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3. DESCRIPTION OF PROJECT (DO NOT EXCEED 3000 WORDS)

(i) Background:

Killer whales (Orcinus orca) are apex predators found in all the world’s oceans (Forney and Wade, 2006).
Currently considered a single species (Rice, 1998), local variation in a number of characteristics, including body
size, color patterning, social structure, vocalization pattern and behavior has led to the recognition of several
named killer whale types (often referred to as “ecotypes”) (Baird, 2000; Barrett-Lennard et al., 1996; Deecke et
al., 2005; Foote et al., 2009; Ford et al., 1998; Parsons et al., 2009; Pitman and Ensor, 2003; Pitman et al.,
2007). In particular, prey specialization appears to be a defining characteristic of these types, with partially or
fully sympatric populations having specific, sometimes non-overlapping prey preferences (e.g., fish vs. marine
mammals) (Ford et al., 1998; Herman et al., 2005; Krahn et al., 2007; Pitman and Ensor, 2003; Saulitis et al.,
2000). Although ecological specialization is not uncommon (Gavrilets and Losos, 2009; Schluter, 2009), the fact
that killer whales exhibit specialization within an ecosystem that is largely based on social mechanisms is of
great interest, suggesting that speciation may have occurred in the absence of physical barriers to gene flow.
Many killer whale populations are being negatively impacted by human activities such as over fishing and
pollution, and such threats are likely to vary substantially between types (e.g., Ross et al., 2000; Ylitalo et al.,
2001). Effective management therefore requires the delineation of conservation units (Moritz, 1994) within
the genus Orcinus to facilitate different management strategies.

Despite a worldwide distribution and phenotypic differences among killer whale types, genetic diversity of
mitochondrial DNA (mtDNA) is low, and the control region and other mtDNA loci have been used with limited
success to determine population structure and phylogeography. In a survey of approximately 1000bp of the
control region from over 100 samples from various locations around the world, Hoelzel et al. (2002) found only
13 haplotypes and no clear pattern of genetic association with ocean basin or type. They concluded that killer
whales had gone through a worldwide bottleneck approximately 145,000-210,000 years ago (i.e., during the
Pleistocene), and that the genetic patterns reflected stochastic distribution of mitochondrial haplotypes
following the post-bottleneck expansion, rather than phylogenetic lineages reflecting the evolution of
ecotypes. Analysis of an expanded set of mtDNA control region sequences by LeDuc et al. (2008), including 80
samples from three subsequently described ecotypes in the Southern Ocean around Antarctica, found similar
patterns, but also found that two Antarctic types associated with the ice edge were each monophyletic, albeit
with very low levels of differentiation. Indeed, levels of differentiation among types worldwide have been
marked by only one to six fixed differences and total genetic distances of <0.3% for the most divergent control
region lineages. This low level of mtDNA diversity has resulted in only weak inference of phylogeographic
patterns and divergence times in killer whales, limiting our ability to understand their evolution and taxonomy.
Studies of nuclear microsatellites have begun to clarify population structure within ecotypes, and propose
even more recent divergence of regional ecotypes within the last 20,000 - 40,000 years (Hoelzel et al., 2007;
Pilot et al., 2010).

To test these hypotheses, we used whole mitogenomes to infer killer whale evolutionary patterns, and our
results indicate complete genetic separation of recognized ecotypes in the North Pacific and Antarctic (Morin
et al., 2010). We found much deeper initial separation (either geographic or ecological) between the mammal-
eating Transient clade in the North Pacific and a second clade in the Atlantic or lower latitudes approximately
700,000 years ago, followed by ecological and/or geographical diversification of the second clade into the
present day types at high latitudes, including secondary contact with Transients. These splits between types
date from approximately 150,000 to 700,000 years ago rather than 20-40,000 years ago, consistent with
species or subspecies level designations. Given the clear lack of phylogenetic information in mitochondrial
control region sequences, and the high mutation rates that could cause microsatellites to reach saturation
over the time periods that we have inferred from mitogenomes, we believe the mitogenome data provide
much stronger support for inference of divergence times in killer whales.

Despite these striking results, large geographic gaps remain in our understanding of killer whale diversity. It
remains to be seen whether there are additional types (e.g., subantarctic Type D (Pitman et al., 2010)),
whether we can detect evidence of diversifying selection in the mitochondrial genomes of additional types
(e.g., Foote et al., 2011), and how killer whales at lower latitudes fit into the evolutionary picture. We propose
to expand mitogenome sampling to address these questions, and to develop nuclear SNPs to analyze the
corresponding nuclear genome patterns within and among killer whale types globally (e.g., Mesnick et al.,
2011; Morin et al., in prep; Morin et al., 2004; Morin and McCarthy, 2007).



Relevance to IWC:

The taxonomy of the killer whales is in a state of flux. The previous prevailing concept of a single species has
recently evolved into a diversity of views that include the possibility of multiple species, supported by many
types of data (e.g., Foote et al., 2009; Ford et al., 1998; Herman et al., 2005; Morin et al., 2010; Pitman et al.,
2010; Pitman and Ensor, 2003; Pitman et al., 2007). The 2004 biological review team convened by NOAA to
assess the status of the Southern Resident killer whale population as a DPS under the Endangered Species Act
“unanimously concluded that the Southern Residents are discrete from other North Pacific resident killer
whale populations. In particular, all available data—including behavior, demography, and core and summer
ranges, as well as genetics—indicated that the Southern Residents are an independent population that is
distinct from other populations” (Krahn et al., 2004). One of the primary impacts of this conclusion was to
highlight that our knowledge of killer whale taxonomy is still extremely limited, and as a consequence,
population assessments and management plans for killer whales are inadequate. For the purposes of
improving management of the ESA listed Southern Resident killer whale DPS, and improving the taxonomy and
population structure information for assessment and management of other killer whale types, it is critical that
both mitogenome and nuclear genetic analyses continue on both the regional and global scales.

(ii) Specific objectives
This proposed research has 2 primary goals:

1) To further elucidate killer whale phylogeography using approximately 100 mitogenome sequences
from geographically widely distributed killer whales, with emphasis on obtaining broader coverage of
lower latitudes in the Atlantic and Pacific oceans, and samples from previously unsampled areas or
ecotypes (e.g., the Indian Ocean, western Pacific, and type D and other potential types in the
Antarctic).

2) To develop a set of SNPs that can be used for global analysis of killer whale nuclear phylogeography,
and genotype those SNPs on a set of approximately 200 samples that combine the diversity and
distribution of samples from this study and the previous mitogenomic study.

This proposed study complements currently funded research that targets regional diversity within the

Transient and Resident killer whale types in the North Pacific (Details available on request). Together, the
studies will include almost 300 new mitogenomes that will provide detailed data on killer whale population
and evolutionary patterns from the local to the global scale.

(i) Scientific methodology and approach

Samples:

We will use tissue samples obtained from dart-biopsy of animals at sea, stranded animals, and museum
specimens. Tissue samples from approximately 100 killer whales will be selected from existing collections to
represent all of the broadest geographic distribution across their known range.

Enriched genomic library preparation and sequencing:

DNA will be extracted from soft tissues using standard silica-binding methods (Qiagen). Approximately 100 ng
of DNA will be used for each genomic library preparation. Hard tissues (bone, tooth) will be extracted using
previously described methods (Morin et al., 2006). Individually indexed genomic libraries will be prepared as
described by Meyer & Kircher (2010). Indexed libraries will be pooled and hybridized to a capture array
(Agilent Technologies, Inc.) to enrich the pooled library for the mitochondrial genome and approximately 75
nuclear loci, following the methods of Hodges et al. (2009). The enriched pooled library will be sequenced
using an Illlumina Genome Analyzer, to produce an expected ~25 million single-end read sequences of about
80bp each. Expected mitochondrial average coverage is >100x, and expected nuclear average coverage is >10x.
This is sufficient for highly accurate and complete sequencing of the mitochondrial genomes of all 100 samples
in a single experiment, and for discovery of nuclear SNPs that can be used in the future for nuclear genome
analysis.



Analytical methods:

Mitogenome haplotypes will be analyzed for diversity, demographic history, geographic and population-
specific patterns and evolutionary relationships to other killer whale types, using Bayesian phylogenetic and
skyline methods (e.g., as implemented in the program BEAST (Drummond and Rambaut, 2007)), and inference
of levels and directions of gene flow (e.g., MCMC methods as implemented in the program MDIV (Nielsen and
Wakeley, 2001)).

(iv) Programme or plan of research.

Sample selection and transfer to SWFSC (if needed) Jan.-June 2012
Sample preparation and sequencing June-Sept. 2012
Data analysis and manuscript preparation Sept. 2012 — March 2013

(v) Requirement for resources sought in this application.
No funding is sought for this project, as all funding is already in place. We seek permission to use genomic
DNA and/or whole genome amplification (WGA) products from killer whale tissue biopsies obtained on IWC
SOWER cruises, and currently held at the SWFSC.

(vi) Any wider justification for the project.

We expect to prepare at least one manuscript for publication that further describes the diversity,
phylogeography, and evolutionary history of killer whales based on whole mitochondrial genomes and nuclear
SNP genotypes. The primary areas of interest are the level of genetic isolation of killer whale types, diversity
within and between populations, evolutionary relationships and pattern of speciation of killer whales globally.
This analysis will be based on a combination of whole mitogenomes and nuclear SNPs, with reference to other
genetic, geographic, behavioral and acoustic analyses that have been previously published (e.g., Baird and Dill,
1995; Barrett-Lennard, 2000; Barrett-Lennard and Ellis, 2001; Bigg et al., 1990; Foote et al., 2009; Foote et al.,
in press; Ford, 1991; Ford and Ellis, 1999; Herman et al., 2005; Hoelzel et al., 2007; Parsons et al., 2009; Yurk et
al., 2002)

Two other projects on population structure and evolutionary relationships within and between North Pacific
Resident and Transient killer whales will benefit from the global analysis, as the larger and broader sampling of
killer whale types and diversity will help to place the diversity in these putative species in context.

Data from nuclear locus sequencing will be useful for detecting variation that is meaningful for local
adaptation. Sequences will be mapped to the killer whale genome, currently being sequenced by Andy Foote
and collaborators.

Proi'ect descriition
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5. SAMPLES

(1) NO., SPECIES, AREA, SIZE (E.G. 0.5CM?>) AND TYPE (E.G. BLUBBER, SKIN,
BLUBBER+SKIN) OF SAMPLES REQUIRED

Genomic DNA or whole genome amplification (WGA) products from tissue biopsies collected on SOWER
cruises, and currently held in the SWFSC genetics tissue collection. Approximately 100 ng needed for
mitogenome analysis, and 200-1000ng needed for Genotyping By Sequencing (GBS) nuclear locus

sequencing.

SWFSCID IWC Field ID Sample source

17221 IWCSM2990119.03 BIOPSY-IWC-SOWER
17222 IWCSM2990221.01 BIOPSY-IWC-SOWER
17224 IWCSM1990119.23 BIOPSY-IWC-SOWER
17227 IWCSM1990205.57 BIOPSY-IWC-SOWER
17228 IWCSM1990205.58 BIOPSY-IWC-SOWER
17229 IWCSM1990221.67 BIOPSY-IWC-SOWER
17230 IWC.0010106 BIOPSY-IWC-SOWER
17231 IWC000117.02 BIOPSY-IWC-SOWER
17232 IWC000126.15 BIOPSY-IWC-SOWER
73077 7101131 BIOPSY-IWC-SOWER
88341 410014 BIOPSY-IWC-SOWER
88342 110130 BIOPSY-IWC-SOWER
88344 410103 BIOPSY-IWC-SOWER
88345 610215 BIOPSY-IWC-SOWER
88347 610228 BIOPSY-IWC-SOWER
88350 610242 BIOPSY-IWC-SOWER
88352 8101008 BIOPSY-IWC-SOWER
88353 9101024 BIOPSY-IWC-SOWER

(I1) STORAGE/PACKING REQUIREMENTS
NA

(1) TRAVEL COSTS (DO YOU UNDERTAKE TO PAY ALL TRANSPORTATION AND
HANDLING COSTS?)
NA

| X | | undertake to pay all transportation and handling costs

5. PERMITS

(1) DO YOU HAVE THE APPROPRIATE PERMITS (E.G. CITES) FOR THE IMPORTATION OF
THE SAMPLES

Give details
No international transfer of samples is needed, so CITES permits are not required. We are permitted to
hold and perform research on samples under MMPA permit 14097-01.

6. SCHEDULE OF WORK, REPORTINGAND USE OF RESULTS

(i) ) Expected completion of final report (note that an annual progress report is required)
June 2013



(ii) Will you submit a manuscript on the results to the Journal of Cetacean Research and Management upon
completion of the work? (Whilst this is not a pre-requisite of a successful application, it will be taken into
account). If not state your publication plans

Manuscript(s) will be submitted to appropriate journals depending on results and journal subject (e.g.,
Molecular Ecology, Molecular Phylogeny and Evolution, PLoS-one, Nature, Science)

(iii) Will you agree to the use of the results of your study, if requested by the IWC Scientific Committee under its

Data Availability Agreement that protects first publication rights of the researchers?
| X | Yes | | No |
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