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Abstract

The genomics era has opened up exciting possibilities in the field of
conservation biology by enabling genomic analyses of threatened spe-
cies that previouslywere limited tomodel organisms.Next-generation
sequencing (NGS) and the collection of genome-wide data allow for
more robust studies of the demographic history of populations and
adaptive variation associatedwith fitness and local adaptation. Geno-
mic analyses can also advancemanagement efforts for threatenedwild
and captive populations by identifying loci contributing to inbreeding
depression and disease susceptibility, and predicting fitness conse-
quences of introgression. However, the development of genomic tools
inwild species still carries multiple challenges, particularly those asso-
ciated with computational and sampling constraints. This review pro-
vides an overview of the most significant applications of NGS and the
implications and limitations of genomic studies in conservation.
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INTRODUCTION

There is considerable anticipation that next-generation sequencing (NGS) technologies will
provide new opportunities to produce genomic data rapidly from a broad swath of species
outside the standard biomedical models, especially because NGS costs continue to decline
(1). In particular, high-throughput NGS and analyses on genome sequence data and their
variation are readily applied to species that are genome enabled, i.e., those that have an
assembled reference genome or for which an assembled genome from a closely related species
is available. The application of genomic technologies in the field of conservation biology has
already resulted in a surge of research and reviews (1–14). Such large-scale sequencing data sets
represent an extraordinary source of information that can shed light on aspects of the biology
of wildlife species relevant to conservation assessments, monitoring, and management.

Genomic analyses previously limited to model organisms now can be applied to threatened
species to estimate recent demographic events, genetic variation, andpopulation structure through
population-genomic approaches. The role of natural selection at the genome level and the iden-
tification of loci associated with fitness, including local adaptation, inbreeding depression, or
disease susceptibility, can also be dissected by implementing quantitative trait loci (QTL) analyses
and genome-wide association studies (GWAS). In addition, identifying conservation units for
protection,management, and recoverymay nowbemore clearly resolved by using phylogenomics
and population genomics (Table 1).

All the aforementioned applications rely upon the detection of genome-wide polymorphisms
among individuals, populations, or species in the form of single-nucleotide polymorphisms
(SNPs), insertion-deletions (indels), or copy number variants (CNVs). This genetic variation can
be identified by high-throughput sequencing of whole genomes from multiple individuals or
from a reduced representation of genomic fragments as implemented in the restriction-site-
associated DNA sequencing (RAD-seq) technique (see sidebar, NGS Approaches). Efforts to
detect and map genetic polymorphisms and to conduct genome-wide comparisons of wild
organisms also benefit from accurate reference genomes, which must often be assembled de
novo. The assembly of de novo genome sequences is progressing rapidly, but taxonomic
coverage is still limited, because the efforts to useNGS have been underway for a relatively short
period of time. The extent of necessary genomic data, the cost per sample, the DNA quality
required, and the equipment needed depend on the NGS platform to be employed and the
conservation questions of interest (reviewed in 2).

In this review, we discuss the application of genomic analyses to new and long-standing
dilemmas in conservation management, such as demographic analyses, genetic variation associ-
atedwith local adaptation and fitness, the basis for inbreeding depression, detection and timing of
hybridization events, and identification of loci associated with disease susceptibility. We also
emphasize the potential pitfalls of genomic technologies and the statistical and computational
challenges related to the ever-growing acquisition of genomic data.

DEMOGRAPHY

Selectively neutral genetic markers (e.g., microsatellites and silent sites) have traditionally
been the cornerstone of identifying recent and historic demography, such as population size
fluctuations, admixture, gene flow, and geographic population structure. However, to model
and analyze complex demographic histories, accurate estimates of summary statistics of
genomic variation, such as nucleotide diversity, effective population size (Ne), and re-
combination, are often necessary because they can vary greatly across a genome. Although
traditional molecular approaches have been used successfully to examine demographic

Next-generation
sequencing (NGS):
high parallel DNA
sequencing in which
hundreds of thousands
or millions of reads
(sequences) are
produced in one run of
an automated
sequencer; the best
known platforms are
the Roche 454 FLX
Titanium system,
Illumina’s Genome
Analyser (Solexa), and
ABI’s SOLiD�

Local adaptation:
heritable changes in the
genotype or phenotype
of a population that
result in increased
fitness within a specific
environment

Inbreeding depression:
the decrease in fitness
owing to inbreeding or
random genetic drift

Quantitative trait locus
(QTL): a locus that
controls a quantitative
phenotypic trait,
identified by showing
statistical association
between genetic
markers surrounding
the locus and
phenotypic
measurements; QTL
are typically mapped
by crossing individuals
from different
populations, which
generates an F2 or
backcross mapping
population
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history, greater analytical and statistical power has emerged from the availability of genome-
wide data (e.g., SNPs) (3).

In particular, estimating the patterns of recent and historic population size changes has nu-
merous conservation implications. For example, genome-wide SNP analysis of the two extant
orangutan species allowed estimation of current and ancestral Ne, recombination rates, and
speciation times (15). Demographic modeling found that the two species have complex and very
different evolutionary histories. Surprisingly, the authors found greater genetic variation among
Sumatran orangutans than Bornean orangutans, despite a much smaller population size. Con-
servation biologists are often interested in whether a species’ population size has been influenced
by factors such as climate change or human-mediated events. Genome-wide data will help elu-
cidate these questions by enabling more precise estimates of the timing and extent of population
bottlenecks and expansions.

It is well known that population size fluctuations can have a large effect on the ability to
detect genetic signatures of selection (16–21). The availability of genomic data increases the
statistical power to tease apart changes in genetic variation and allele frequencies due to de-
mography versus selection (22, 23). Maximum likelihood approaches that account for both
demography and selection have proven amenable toNGS (reviewed in 24). For example,Nielsen
et al. (22) developed a likelihood method that estimates demographic parameters in multiple
populations using a joint frequency spectrum and SNPs that are fixed between populations. For
species for which SNPs can bemapped to a reference genome, patterns of linkage disequilibrium
(LD)may be used to estimateNe (25, 26). For unmapped SNPs, the site frequency spectrum (SFS)
can be used to estimatemany demographic parameters (15, 27, 28). Both LDand SFS data across
several wild and domesticated canidswere used to identify bottleneck severity and timing among
species and breeds (29).

Gene Flow and Units of Conservation

Conservation biologists frequently seek to estimate the spatial scale of gene flow to examine
historical and contemporary population connectivity. These analyses can guide the designation
of conservation units and their boundaries at both the intra- and interspecific level. The use of
genomic data to infer population structure and to identify units of conservation has been covered
extensively by other recent reviews (2, 30–32) and is covered here only briefly.

In short, gene flow among populations contributes tomaintaining genetic diversity, which is
fundamental to ensure a species’ sustainability and reduce the risk of extinction (33, 34). Very
rare events of gene flow can play a disproportionate role in contributing to genetic diversity
(35). Genomic data can provide more power to detect these infrequent events, in particular
when the Wright’s fixation index (FST) estimator is low (2). For example, Gompert et al. (36)
looked at population structure between 12 populations of Lycaeides butterflies, including the
endangered Karner blue (Lycaeides melissa samuelis), using SNPs from across the genome. The
authors found that admixture was more widespread than was previously noted using traditional
molecular approaches with many fewer markers. Similarly, an extensive SNP survey of wolflike
canids found previously unidentified evidence of extensive gene flow (37), which highlights the
potential of improved resolution in genome-wide surveys with greatly increased data.

Genome-wide data can also provide greater power in taxonomic classification compared
with traditional approaches that use only a handful of genetic markers. A recent study of
population history in extant elephants and their extinct relatives examined sequence data from
almost 400 loci. Both phylogenetic analyses and demographic models revealed a deep di-
vergence between African savanna and forest elephants, which had been thought by some to be

Genome-wide
association studies
(GWAS): studies in
which a dense array of
genetic markers, which
capture a substantial
proportion of common
variation in genome
sequence, is typed in
a set of DNA samples
that are informative for
a trait of interest; the
aim is to map
susceptibility effects
through the detection
of associations
between genotype
frequency and trait
status

Conservation unit:
a population of
organisms in the wild
that is considered
distinct for purposes of
conservation; refers to
either evolutionarily
significant unit or
management unit

Phylogenomics:
analyses that involve
genomic data and
phylogenetic
reconstructions

Single-nucleotide
polymorphism (SNP):
a DNA sequence
variation that occurs
when a single
nucleotide in the
genome differs between
individuals; abundant,
codominantly inherited
markers that are highly
adaptable to large-
scale, cost-effective,
automated genotyping

Indels: mutation class
that includes insertions
and deletions as well as
the combination of
both; unless the length
of an indel is a multiple
of 3, it produces
a frameshift mutation
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a single species based on sharedmtDNA haplotypes (38). Similarly, a study involving 700 SNPs
(39) uncovered the distinctiveness of a chimpanzee subspecies (Pan troglodytes ellioti) (Figure 1)
when population structure was conflicting using microsatellites (40, 41). Genomic data enable
high-resolution analyses, which can reveal a subtle inter- and intraspecific population structure
that has far-reaching conservation implications.

It is important to note, however, that population genetic analyses developed for standard ge-
netic techniques may not be directly transferable to analysis of genomic data. For example, SNP

NGS APPROACHES

Numerous NGS approaches have been developed to perform marker discovery and genotyping. Some of the most
promising methods that may be applicable to conservation biology studies include:

DNA-Based Methods

All methods involving the use of genomic DNA and NGS proceed under the same key steps, which include random
shearing or digestion with one or more restriction enzymes, size selection for an optimal length, sequencing using
a NGS platform, and identification of genetic polymorphisms (reviewed in 117).

n RAD sequencing (RAD-seq): In restriction-site-associated DNA (RAD) sequencing, genome DNA is cut
using one or two restriction enzymes and is indexed (tagged) with a specific oligonucleotide signature (66).
These fragments are ligated with adaptors, randomly sheared and amplified, which produces many copies
of the DNA adjacent to the restriction enzyme–recognition site. RAD-seq reduces the proportion of
the genome sequenced, which enables each marker to be sequenced at high coverage. RAD-seq can be
employed in SNP and microsatellite discovery, genotyping, genotype-phenotype association mapping,
genome assembly scaffolding through linkage mapping, hybridization and gene flow analysis, phylogeog-
raphy, and other population genetic analyses.

n Target DNA sequencing: In the target DNA sequencing, genomic fragments are captured by hybrid-
ization with probes, multiplex-amplified or targeted circularization approaches, and DNA libraries are
prepared (118). Hybrid selection methods apply immobilized oligonucleotides on either microarrays or
beads for the enrichment of genomic targets fromamodifiedDNA sample. Inmultiplex polymerase chain
reaction (PCR), complex primer sets can be used to selectively amplify targeted regions prior to preparing
sequencing libraries. Targeted genomic circularization directly captures one strand of the genomic DNA
target by converting the target probe DNA into a circle using in-solution capture oligonucleotides.
Targeted DNA-sequencing methods have proven useful for validating variants from whole-genome
sequencing and studying disease-relevant gene subsets.

RNA-Based Method

n RNA sequencing (RNA-seq): cDNAs from anRNA sample are used to prepare sequencing libraries. In this
method, cellular poly-A-tailedRNA is isolated, fragmented, and randomly primed for reverse transcription
to generate double-stranded cDNA fragments. Sequencer adaptors are ligated to the cDNA fragments,
which are size-selected by gel electrophoresis. A limited-cycle PCR step ensures minimal contamination of
RNA. cDNA libraries are sequenced using standard NGS platforms (62). RNA-seq provides information
on the diversity and abundance of expressed sequences, thereby elaborating the content and, simulta-
neously, levels of gene expression of the sample.
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calling must account for the high error rate associated with NGS, and not all commonly used
analysis software can support large genomic data sets. New methods developed specifically for
NGSdata include improving the accuracy of genotype calls through the use of linkage information
for genome-enabled species (42), as well as promising new model-based methods that use linkage
to uncover subtle population structure quickly and accurately (43). Additionally, flexible models
that use likelihood simplifications or allele frequency–spectrum summaries of genomic data will
need to be extended for use in wild species (44, 45).

ADAPTIVE GENETIC VARIATION

Unlike neutral genetic variation, adaptive variation is shaped by selective forces. The ability to
identify adaptive loci is one of the most exciting uses of genomic approaches in evolutionary
studies and conservation (2). Access to genome-wide data and annotated genomes in wild species
facilitates identification of the genetic changes that accompany local adaptations and the manner
in which these changes influence fitness. This knowledge will assist in defining conservation units
in the wild (46, 47) and may help evaluate the potential of populations to respond to changing
environments (48). Understanding the geographic distribution of loci influencing local adaptation
will also help to assess habitat requirements for population persistence and the ecological ex-
changeability of divergent populations (49).

In conservation genomics, the use of transcriptomics has gained interest as a valuable starting
point for characterizing functional genetic variation in wild organisms. This is especially true in
species with large and complex genomes for which complete genome sequencing is unnecessary,

Pan troglodytes verus
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Figure 1

Clustering of chimpanzees based on principal components (PCs) using data from 818 SNPs. Plots of the first
two PCs show that chimpanzees in this study form three genetically distinct groups corresponding to different
subspecies. In particular, Pan troglodytes ellioti is identified as a genetically distinct cluster. This study
illustrates the application of high-throughput genomic methods in identifying conservation units. Modified
with permission from Bowden et al. (39).

Copy number variant
(CNV): a class of DNA
sequence variant
(including deletions
and duplications) in
which the result is
a departure from the
expected diploid
representation of the
DNA sequence

Hybridization:
interbreeding of
individuals considered
to be different species

Microsatellite:
a section of DNA
consisting of short
nucleotide sequences
repeated many times,
which vary between
individuals

Silent sites: a term used
to describe genetic
variation that does not
result in a change in
amino acids (i.e.
synonymous sites,
introns, and intergenic
sites)

Admixture: the
production of new
genetic combinations
in hybrid populations
through recombination

Effective population
size (Ne): the number
of individuals in an
idealized population
that would show the
same amount of genetic
drift or inbreeding as
the population being
studied

Recombination:
process during which
maternal and paternal
loci are mixed into new
combinations in the
gametes during meiosis
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and relatively costly using current sequencing approaches, and for which assembly poses special
difficulties (50). An increasing number of transcriptome studies have recently been published (51–
55), including studies on species under conservation management (47, 56). Functional SNPs and
genome-wide differences in gene-expression levels between populations can be detected from
expressed sequence tag (EST) libraries by using the RNA-seq technique (57, 58). This technique
has been employed successfully in rainbow trout for identifying SNP markers associated with
growth rate (59). Additionally, genome-wide expression data, in conjunction with analysis of
neutral variation (microsatellites), have identified conservation units and loci associatedwith local
adaptation of distinct populations of Atlantic salmon (47).

The use of transcriptomics in species of conservation concern does pose challenges given con-
temporary methodology. Computationally, RNA-seq estimates of expression levels require nor-
malization for transcript length, which has to be inferred from evolutionarily distant species with
availablegenomic sequences (54). Fromamanagement perspective, conservation strategies that rely
onanalysesof a limitednumberofputatively adaptive loci areproblematic. In thewild,managing for
a fewgenes that areunderpositive selectionmay fail to consider standinggenetic diversity that canbe
adaptive in the future (2).Additionally, in intensivelymanagedpopulations, favoring thebreedingof
some individuals over others based on their genotypewill lead to unequal genetic contributions, loss
of genetic diversity, and increased relatedness among individuals within the population (60).

Methods to Detect Adaptive Variation

Historically, quantitative genetic methods have been effective in detecting adaptive variation in
life-history traits important for species fitness and population viability (61). QTL mapping is an
approach frequently used to identify genetic regions associated with phenotypes in populations
with available pedigree information. Inwild species, QTLmapping has been applied, for example,
to the zebra finch (62), deermouse (63), and cave tetra fish (64) to identify genetic regions involved
in adaptive traits.

AlthoughQTLmapping studies are feasible in any organism for which adequate phenotypic or
life-history data are available, a handful of wild populations have been mapped using SNP data
(reviewed in 65). Cost-effective SNP discovery using techniques such as RAD-seq has facilitated
mapping of polymorphisms associated with adaptive traits in three-spined sticklebacks (66) and
Peromyscus leucopus (67). The RAD-seq methodology was also used to identify the common
genetic basis of development-rate variation in two genetically distinct rainbow trout populations
(68) (Figure 2). These studies, facilitated by NGS, can detect genomic regions and even nucleotide
sequence variants that function adaptively in the natal environment of each population, enabling
population-specific recovery plans for rainbow trout and other species.

QTL mapping cannot be applied to species in which crosses are infeasible or from which
pedigree data are not available. Under these circumstances, GWASmay be an effective approach
(69); for instance, it was implemented in wild Soay bighorn sheep, in which genetic variation
across 36,000 SNPs was screened to identify a major QTL involved in horn morphology
(70). Genetic mapping is limited by the number of individuals that must be sampled (71) to
observe a significant signal and by the relatively lowmap resolution ofQTL analyses, whichmakes
it difficult to move from QTL detection to identification of a locus associated with adaptation and
fitness (72).

Other methods used to detect adaptive variation are based on genome scans that identify
signatures of selection according to levels of genetic polymorphism within populations and
levels of divergence among populations. An increase or decrease in population differentiation is
often measured with the FST estimator (73). Regions under positive selection may be identified

Linkage disequilibrium
(LD): the non-random
association of alleles
present at two or more
loci, which can cause
a genetic correlation

Site frequency
spectrum (SFS): the
distribution of allele
frequencies at a single
nucleotide site or
across multiple sites

Wright’s fixation index
(FST): a measure of
population
differentiation that is
due to genetic
structure; it measures
the fraction of the total
genetic variation that is
distributed among
subpopulations
relative to the total
population

Transcriptomics: the
sequencing and
quantification of
expressed genes in
specific tissues/cells

Expressed sequence tag
(EST): a short DNA
fragment (hundreds of
base pairs) produced
by reverse
transcription ofmRNA
into DNA
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through a genomic slidingwindows averaging approach because their FST values lie significantly
outside the differentiation observed over the neutral genomic background (2). This method has
been used to dissect the genetic basis of adaptive phenotypes and to detect ecological speciation
in lake whitefish (74) and three-spined sticklebacks (75). Selective sweeps can also be detected
by scanning for regions of reduced genetic variation or an excess of rare alleles, as performed in deer
mice (76) and wolves (69) (Figure 3) to identify mutations involved in cryptic color variation.

Evaluation of the extent of LD in genomic sliding windows also provides insight into the in-
fluence of selection at specific genomic regions among populations. For instance, an extended LD
block, combined with a high-frequency haplotype, is expected around a region under positive
selection (73). However, large LD blocks might also reflect demographic events associated with
inbred or admixed populations (37), for which interpreting genetic signatures of selection may be
difficult owing to the confounding influences of complex demographic events as well as varying
rates of mutation and recombination (77).

Adaptive Loci for Conservation

The major histocompatibility complex (MHC) region is a major fitness-related locus with a
role that extends beyond host defense and pathogen resistance. MHC is involved in important
life-history traits such as mate choice, intraspecific territoriality, and kin recognition. Recent
advances in sequencing technologies indicate that obtaining measures of MHC genetic diversity
is within reach of conservation initiatives (78). Genomic approaches in wildlife species have fa-
cilitated the characterization of MHC loci (79, 80) by revealing their complexity in structure and
number of alleles aswell as thepresenceof strongbalancing selection (81, 82), geneduplication, and
neofunctionalization, all of which produce evolutionary novelties for ecological adaptation (83).
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Figure 2

Application of restriction-site-associated DNA sequencing (RAD-seq) to examine the genetic architecture of development rate variation
of the rainbow trout (Oncorhynchus mykiss). Development rate of the O. mykiss clonal lines varies in a manner reflecting the
population’s natural variation, with one line having an accelerated development rate [referred to as Swanson (Sw)] compared with the
other, slower-developing line [referred to asWhaleRock (WR)].QTL analyses of development rate [logarithmof odds (LOD) profiles] for
each of the 29 linkage groups in this study show that themajorQTLpeak associatedwith rapid development is located in linkage group 3.
The inset histogram represents the development rate phenotypic profile for individuals that inherit either the Sw orWR allele at themajor
QTL peak. Modified with permission from Miller et al. (68).

Sliding window
averaging: the
averaging of nucleotide
diversity or FST values
within a fixed genome
length; when the
window is moved
across the genome,
this method smoothes
out variation within
regions so that
genome-wide patterns
can be observed

Selective sweeps: the
process by which
a new, advantageous
mutation eliminates or
reduces variation in
linked neutral sites as it
increases in frequency
in the population
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Levels of polymorphism in MHC loci can provide indirect measures of the immunological
fitness of populations as identified in the endangered San Nicolas island fox (81). Captive-
breeding programs may also benefit from the characterization of MHC variation for pathogen
resistance bymonitoring themaintenance ofMHC variants, as recommended in the Arabian oryx
breeding program (84). Population genomic studies of MHC evolution are a promising area in
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Figure 3

Examples of NGS applications in conservation using the North American wolf as an example. (a)
Polymorphismaround theCBD103gene, encodedby theK locus, a componentof themelanocortin pathway in
North American gray wolves (69). Little genetic variation, combined with extended haplotype homozygosity,
demonstrates positive selection around the K locus in the black-colored wolves. (b) Genetic clustering analysis
using 44,000 SNPs shows population structure and allele composition (represented by different colors) among
North American wolves, evidencing high levels of admixture among wolf populations. (c) Extent of linkage
disequilibrium (LD; genetic association, r2) and runs of homozygosity. The comparison of LD extent (left) and
the autozygosity frequency spectrum (right) were used to examine inbreeding (Mexican wolf) and admixture
(Great Lakes wolf) in comparison with outbred North American wolves (western wolf). Modified with
permission from Anderson et al. (69) and vonHoldt et al. (37). Abbreviations: ROH, runs of homozygosity;
SNP, single-nucleotide polymorphism.
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conservation genomics and in the search for genetic variation contributing to fitness. The deeper
exploration ofMHC function, however, requires more precise assembly of these complex regions.
Inmostwild species, details on order andCNVwithin theMHC region remain unclear, andMHC
organization is known to differ greatly across vertebrates (85). As advances aremade in identifying
MHC organization and variability in wild organisms, explicit conservation management ap-
plications will become increasingly feasible.

FITNESS DECLINES AND INBREEDING

Habitat destruction and fragmentation lead to smaller and ever more isolated populations. This
makes populations more susceptible not only to exogenous stochastic events but also to loss of
genetic diversity through genetic drift and inbreeding. Inbreeding can result in inbreeding de-
pression, a decrease in evolutionary adaptive potential, which thereby increases extinction risk.
Although inbreeding depression is seen across taxa (86), the basis for its stochasticity and the
underlyingmechanisms that produce inbreeding depression remain poorly understood. Genomics
may help to shed light on the genetic architecture of inbreeding depression and to establish a
causative link between the phenotypes and the underlying molecular processes. In particular, it
may help test hypotheses regarding the number of loci that contribute to inbreeding as well as the
underlying genetic mechanisms, such as dominance, overdominance, epistasis, and/or genotype-
environment interactions.

Loci contributing to inbreeding depressionmay be identified by sequencing the whole genomes
ofparents andoffspring (87) or by examining gene-expression profiles (88). Recently, GWAS have
been used to successfully identify recessive mutations that cause inherited defects in livestock and
dogs (89, 90), in an attempt to characterize genes associated with inbreeding. Another study on
inbred Scandinavian wolves, using approximately 250 microsatellite loci, evaluated the effects of
inbreeding and selective forces at relatively low resolution and provided evidence of increased LD
compared to outbred populations (91). This study set the stage for more detailed analyses using
SNP interrogation methods that can facilitate the identification of the loci involved in inbreeding
depression. Ultimately, the identification of loci that are associated with inbreeding depression,
and their comparison across species, will open new areas of investigation and allow the estab-
lishment of new approaches for managing the risks of inbreeding depression in small-population
management.

NGS and genomic analyses may also help to better estimate relatedness and inbreeding
coefficients among individuals in wild populations. To date, the vast majority of studies
measuring inbreeding in wild animal populations that lack pedigree information have been
performed by using neutral genetic markers, such as microsatellites. However, analytic tools for
relatedness estimates that usemicrosatellites or small numbers of nuclearmarkers have very high
sampling variances (92, 93), which reduces accuracy. High-density genomic data obtained
through NGS, such as SNPs that can provide estimates of inbreeding coefficients, have the
potential to decrease this large variance, and new methods are being developed with improved
results (94). For example, Li et al. (95) compared methods for estimating individual inbreeding
coefficients and pairwise relatedness based on genome-wide SNPs and genealogies separately.
They obtained consistent values, in particular for highly inbred animals and pairs of closely
related individuals, and concluded that genomic data provide useful information in cases of
complex or absent pedigrees. In managed populations, genomic analysis can also assist in
estimating the relatedness of the wild founders that make up captive populations. Founders of
captive populations are typically assumed to be unrelated to one another, which may be an
unrealistic assumption for some species.

Inbreeding coefficient:
the probability that at
a given locus, both
alleles are descended
from a common
ancestor (i.e., identical-
by-descent)
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HYBRIDIZATION AND INTROGRESSION

Gaining deeper insights into the roles of hybridization and introgressive gene flow in natural
populations is critical for understanding how new species are formed and how the genetic dis-
tinctiveness and reproductive isolation of species is maintained. Because introgressive gene flow
may increase or decrease fitness, a greater ability to detect the occurrence and timing of gene flow
between species is relevant to population sustainability and management. Introgression is in-
creasingly being identified in wildlife populations, including African and Asian elephants (96),
American bison (97), Darwin’s finches (98), and California tiger salamanders (99). Studies of
ancient DNA from fossil material have even revealed introgressive gene flow in the recent evo-
lutionary history of humans (100), which broadens recognition of the potential role of hybrid-
ization across species boundaries as a common evolutionary process that facilitates adaptation.

Studies incorporating genomics to investigate genetic introgression in wildlife populations are
only now beginning to emerge. Undoubtedly, the generation of high-density genomic data will
significantly improve our understanding of the genetics of introgression, particularly with regard
to long-standing questions about the patterns of introgression in speciation and radiation,
detection and timing of ancient hybridization, and understanding of how introgressed loci
behave in their new genomic background (reviewed in 101). A recent example of introgression
involves polar and brown bears. Deep genome sequencing, in combination with comparative
genomic analyses, has identified the timing of divergence of these sister taxa and has brought
forth evidence for occasional hybridization through the past 4–5 million years of climatic
variation (102). In this study, admixture maps (Figure 4) were used to identify the introgressed
genomic regions in each bear species. The authors identify one such region that may have also
undergone a selective sweep in both polar bears and coastal-living brown bears. This region
contains the homolog ofALDH7A1, a gene that has been shown in humans to be related to salt
tolerance, a potentially adaptive trait for polar and coastal brown bears living in marine
environments.

DISEASE SUSCEPTIBILITY AND RESISTANCE

The application of genome sequencing to advance understanding of disease processes and the
genetic basis for risk and resistance has been a hallmark of the Human Genome Project (103).
Whole-genome sequencing and genome-wide SNP studies can provide knowledge for manage-
ment and treatment of diseases in wildlife species (104). For instance, in the Atlantic salmon,
comparative genomic studies using analysis of synteny and partial genome sequences have
identified a genetic region for resistance to a devastating disease, salmon infectious anemia (105)
(Figure 5).One gene in particular,HIV-EP2/MBP-2, that is implicated in the response to infectious
salmon anemia virus is a very strong candidate for resistance.

In wildlife and endangered species, as in humans and domestic animals, diagnostic in-
formation, phenotypic data, and epidemiological studies will have to be used in concert with data
on genetic variation to understand the genetic basis for disease risk. The limited medical oversight
of wild populations limits the amount of phenotypic data related to disease status and risk
factors. However, notable examples exist. For example, in California condors a lethal disorder,
chondrodystrophy, was identified in the breeding population, with inheritance consistent with an
autosomal recessive transmission mode (106). The frequency of mutation can be modeled, but the
identification of actual carriers of the trait—in both the reintroduced populations and the captive
population—is still based on production of affected chicks (107). The immediate goal for con-
servation management is to assess carrier status by using genomic technologies to identify a linked

Introgressive gene
flow: gene flow from
one species into the
gene pool of another
through repeated
interspecific
hybridization

Chondrodystrophy:
a genetic skeletal
disorder that affects the
development of
cartilage
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marker to the recessive mutation. A linkage map based on multiple markers, including SNPs, will
assist population managers inmonitoring andmanaging the frequency of the deleterious allele both
in the captive population, in a manner that assures the conservation of the species gene pool, and in
the reintroduced, free-ranging population that forms the basis for species recovery (108).

Worldwide amphibian biodiversity is under a severe threat associated with disease risk to
chytrid fungus, Batrachochytrium dendrobatidis. Understanding the genetic basis for suscepti-
bility and resistance to the chytrid pathogen is crucial for recovery of species that have not already
become extinct. Experimental infection of individuals collected frommultiple wild populations of
the lowland leopard frog (Lithobates yavapaiensis) has shown that, in isolated populations,
significant differences in survival of chytrid fungal infection are correlated with MHC hetero-
zygosity and polymorphism (104). MHC alleles that may confer resistance to this pathogen were
detected in some but not all populations, a finding that encourages consideration of population
structure and diversity in resilience to disease challenges in the wild.

LIMITATIONS OF GENOMICS IN CONSERVATION

Sampling and Application of In Vitro Models for Conservation Genomics

Amajor impediment to the advancement of genomic studies that involve threatened species is the
availability of samples. Disturbance of the population to be sampled and potential impacts on
individual threatened animals pose reasonable limitations to sample collection. However, animals
that are handled for other purposes, for example, individuals fitted with radio collars in wild
populations and those given health evaluations in captive populations, provide appropriate op-
portunities to obtain samples for genetic analyses that may provide crucial data for population
management. To take advantage of genetic sampling opportunities, suggested protocols for col-
lection, shipment, and curation of samples have been established (109–112).
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Figure 4

Admixture maps detecting genetic introgression from the polar bear genome into brown bears. The genomic region corresponds to dog
chromosome 11 in two brown bears, scaled in units of 10 million bases. Brown areas denote chromosomal regions shared among brown
bears, and blue indicates where one or both chromosomes are shared with polar bears. A magnification of that includes a 250-kb
interval in which both chromosomes in brown bears are very similar to those of polar bears. The region contains four genes, including the
ortholog of ALDH7A1, which may be related to salt tolerance. Modified with permission from Miller et al. (102).
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The development of banks that establish and maintain primary cell cultures from biopsies,
either freshly collected or processed in the field for later culturing (113), has provided the only
available access to high-quality DNA and RNA specimens from numerous endangered species.
Experimental studies using cell lines represent a promising in vitro model that can facilitate ge-
nomic studies of wild species. Generation of EST libraries from cell cultures provides resources for
improving the process of genome annotation, discovering SNPs in coding sequences, and iden-
tifying functional genes potentially associated with ecologically relevant traits and adaptation
across populations. For example, gene-expression profiles from cultured fibroblast cells were used
to identify patterns of species specificity in cellular metabolism in humans and great apes (114),
which shows the applicability of in vitro models to evolutionary and conservation-related issues.

Analytical and Practical Limitations

Despite the rapid evolution of genomic technologies, some significant limitations still remain. As
mentioned throughout this review, the production of genomic data has become faster and easier,
whereas data-analysis techniques frequently lag. In addition, many statistical programs for
population genetics need to be adapted to large data sets and require significant advances in
bioinformatics and computational biology. Once genomic data are obtained and analyzed,
conservation scientists face yet another challenge of a new scale. Application of genetic data may
result in defining units of conservation too narrowly, may impede conservation actions, and may
stand in the way of endangered species management (115). Conservation scientists and managers
face the opposing risks to population survival from depression of fitness owing to the effects of
outbreeding and inbreeding. Development of a predictive science thatmay be applied at the species
level to manage genetic risks in populations is not close at hand. However, the empirical data for
initiating such approaches is likely to rely heavily on the application of genomic technologies.
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Figure 5

Schematic representation of the genetic map of Atlantic salmon chromosome 15 [linkage group (LG) 8]
showing the infectious salmon anemia quantitative trait loci (QTL) region and the corresponding syntenic
regions of medaka LG24. One gene in particular within the QTL regions, HIV-EP2/MBP-2, is one of the
stronger candidates for associationwith the infectious salmon anemia virus (ISAV) resistance given that it may
influence the expression of several other genes that have been implicated in the response to infection by ISAV.
Modified with permission from Li et al. (105).
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The application of genomic approaches in conservation research and management involves
consideration of their cost-effectiveness and feasibility. Inmany cases, traditional genetic markers,
such as microsatellites, that already have been developedwill be themost economical and efficient
solution toaparticular conservationgenetics question (116). Thismay be the case for conservation
programs in more remote locations, where application of genomic technologies is not currently
feasible. Expanding the application of genomic studies to a greater number and broader diversity
of species is a pivotal issue for the characterization and conservation of biodiversity and for
evaluating genetic aspects of population viability. However, the appropriate application of ge-
nomic technologies in the conservation context should be driven by the requisite resolving power
and not by the novelty of the techniques (reviewed in 3).

SUMMARY POINTS

1. NGS projects will rapidly expand the number of threatened species for which assembled
genomes and detailed information on sequence variation are available. These data will
advance investigations relevant to the conservation of biological diversity.

2. The ability to identify adaptive genetic variation will improve the definition of units
of conservation management and the evaluation of the potential of populations to
respond to changing environments.

3. Knowledge of the genetic mechanisms of inbreeding depression and the loci that
contribute to reduction in fitness stands to be advanced through the application of
NGS and gene-expression studies.

4. Factors involved in population viability analysis, including kinship evaluation, pedigree
reconstruction, migration, introgression, and admixture, will all be facilitated through
interrogation of genome-wide variation of SNP markers.

5. The development of biomaterial banks and protocols to collect, maintain, and curate
biological samples is necessary to advance genomic studies.

6. Although NGS and genomic analyses stand to fundamentally alter methods of bi-
ological inquiry, current obstacles in de novo genome assembly challenge the
advancement of comparative genomics and its fruitful application to biodiversity
conservation.
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