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ABSTRACT.—Elucidating the genetic structure and ascertaining the natal origin of Golden Eagles (Aquila
chrysaetos) are challenging for a number of reasons, including the lack of highly reproducible, variant genetic
loci. Here, we developed a new high-quality Golden Eagle genome reference to serve as a computational atlas
for future genetic investigations. We then generated unique genetic resources for the Golden Eagle by
performing low-coverage genomic sequencing for 32 individuals ranging from Alaska to southern New
Mexico and California to Nebraska. By aligning the reads from these 32 individuals to our Golden Eagle
reference genome, we detected approximately 900,000 population variants in the form of Single Nucleotide
Polymorphisms (SNPs). Using linkage disequilibrium and other quality filters, we next derived a set of 30,006
SNPs that were used to cluster our samples into three genetic groups. Although additional work is needed to
fully characterize these loci, we provide a high-quality Golden Eagle genome reference and a comprehensive
set of genetic markers for the conservation and management of Golden Eagles. Additionally, with a more
comprehensive Golden Eagle genome assembly and associated transcriptomes, it is now possible to target
specific genes or other biologically relevant regions for evaluating the effects of many anthropogenic
stressors on Golden Eagle survival.

Key WORDS: Golden Eagle; Aquila chrysaetos; genetic structure; population genomics, SNPs.

POLIMORFISMOS DE NUCLEOTIDOS INDIVIDUALES A NIVEL DE GENOMA (PNI) PARA LA
CONSERVACION Y EL MANEJO DE AQUILA CHRYSAETOS

ReSUMEN.—Dilucidar la estructura genética y determinar el origen natal de Aquila chrysaetos representa un
desafio por numerosas razones, incluyendo la falta de loci genéticos variables altamente reproducibles.
Desarrollamos un nuevo genoma de referencia de elevada calidad para A. chrysaetos para que sirva como un
atlas computacional para futuras investigaciones genéticas. A continuacion, generamos fuentes genéticas
Gnicas para esta especie realizando secuenciaciones genémicas de baja cobertura para 32 individuos
distribuidos entre Alaska y el sur de Nuevo México y entre California y Nebraska. Al alinear las lecturas de
estos 32 individuos con nuestro genoma de referencia para A. chrysaetos, detectamos aproximadamente
900,000 variantes poblacionales en la forma de Polimorfismos de Nucle6tidos Individuales (PNI). Utilizamos
el desequilibrio de ligamiento y otros filtros de calidad y luego derivamos un conjunto de 30,006 PNI que
fueron utilizados para agrupar nuestras muestras en tres grupos genéticos. Aunque se necesita trabajo
adicional para caracterizar completamente estos loci, proporcionamos un genoma de referencia y un
detallado conjunto de marcadores para la conservacion y la gestion de A. chrysaetos. Adicionalmente, con un
ensamble genémico y transcriptomas asociados mas detallados, es posible ahora identificar genes especificos
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u otras regiones biolégicamente relevantes para evaluar los efectos de las diversas presiones antropicas sobre

la supervivencia de A. chrysaetos.

Delineating the biologically relevant boundaries
within a species’ range should constitute the first
step in any conservation or management program
(Palsbgll et al. 2007). This critical step informs
wildlife managers, biologists, and policy makers of
the “units” they are attempting to conserve or
manage while also setting the biological and
theoretical foundations for future decisions (Funk
et al. 2012). For the past three decades, microsatel-
lite loci served as the genetic marker of choice for
delineating population boundaries; however, recent
advances in speed and accuracy, and rapidly
decreasing costs have facilitated Next Generation
Sequencing (NGS) approaches for non-model or-
ganisms (Allendorf et al. 2010, Davey et al. 2011,
Helyar et al. 2011). NGS facilitates the genotyping by
sequencing approach that provides unprecedented
resolution of segregating single nucleotide polymor-
phisms (SNPs) spanning the entire genome (Krtick
etal. 2013, Larson et al. 2014), thereby catalyzing the
shift from microsatellite loci to SNPs for population
genomic studies (van Bers et al. 2010, Pujolar et al.
2013, Malenfant et al. 2015). Although microsatellite
loci typically possess greater allelic diversity than
SNPs, the latter offer several advantages, including a
high abundance, regular distribution throughout
the genome (i.e., SNPs occur in both coding and
noncoding regions), high reproducibility and trans-
ferability within and among laboratories, low scoring
error rates, and a simple model of nucleotide
evolution (Morin et al. 2004, Kraus et al. 2015).
Moreover, when utilizing large numbers of SNPs
(1000 or more), as few as four individuals per
population provide accurate estimates of population
differentiation (/'s7), whereas for typical microsatel-
lite studies, the number of individuals required to
obtain accurate Fg; estimates ranges between 25 and
30 (Hale et al. 2012).

Numerous advances have also been made over the
past decade with regard to population genetic
analyses. For example, a variety of statistical analyses,
including BAPS (Corander et al. 2004), BayesAss+
(Wilson and Rannala 2003), GeneClass (Piry et al.
2004), GENELAND (Guillot et al. 2005a, 2005b),
and STRUCTURE (Pritchard et al. 2000), make use
of multilocus genotypes to determine the number of
clusters from which the samples under study were

[Traduccion del equipo editorial]

collected or to assign individuals to predetermined
clusters. These programs are useful for determining
population structure as well as for detecting con-
temporary migrants; when used with large numbers
of SNPs, even weak genetic structure can be
revealed. For example, 586 American lobsters
(Homarus americanus) from 17 locations were geno-
typed at 10,156 SNPs, revealing hierarchical genetic
structure (Benestan et al. 2015). Not only could
these loci separate northern lobsters from southern
lobsters, but they also revealed 11 distinct popula-
tions and provided strong evidence for fine-scale
genetic structuring within each region. Similarly,
494 eulachon (Thaleichthys pacificus) were collected
from 12 sites and genotyped at 4104 SNP loci (Candy
et al. 2015). Of these loci, 193 were putatively
adaptive, so population differentiation was assessed
using adaptive loci as well as neutral loci. Levels of
population differentiation were similar based on
either the 3911 neutral SNPs or the 193 putatively
adaptive SNPs. However, the putatively adaptive
SNPs provided greater resolution of stocks than
the 3911 neutral SNPs. The authors proposed
putative divergent selective pressures in the different
freshwater and marine environments that acted on
the regional populations of eulachon. More impor-
tantly, they posited that these adaptive differences
should be given strong consideration when delinea-
ting genetic boundaries for conservation purposes.
This study, as well as others that assessed Atlantic
herring (Clupea harengus; Lamichhaney et al. 2012)
and Pacific lamprey (Entosphenus tridentatus; Hess et
al. 2013), highlights the potential for detecting
adaptive variation using SNPs and represents an
advantage over microsatellites. In fact, adaptive
variation may be important for delineating biolog-
ically relevant units for management and conserva-
tion (Funk et al. 2012).

Delineating population boundaries of Golden
Eagles (Aquila chrysaetos), if they exist, has proved
challenging, due to Golden Eagles’ capacity for long-
distance movements, especially among immature
individuals and during periods of nonbreeding. As
Golden Eagles face increased anthropogenic pres-
sures (e.g., wind energy development, electrocution,
lead poisoning, habitat alteration and loss), it is
paramount that biologically meaningful population
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boundaries be determined for their proper man-
agement and conservation (U.S. Fish and Wildlife
Service 2009). Until recently, Golden Eagles in
North America were managed using Golden Eagle
Management Units that approximate the Bird
Conservation Regions established by the North
American Bird Conservation Initiative (U.S. Fish
and Wildlife Service 2009, 2013). The correspon-
dence of Golden Eagle Management Units and Bird
Conservation Regions was based on the estimated
natal dispersal distance for Golden Eagles (Millsap
et al. 2014).

In one of the first studies to use genetic loci to
evaluate genetic structure in North American
Golden Eagles, Doyle et al. (2016) identified 159
autosomal SNPs by comparing a previous Golden
Eagle genome assembly (Doyle et al. 2013) with our
unpublished genome (described herein) of Golden
Eagles, each bird from an unknown natal origin.
They genotyped 160 eaglets from known prove-
nances at these 159 SNPs, a sex-linked SNP, and two
mitochondrial SNPs. Their primary objective was to
test the null hypothesis of panmixia, which was
rejected due to the presence of three genetically
defined groups: Alaska, California, and a cluster
containing individuals from Arizona, Colorado,
Nebraska, New Mexico, Utah, and Wyoming (Doyle
et al. 2016).

Prior to the results of Doyle et al. (2016), the U.S.
Fish and Wildlife Service began considering two
alternative frameworks for the management of
Golden Eagles: Golden Eagle Management Units
as described above or Flyway Eagle Management
Units which follow the administrative flyways (U.S.
Fish and Wildlife Service 2016). Although Doyle et
al. (2016) developed a suite of 159 autosomal SNPs,
it may be necessary to examine thousands of loci to
accurately define population boundaries and assign
individuals to natal areas, particularly for species
with high dispersal capabilities. Other studies have
required greater numbers of SNPs: lobsters (Bene-
stan et al. 2015), eulachon (Candy et al. 2015),
herring (Lamichhaney et al. 2012), lamprey (Hess et
al. 2013), killer whales (Orcinus orca; Moura et al.
2014), European wolves (Canis lupus;, Pilot et al.
2014), polar bears (Ursus maritimus; Malenfant et al.
2015), House Sparrow (Passer domesticus; Hagen et al.
2013), European eel (Anguilla anguilla; Pujolar et al.
2013), rainbow trout (Oncorhynchus mykiss; Palti et al.
2015) and Great Tit (Parus major; van Bers et al.
2010). The objective of this study was to evaluate
whether a larger suite of SNPs, derived from a
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sample with more geographic representation, would
provide greater power for delineating population
boundaries of Golden Eagles than those in Doyle et
al. (2016). To address this objective, we sequenced
the genome and transcriptomes from three tissue
types of one Golden Eagle and performed low-
coverage genome sequencing of 32 individual
eagles. We then used these data to ascertain 30,006
SNPs for preliminary population genomic analyses
and to evaluate their potential for determining
population boundaries for North American Golden
Eagles.

METHODS

Whole Genome Sequencing and Assembly. We
extracted DNA from a blood sample from a male
eagle with the unique identification number of
GSEH35GE (tissue source courtesy of the Iowa Tribe
of Oklahoma’s Grey Snow Eagle House). Our
sequencing technique followed the recommenda-
tions provided in the ALLPATHS-LG assembler
(Butler et al. 2008). This model requires 45X
sequence coverage of each fragment (overlapping
paired reads approximately 180 bp length) from 3
kb paired end (PE) reads, as well as 5X coverage of 8
kb PE reads. All sequences were generated on the
HiSeq2000 Illumina instrument (Illumina, Inc., San
Diego, CA U.S.A.). Total assembled sequence
coverage was ~88X (overlapping reads, 3 kb and 8
kb PE reads) using a genome size estimate of 1.2 Gb.
All sequences were assembled using ALLPATHS-LG
software (Butler et al. 2008). Finally, contaminating
contigs, adaptors, ambiguous bases (i.e., Ns) in the
sequence and all contigs <200 bp were removed
prior to submission. This genome assembly re-
ferred to as Aquila_chrysaetos-1.0.2 is available for
download using GenBank accession number
JRUMO00000000.1.

Gene Annotation. The Aquila_chrysaetos-1.0.2
assembly was annotated using the NCBI pipeline
(Pruitt et al. 2014), including masking of repeats
prior to ab initio gene predictions, for evidence-
supported gene model building. An injured female
Golden Eagle was brought to the Grey Snow Eagle
House and a veterinarian determined that due to the
nature of the injuries, the individual needed to be
cuthanized. Tissue samples (whole brain, muscle,
liver) were obtained immediately after euthanasia
and placed in RNALater and total RNA was isolated.
Whole brain, muscle, and liver using the RNA Easy
Plus Mini Kit with the manufacturer-supplied proto-
col and a double elution during the last step
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(Qiagen, Redwood City, CA). From these pools of
RNA, we generated tissue-specific ¢cDNA libraries
and sequenced each indexed library on a HiSeq2000
instrument. A final set of merged transcripts was
generated after several filters were used to remove
pseudogenes, noncoding RNA, and several other
possible contaminating data sources. These RNA-
Seq data were used to further improve gene model
accuracy by alignment to nascent gene models to
delineate boundaries of untranslated regions, as well
as to identify genes not found through interspecific
similarity evidence from other species. A full
description of the NCBI gene annotation pipeline
was previously described (Pruitt et al. 2014).

Population Sampling and Sequencing. We collab-
orated with field biologists permitted by the U.S.
Fish and Wildlife Service to collect blood samples
from nestling eagles. For the initial isolation and
characterization of SNP loci, blood was collected
from eaglets in Alaska (n = 5), Arizona (n = 1),
British Columbia (n = 3), California (n = 3),
Colorado (n=2), Idaho (n=3), Nebraska (n=3),
New Mexico (n=1), Oklahoma (n=1), Oregon (n=
3), and Wyoming (n="7). Blood (0.5 ml) was placed
in 5 ml of lysis buffer (Longmire et al. 1997) and
shipped to our laboratory at Oklahoma State
University, where we isolated whole genomic DNA
following standard protocols (Longmire et al. 1997).
We shipped approximately 5 pg of genomic DNA to
the McDonnell Genome Institute at Washington
University, St. Louis, MO, for DNA sequencing. We
used a standardized input of 200 ng of DNA from
each individual to construct Illumina PCR-free Tru-
Seq Nano libraries according to the manufacturer’s
protocol, and sequenced each library on an Illumina
HiSeq2000 instrument to generated 100 bp length
paired end reads.

Mapping the Reads and SNP Detection. For each
of the 32 Golden Eagles, we aligned their sequence
reads to the Golden Eagle reference assembly using
BWA-MEM (Li and Durbin 2009). The Golden Eagle
reference assembly was downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/assembly/GCF_
000766835.1). All reads were preprocessed to
remove duplicate reads using Picard v.1.113 (The
Picard toolkit. http://picard.sourceforge.net). After
alignment, we identified base position differences
between the reference assembly and the re-
sequenced samples using the convergent outcomes
of the software SAMtools (Li et al. 2009) and
VarScan 2 (Koboldt et al. 2012). Parameters includ-
ed a Pvalue of 0.1, a map quality of 10, a minimum
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coverage of three reads, a minimum variant fre-
quency of 0.2 and parameters for filtering by false
positives, including a minimum variant read count
of three reads and a bam read count minimum base
quality of 15.

Population Structure Analysis. To perform a
preliminary analysis of population structure based
on these 32 individuals, a backfilled, multi-sample
genotype file in vcf format was parsed to include the
26 longest scaffolds, representing 38.2% of the
assembly. Next, the variant sites within these
scaffolds were evaluated for data quality and pruned
using PLINK (Purcell et al. 2007). We first per-
formed linkage disequilibrium (LD) based SNP
pruning using the method that relies on pairwise
genotypic correlation. For each window of 50 SNPs,
we calculated LD between each pair of SNPs in the
window, and removed one of a pair of SNPs if the LD
was greater than 0.2, and then shifted the window
five SNPs forward to repeat the procedure. We next
removed all SNPs missing in more than 30% of the
Golden Eagles, as well as all SNPs with <5% minor
allele frequency (MAF). We also excluded any
position that failed the Hardy-Weinberg test at the
default significance threshold (P < 0.001). Follow-
ing quality-control filtering, a total of 30,006
autosomal SNPs remained. We performed model-
based clustering with STRUCTURE (Pritchard et al.
2000). We ran five replicates for each of K = 1
through K = 8 using the admixture model and
correlated allele frequencies (Falush et al. 2003),
and each independent analysis for 50,000 iterations
following a burn-in period of 50,000 iterations. We
merged resulting Q output files for each replicate at
each K with the LargeKGreedy method (with
random input orders) using the program CLUMPP
(Jakobsson and Rosenberg 2007). This allowed us to
output the final proportions of each K for each
Golden Eagle, and we plotted the results manually
for the most optimal value of K. Results from
STRUCTURE were interpreted using mean likeli-
hood values of K and AK. We verified the genetic
relationships among the samples using common
measurements for pairwise relatedness, as imple-
mented in VCFtools (Danecek et al. 2011).

REsULTS

Whole Genome Sequencing, Assembly, and Anno-
tation. To facilitate the discovery of neutral and
adaptive loci, we sequenced and assembled a Golden
Eagle genome and the transcriptomes from brain,
liver, and muscle. Our Golden Eagle genome

Downloaded From: https://complete.bioone.org/journals/Journal-of-Raptor-Research on 04 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Percent Composition of Individual Genomes

100% 1

90% 1

BO0% 1

To% 1

60% 1

50% 1

0% 1

0% 1

20% 1

10%
|

0
¥ oy

Figure 1.

VAN DEN BUSSCHE ET AL.

VoL. 51, No. 3

2

Fl'

L7}

N
; EH,
""b
44

Results from STRUCTURE analysis showing the three genetically defined groups of Golden Eagles based on

our analysis of 30,006 Single Nucleotide Polymorphisms and 32 individuals. Individual histograms represent the
percentage of each individual’s genome that was assigned to each of the three genetic units. The Alaska-British Columbia
group is colored gray, California-Oregon-ldaho group is white, and the Arizona-Colorado-Nebraska-New Mexico-

Oklahoma-Wyoming group is black.

(Aquila_chrysaetos-1.0.2) had an assembly coverage
of ~88X, assembled to 1.07 Gb with N50 contig and
scaffold lengths of 172 kb and 9.2 Mb, respectively,
and 17,032 contigs. We comprehensively annotated
the Aquila_chrysaetos-1.0.2 assembly, taking advan-
tage of species-specific transcript evidence, i.e.,
RNAseq data and predicted 17,291 nuclear genes
of which 15,658 are protein-coding. Our protein-
coding and noncoding gene counts were similar to
other published bird genomes and a comprehensive
report of gene annotation was posted on the
National Center for Biotechnology Information
website: http://www.ncbi.nlm.nih.gov/nuccore/
NW_011950869.1.

Preliminary Population Analysis. We generated an
average of 53.2 million reads (100 bp) from each of
32 Golden Eagles and identified a mean of 1,849,225
variants per individual, with the average read depth
at these variant sites calculated at over 5X. Variants
were assessed at a total of 4,750,603 sites, which
passed the thresholds using our initial variant-calling
methods with SAMtools (Li et al. 2009) and VarScan
2 (Koboldt etal. 2012). The samples ranged from 4.4

to 6.0 fold in mean sequence coverage across variant
sites. We identified the following numbers of high-
quality variants: (1) heterozygous SNPs ranging from
207,601 to 423,749 among all samples, with a mean
of 296,426 heterozygous sites per individual; (2)
homozygous variant SNPs ranging from 476,321 to
621,634 among all samples, with a mean of 555,379
homozygous variant sites per individual; and (3)
unique or singleton SNPs ranging from 31,832 to
59,661 among all samples, with a mean of 45,169 per
individual. The mean transition to transversion ratio
was 2.53, suggesting very low influence of sequenc-
ing error on SNP calling (Pujolar et al. 2013). The
mean inbreeding coefficient was 0.06 (range =—0.27
to 0.37), while the mean unadjusted Aj pairwise
relatedness (Yang et al. 2010) was —0.03 (range =
—0.01 to —0.06). An analysis of population structure
detected three genetically distinct groups (K = 3,
mean average In P(X|K) =—661829.96) correspond-
ing to (1) Alaska and British Columbia, (2)
California, Oregon, and Idaho, and (3) Arizona,
New Mexico, Wyoming, Colorado, Oklahoma, and
Nebraska (Fig. 1, 2).
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Figure 2.  Spatially explicit population structure of our sample of 32 Golden Eagles. The colors in the pie charts reflects
the relative posterior probability of membership of the individual’s genome belonging to each of the three genetic groups
identified by STRUCTURE with the Alaska-British Columbia, California-Oregon-Idaho, and Arizona-Colorado-Nebraska-
New Mexico-Oklahoma-Wyoming groups represented by gray, white, and black, respectively.

Discussion

Development of Genomic Resources. To facilitate
our objective of discovering a large suite of genetic
loci from the Golden Eagle, we sequenced and
assembled the genome of a male Golden Eagle and
the transcriptomes from brain, liver, and muscle.
Doyle et al. (2013) published the first genome
assembly of a Golden Eagle (AquilaChrysaetosl)
with an assembled size of 1.17 GB and continuity

metrics of N50 contig and scaffold length estimated
at 16 kb and 1.74 Mb, respectively. Our Golden Eagle
genome (Aquila_chrysaetos-1.0.2) assembled to 1.07
GB with N50 contig and scaffold length of 172 kb
and 9.2 Mb, respectively, represents a substantial
improvement in contiguity. Importantly, the total
number of assembly gaps is estimated by the total
number of scaffolds minus the expected number of
chromosomes. Ideally for Golden Eagles, which have
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a diploid number of 62 chromosomes (Masuda et al.
1998), there would be 30 scaffolds to represent each
of the haploid autosomes and single scaffolds for
each sex chromosome for a female (ZW), with each
scaffold defined as an ordered and oriented set of
contigs (called consensus bases with no intervening
gaps). Our assembly has 1142 scaffolds versus 42,881
for AquilaChrysaetosl (Doyle et al. 2013). For future
efforts to assign scaffolds to chromosomes, this
clearly shows the advantage of our less fragmented
assembly.

Doyle et al. (2013) were able to predict 16,571
nuclear genes using comparative evidence from
closely-related bird species. Using transcriptomes
from three tissues types, we were able to annotate the
Aquila_chrysateos-1.0.2 assembly and predicted
17,291 nuclear genes, of which 15,658 are protein-
coding. Thus, gene representation, both protein-
coding and noncoding, is more comprehensive in
the Aquila_chrysaetos-1.0.2 assembly for all metrics
(see http://www.ncbi.nlm.nih.gov/nuccore/NW_
011950869.1 for other measures).

Preliminary Population Analyses. To provide a
preliminary assessment of the levels of genetic
structure among the 32 Golden Eagles in this study,
we performed population genomic analyses using
30,006 SNPs. STRUCTURE indicated that these 32
individuals best represent three genetically defined
groups as follows (Fig. 1, 2): Alaska and British
Columbia (AK-BC group), northern California,
southern Oregon, and southern Idaho (CA-OR-ID
group), and a group containing individuals from
Arizona, Colorado, Nebraska, New Mexico, Oklaho-
ma, and Wyoming (AZ-CO-NE-NM-OK-WY group).
The most genetically homogeneous group con-
tained five individuals from Alaska and three
individuals from British Columbia, with a mean
percent level of admixture calculated at 0.6%. For
example, the genetic signature from one Alaskan
bird shows 99.5% probability of belonging to the AK-
BC group with the remaining 0.5% apportioned to
AZ-CO-NE-NM-OK-WY group. A second individual
also represents an admixed genome with a 99.9%
assignment to the AK-BC group and the remaining
0.1% representing admixture from the AZ-CO-NE-
NM-OK-WY group. The SNPs from the remaining six
individuals showed no detectable admixture from
the other two genetic groups (Fig. 2).

The CA-OR-ID group contains nine individuals,
with the mean level of group membership calculated
at75.6% (range: 40.15-100%; Fig. 1). Thus, with one
exception, individuals within this group were char-
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acterized as admixed and most of the extra-group
was apportioned to the AZ-CO-NE-NM-OK-WY
group. Three individuals showed evidence of admix-
ture from all three genetic groups (Fig. 1, 2).
Interestingly, the genotypes for one nestling from
southern Idaho produced a highly admixed signal
consisting of 44.4% AZ-CO-NE-NM-OK-WY, 15.5%
AK-BC, and 40.2% CA-OR-ID. STRUCTURE as-
signed this individual to the AZ-CO-NE-NM-OK-WY
group, but due to nest locality, we placed it within
the CA-OR-ID group.

Mean percent membership within the AZ-CO-NE-
NM-OK-WY group was 89.7%, which ranged from
>99.9% for five individuals to a low of 69.3% (Fig.
1). Individuals within this cluster represent the most
geographically widespread group (Fig. 2). Within
this group, two individuals from Wyoming and
Colorado as well as one individual from Nebraska
showed no evidence of admixture. Moreover, two
individuals from Wyoming possessed genotypes that
were 99% characteristic of this group with historical
influence from the AK-BC group (one individual) or
the CA-OR-ID group (one individual). The remain-
der of the individuals possessed genotypes charac-
teristic of this group but with genetic influence from
one or more of the AK-BC and CA-OR-ID groups
(Fig. 1, 2).

Although Golden Eagles generally settle for
breeding within 46.4 km of their natal origin
(Millsap et al. 2014), the results from our analysis
suggest some low level of gene flow among Golden
Eagles in the contiguous states. It may also be more
common for Golden Eagles from the AK-BC group
to contribute genes to populations in the lower 48
states than the reverse, resulting in asymmetric gene
flow. This low level of gene flow is sufficient to
reduce inbreeding and maintain genetically healthy
populations. Average inbreeding coefficients (F) for
individuals within the AK-BC, CA-OR-ID, and AZ-
CO-NE-NM-OK-WY groups were —0.072, 0.053, and
0.130, respectively.

There are now two preliminary population geno-
mic studies on North American Golden Eagles.
Although these studies differ in number of loci (n=
159 [Doyle et al. 2016] vs. n = 30,006 [this study])
and number of samples (n= 160 [Doyle et al. 2016]
vs. n= 32 [this study]), both studies detected three,
relatively congruent genetically defined groups
using STRUCTURE. Doyle et al. (2016) detected a
northern group of 24 Golden Eagles from Alaska,
whereas our corresponding group consisted of five
individuals from Alaska and three from British
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Columbia. The average probability of individuals
being assigned to this group was 0.77 = 0.15 (Doyle
etal. 2016) and 0.99 = 0.02 (this study). The second
population cluster, as detected by Doyle et al.
(2016), consisted of 117 Golden Eagles that repre-
sented a north-to-south distribution of individuals
from California, whereby the average probability of
individuals assignment was 0.71 = 0.20 (Doyle et al.
2016). Likewise, our second population cluster
consisted of nine individuals from northern Califor-
nia (n = 3), southern Oregon (7= 3) and southern
Idaho (n = 3) with a similar average probability of
group assignment (0.76 = 0.15). The third geneti-
cally defined group, as detected by Doyle et al.
(2016) consisted of 113 Golden Eagles sampled in
the western states of Arizona, Colorado, Nebraska,
New Mexico, Utah, and Wyoming. The average
probability of individual assignment to this cluster
was 0.50 * 0.24. For our analysis, the third
genetically defined group consisted of individuals
from Arizona, Colorado, Nebraska, New Mexico,
Oklahoma, and Wyoming. The average probability
of individual assignment to our group of western
states was 0.87 £ 0.13.

Implications for Future Studies. Being an apex
predator, Golden Eagles are an important compo-
nent of the ecosystem of western North America and
therefore a concern from the conservation and
management perspectives. Our higher continuity as-
sembly will facilitate easier assignment of sequences
to chromosomes, a necessary next step if we are to
discover selection signatures in Golden Eagle com-
pared to other avian apex predators. Based on our
reference assembly activities, using whole genome
sequencing from one male Golden Eagle, coupled
with transcriptome sequencing from three tissue
types, we were able to align additional low coverage
(~5X) whole genome sequencing reads from 32
Golden Eagles to generate a genomic resource of
896,974 SNPs. By utilizing a subset of 30,006 SNPs
from these 32 individuals we were able to show that
overall, the western Golden Eagle gene pool possess-
es sufficient genetic variation and that this variation is
partitioned into three genetic groups. Although our
analyses detected three genetically defined groups, at
this time these groupings should be viewed cautiously
as these analyses are based on relatively uncharac-
terized SNPs for only 32 individuals with limited
geographic sampling.

Our preliminary results, as well as results from
several other studies of wide-ranging species that
assayed tens of thousands of SNPs (e.g., Lamichha-
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ney et al. 2012, Hagen et al. 2013, Benestan et al.
2015, Malenfant et al. 2015), suggest the value in
further characterizing a larger suite of SNPs and
developing a Golden Eagle SNP Chip. As such, the
full set of population SNPs that we identified
(approximately 900,000) will be thoroughly evaluat-
ed to obtain a subset of markers capable of
unequivocally assigning Golden FEagles with un-
known population associations to management units
in a cost-effective way. For example, we could employ
such markers on samples from wounded individuals
to determine their natal origins. Additionally, these
markers could be used on migratory individuals
collected at trapping stations to better understand
which populations are utilizing the various flyways.
Finally, not only will these loci be important for
conservation/management initiatives, but they will
also be utilized to provide additional biological
insight, including management of genetic diversity,
effective population size, levels and direction of gene
flow, inbreeding, and pairwise relatedness. Without
this genetic information, such factors will be difficult
to ascertain. A better understanding of these
characteristics will advance our ability to protect this
species in the face of climate variability and other
anthropogenic stressors. The generation of such a
large panel of novel SNPs represents an important
step in terms of genomic resources available for this
species and will facilitate additional population
genomics studies in the future.
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