Biorto

2004) and performing the primer extension direottymicroarrays (Pastinen 2000).

[I.  Hybridisation (Advantage: Widely used, Disadvantageimited genotype

discrimination)

Hybridisation approaches use differences in thermsteatbility of double stranded DNA to
distinguish between perfectly matched and mismalttdiaeget-probe pairs for achieving
allelic discrimination (Kim and Misra 2007). Altbgh conceptually simple, hybridisation
techniques are error prone and need carefully dedigorobes and protocols so that
hybridisation occurs only between a perfectly camphtary probe and target (Vignat

al. 2002). The effectiveness in allele differentiatwil generally depend upon the length
and sequence of the probe, location of the SNRearptobe, and hybridisation conditions.
These parameters must be determined empirically separately for each SNP.
Consequently, there is no single set of reactionditmns that would be optimal for
genotyping all SNPs, which makes the design ofiplekt assays based on hybridisation an

almost impossible task (Syvanen 2001).

One approach to circumvent the problem of assaigualés to carry out multiplex allele
specific oligonucleotide (ASO) hybridisation reacts on microarrays that carry very high

probe densities for each SNP to be analysed. Oam@e, GeneChip array technology
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(Affymetrix, CA), uses a computer algorithm to irgeet the complex fluorescence patterns
formed by the multiple probes and to assign theogges of each SNP (Kennedy 2003).
However, distinguishing between heterozygous anddzygous SNP genotypes can be a

problem with this technique.

By far the most widely used ASO hybridisation methalistinguish between the SNP
alleles in real time during PCR in homogenous, tsmtiphase hybridisation reactions with
fluorescence detection (Syvanen 2001). The TagMaplied Biosystems) or Molecular
Beacon probes (high expense for probes), which weginally designed for quantitative

PCR analysis, can also be applied to SNP genotyping

Other hybridisation methods include: PNA and LNAolpes, DASH, and Qbead (for

detailed descriptions see (Kim and Misra 2007).

[ll.  Ligation (Advantage: Variety of assay formats, Disantage: Multiple labelled

probes required)

Genotyping SNPs by the oligonucleotide ligationags€LA) involves discrimination by
DNA ligases against mismatches at the ligation s$itetwo adjacently hybridised
oligonucleotides (Syvanen 2001). A drawback of @eAs is that detection of each SNP
requires three oligonucleotide probes, which ineesathe costs of these assays. Two
probes are specific for each allele and bind totémeplate at the SNP site and the third
‘common’ probe binds to the template adjacent @ 3NP immediately next to the allele-

specific probe. If the allele-specific probe binmsfectly at the SNP site, DNA ligase will
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join it with the ‘common’ probe. The ligation procis are then detected by either
colorimetric approaches in microtitre plate welainiotaki 1994) or multiplex approaches
using fluorescently labelled ligation probes wittfifedent electrophoretic mobilities that

can be analysed in a DNA sequencing instrumentg$nan 1994), to reveal base identity

at the SNP position.

Other ligation methods include: CFET (combinatoflabrescence energy transfer) tags

and Padlock probes (for detailed descriptions Sgegnen 2001, Kim and Misra 2007).

IV. Enzymatic Cleavage (Advantage: PCR amplificatioroided, Disadvantage:

requires large amount of DNA)

Enzymatic cleavage for allele discrimination is dzh®n the ability of certain classes of
enzymes to cleave DNA by recognising specific sages and structures (Kim and Misra
2007). These enzymes can be used for discriminétatgeen alleles when SNP sites are

located in an enzyme recognition sequence andcallélerences affect recognition.

The Invader assay is based on the capability oflasscof enzymes called flap-
endonucleases (FENSs) and engineered enzymes tetea@ses to cleave DNA molecules
at specific structures (Sauer and Gut 2002). I tiseee probes for genotyping a SNP, two
allele-specific probes and a third common probeagder). The invader oligonucleotide is
designed with its 3’ending on the polymorphism #&tbsted with a mismatch at the SNP
site. The allele-specific oligonucleotides are ctamentary to the region 5 of the

polymorphic site with an overhang at their 5’ eAfter displacement of the allele-specific
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probes by the invader probe, FEN mediated cleavagers for the overhang of the allele-
specific probe at the SNP site and it is detectgdldorescence. The mismatch probe
remains intact and is not detected; hence the assape used for detection of both allelic
variants (Kim and Misra 2007). The released oveghaigonucleotide can then serve as an
invader for a second reaction. This two step aspeyides much higher signal
amplification and eliminates the need for PCR afiggliion. However, the technique is

limited to genomic DNA or large quantities of targNA (Syvanen 2001).

Allele detection methods

Products from the various allele-discriminatingateans described above are then analysed
for allelic differences. Major detection methodslude mass spectrometry, fluorescence

and chemiluminescence (see Table 1).

.  Mass Spectrometry

Matrix-assisted laser desorption/ionisation timdhght mass spectrometry (MALDI-

TOF) was developed as a tool for differentiatingn@gpes, by comparing the mass of
DNA fragments after a single ddNTP primer extenseaction (Sauer and Gut 2002). With
this detection method, a mixture of many oligonatiies can be rapidly separated and
accurately analysed without the need for speciétection labels. Mass spectrometry is
particularly useful as a read-out method for priretension reactions because primers of
different lengths can be wused in combination withixtates of deoxy- and

dideoxynucleoside triphosphates designed to yikdtkeaspecific primer extension products
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with clear differences in their molecular mass @ywn 2001). The assays can also be
multiplexed if the primer extension products forckea&SNP have non-overlapping mass
distributions. A limitation with MALDI-TOF is thathe primer extension products must be
rigorously purified before measurement to avoidkigagund from biological material
present in the sample. The GOOD assay avoids tmgation (Syvanen 2001). The
PinPoint assay, MassEXTEND and SPC-SBE are othd? §dhotyping methods that
utilize MALDI-TOF for genotype differentiation. Higlevels of throughput and automation

can be attained.

[I.  Fluorescence signal-based detection

Allele detection through the monitoring of fluoresce signals, is widely used in current
genotyping technologies because its implementasosimple and detection is fast with
high sensitivity (Kim and Misra 2007). A significafeature of the Human Genome Project,
fluorescence detection is used for direct sequegnasing capillary array electrophoresis. It
uses dideoxynucleotides labelled with differentofescent dyes in a Sanger sequencing
reaction to produce a ladder of fluorescently taggetension products (Sanger 1977, Kim
and Misra 2007). The primer extension products saparated by electrophoresis and

specific fluorescence signal from each extensiaapct exposes base identity.

Fluorescence polarisation (FP) detects the incrempelarisation of fluorescence, caused
by the decreased mobility of a fluorophore throagholecular mass increase (Tsuchihashi
2002). Here, the allele-specific incorporation lobfescently labelled dideoxy-NTP can be

detected as an increase of a polarised fluorescé&ssentially, any genotyping method in
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which the product of the allelic discrimination céan is substantially larger or smaller
than the starting fluorescent molecule can use $R detection method (Sobrired al.
2005). Although relatively inexpensive, eliminatitige need for fluorescently labelled
primers, FP has the disadvantage of being a ntelpi{srocess, incorporating both PCR and
post-PCR processing steps, making it unsuitabldifgir levels of throughput. It also has a
relatively modest signal/noise ratio, as the inooagon of a fluorescently-labelled
nucleotide into the primer end changes its molecutight only by an order of magnitude,
which makes reliable automated allele calling irs ttmethod a challenge (Tsuchihashi

2002).

Fluorescence resonance energy transfer (FRET) ®athen two fluorescent dyes are in
close proximity to one another and the emissiorctspe of one fluorophore overlaps the
excitation spectrum of the other fluorophore (Sobret al. 2005). As a result, the
fluorescence signal observed when the dyes aréoge groximity is different from the
signal emitted when they are separated from eabbrofKim and Misra 2007). The
proximity requirement is what makes FRET an effectietection method for a number of
allelic discrimination mechanisms. Generally, aegation that brings together or separates
two dyes can use FRET as its detection method. FREdction has, therefore, been used
in primer extension and ligation reactions where tio labels are brought into close
proximity to each other, as well as in hybridisatreactions and enzymatic cleavage where
the neighbouring fluorescent dye pair is separatedleavage or disruption of the stem-

loop structure that holds them together (Kwok 200he major drawback of this method is
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the cost of the labelled probes required in all gemotyping approaches with FRET

detection. The cleavage approaches are particudastijy as the probes are doubly labelled.

lll.  Chemiluminescence and Pyrosequencing

Chemiluminescence has major advantages as a oetéetihnique, such as high signal to
noise ratio, rapid detection, and feasibility fout@mation (Kim and Misra 2007).
Pyrosequencing employs chemiluminescence-basedtidetdor SNP genotyping using a
cascade of enzymatic reactions to detect nucleotmporation during DNA synthesis. It
involves the sequencing-by-synthesis approach iictwhucleotides are added one at a
time (either cyclically or sequentially) to a primextension reaction mixture. Whenever an
added nucleotide is complimentary to the templatéADstrand, a pyrophosphate is
released that is immediately converted to ATP byPAsulfurylase. This ATP causes the
oxidation of luciferin by luciferase, which is deted as a light signal of which the intensity
is proportional to the number of incorporated natties. If the added nucleotide is not
complimentary to the next base in the templateiglot lwill be generated. Because the
added nucleotides are known, the sequence of thplaée can be determined (Ronaghi

2001).

Pyrosequencing has the significant advantage oaditibnal Sanger sequencing in that it
requires no gels or capillaries to separate extengiroducts by size and nucleotide
incorporation can be detected in real time (Hudz@®8). Although the technique provides
only short read lengths of 20-30 base pairs, ipglodity to read flanking sequences as well

as the SNP position itself, and its high specifidite. non-specific binding will not
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generate a false signal) make it an accurate amdctte SNP genotyping method
(Tsuchihashi 2002). Using an automated microtiteselol pyrosequencer instrument allows
the simultaneous analysis of 96 samples within lfiutes (the cost using standard
pyrosequencing equipment is ~US69 cents per sarhgje//www.pyrosequencing.com).
Each round of nucleotide dispensing takes appraeind minute and thus offers a rapid
way to determine the exact sequence of the SNRg wEljacent positions as controls
(Ahmadian et al. 2000). Massively parallel 454 pyrosequencing, axtngeneration’
sequencing technology, comprises roughly 300 0§0esg&ce reads averaging 100-250 base
pairs in length, offering a major increase in tlgioput and considered the best proven
alternative to Sanger methods (costs a little @/®0.01 cents per base) (Margulies 2005,
Cristobal Vera 2008, Ellegren 2008, Hudson 2008).stAking feature of pyrogram
readouts for SNP analysis is the clear distinchietween the various genotypes; each allele
combination (homozygous or heterozygous) will givepecific pattern compared with the
two other variants (Ahmadiagt al. 2000, Ronaghi 2001, Ahmadia&t al. 2006). Thus it is
relatively easy to score the allelic status by grattrecognition software. Furthermore,
pyrosequencing enables determination of the phS&lBs when they are in the vicinity if

each other allowing the detection of haplotypesnfatiian 2006b).

The limiting factors of pyrosequencing are the tiEtgpreparation required and the degree
of multiplexing (Sobrincet al. 2005). Prior to analysis, PCR products need todmverted
to single stranded template onto which a sequermimger is annealed. As with real time

PCR, the method also has the problem of limitediplak capability.
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SNP Genotyping in whales

Morin et al. (2007a) used a combination of primer extensionfaraescence to genotype
SNPs in sperm whales. To avoid linked loci, thelpted one SNP from each locus (39
SNPs were identified in 23 of the 44 loci encompags total length of 21 063bps) for
allele-specific amplification using either Lumin&xmap or Amplifluor technologies. The
Luminex system requires pre-amplification of eaobuk using flanking PCR primers,
followed by allele-specific primer extension (ASPEith two allele-specific primers and
incorporation of biotin-labelled nucleotides, wighbsequent binding of ASPE products to
streptavidin phycoerythrin for fluorescent detestidSPE offers both the advantage of
streamlining the SNP analysis protocol and theitgkidb perform multiplex SNP analysis
on any mixture of allelic variants (Taylet al.2001). Here, measurement of allele-specific
fluorescence is determined through flow cytometmalysis. Amplifluor technology is
simpler, but doesn’t allow multiplexing, and is bdson fluorescence resonance energy
transfer (FRET). Briefly, Amplifluor utilizes hainp-shaped primers that function in a
similar way to molecular beacons (oligonucleotidebgs with complimentary bases at
either end): when the primer is incorporated intBGR product, the donor and quencher
moieties are separated and donor fluorescenceus iticreased. Fluorescence can be
detected in real time using a quantitative PCRrumsént, or after completion of the PCR
using a fluorometer (Giancokt al. 2006). Morin and McCarthy (2007) further developed
this process to allow genotyping of historical doev-quality samples by developing

multiplex preamplification of all SNP loci in oneCR prior to performing individual
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genotyping assays as a way of improving data qualitd completeness from each

Amplifluor assay.

Ultimately, how one goes about identifying and ggpmg SNPs will depend largely on
the equipment and expertise available in the laboyaand the type of project envisaged
i.e. it is quite different to perform genotypestwé limited number of SNPs on very large
population samples, or a large number of SNPs lanited number of individuals (Vignal
et al. 2002). The number of SNPs required will also depepon the population genetics
application. Precise estimation and comparison efetic variation among populations
requires a large number of SNPs relative to micedig@s because microsatellite loci
typically have many alleles, whereas two is tham&or SNP loci (Morinet al.2004). It is
estimated that for accurate parentage determinatioatural populations, up to 100 SNPs
are required (Anderson 2006) whereas with highllymporphic microsatellite loci, as few
as 3 loci have proven to be sufficient (Saino 1990y linkage studies and estimates of
population genetic parameters, approximately thiees as many SNPs are needed in
comparison to microsatellites (Brumfiekt al. 2003). However, the required number of
loci is difficult to assess priori because each study has a different evolutionaryegbn
and thus far only few empirical studies have coragahe utility of microsatellites and

SNPs for population genetic studies of non-modgaoisms.

Another consideration when choosing SNPs for pdamagenetic studies is the risk of
ascertainment bias associated with SNP discovelighwhas the potential to introduce

systematic bias in estimates of variation withird @mong populations. Informally, the
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more polymorphic a SNP is (by which we mean thgdathe relative frequency of the less
common, or minor variant) the more likely it is b@ found during the SNP discovery
process. Ascertainment bias is most problemati@pmlications that use allele frequencies
to estimate population size and demographic charayes least important for individual
identification, paternity analysis, and assignmeggts, where certain loci are selected
intentionally (Morinet al. 2004). Unfortunately, most SNP discovery method®iporate
some level of ascertainment bias (Garvin and Gtt2097). The challenge is to reduce the
bias as much as possible by first determining ho8N#& should be defined (e.g. should
every variable site be a SNP or should only higtetozygosity loci be chosen?) and
secondly, whether all individuals in the study via# sequenced for all loci or only a panel
or subset of individuals (Brumfieldt al. 2003). These decisions on protocol will enable
ascertainment bias to be assessed and potentaaligcted. New SNP detection methods
are also being designed to easily identify and cedascertainment bias as well as data
analysis that considers ascertainment schemes ianalyses of SNP data. Ultimately, such
bias can be avoided by using large numbers of iddals that are representative of the
populations being studied in the discovery panebriMet al. 2004), however this is not
always feasible. DEco-TILLING, a modification of & ILLING (targeting induced local
lesions in genomes) claims to discover SNPs ragtilpw cost, minimizes the number of
individuals that need to be sequenced in ordeetmtype large numbers of individuals and
reduces ascertainment bias (Garvin and Gharreft)20be technique is based on random
double-strand cleavage at specific mispaired ntideites in heteroduplexes. In terms of

data analysis, Nielsen and Signorovitch (2003) rshevn how appropriate modelling of
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realistic ascertainment schemes can be done imiatywaf situations. Specifically, it is
relatively easy to correct the sampling distribntitor SNPs at one or two loci with

combinatorial expression that models the ascertmischeme.

Finally, the probability of linkage between SNPilaad recombination increases with the
higher numbers that are often required relativenigrosatellites. Recombination can
influence both the interpretation and the sampbtrgtegy of SNP variation. In humans
SNP variation was found to be low in regions of lmgombination, and high in regions of
high recombination (Nachman 2001). This same patifikely to hold in many other
species, both model and non-model organisms (Baldhét al. 2003). Linkage between
SNP loci can bias statistical estimates in modedé assume independence (Vigealal.
2002). Both potential complications must be keptmimd when developing SNP’s for
population genetic analyses, particularly when giglianse sets of SNP’s. It is also worth
noting that unlike microsatellites that are seldfwuand in coding sequences and are by
definition neutral, SNPs are widespread acrossggr®me and so must be individually

checked for neutrality.

It is a strongly supported view that the use of SMB alternative nuclear markers will be
superior to microsatellite data in most, if not @bpulation genetic studies (Moréat al.

2007b) because of the potential for higher genotypfficiency, data quality, genome-
wide coverage and analytical simplicity (e.g. indalling mutational dynamics). The
strength of using numerous independent genetic enarto determine the structure and

phylogeny of closely related right whale species wkearly supported by Gaines al
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(2005). In this study, the inclusion of numerousiegpendent markers helped reveal
evolutionary relationships that were not discerrietbugh the analysis of individual

nuclear DNA markers. The addition of a mitochondmarker also added to the strength of
the analysis as a result of complementary resolpmoger. All of these factors, together
with the number of SNP markers already identifiscat least two whale species, would
support the development and application of SNFshtonpback whale population genetic
studies. SNPs have the potential to measure sdbfferences in humpback population
structure as well as placing historical demography speciation studies on a common
molecular framework, one that is comparable to ylears of mtDNA work already

undertaken.
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Table 1. Allele detection methods that can be deseéach allele discrimination reaction to

genotype SNPs.

Detection method| Mass spectrometry Fluorescence Chemiluminescence
Discrimination method Electrophoresis FRET | FP
Primer Extension X X X X X
Hybridisation X X
Ligation X X
Enzymatic Cleavage X X X
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