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Abstract Invasive hybridization and introgression pose a serious threat to the persistence of many native species. Understand-
ing the effects of hybridization on native populations (e.g., fitness consequences) requires numerous species-diagnostic loci dis-
tributed genome-wide. Here we used RAD sequencing to discover thousands of single-nucleotide polymorphisms (SNPs) that are
diagnostic between rainbow trout (RBT, Oncorhynchus mykiss), the world’s most widely introduced fish, and native westslope
cutthroat trout (WCT, O. clarkii lewisi) in the northern Rocky Mountains, USA. We advanced previous work that identified 4,914
species-diagnostic loci by using longer sequence reads (100 bp vs. 60 bp) and a larger set of individuals (n = 84). We sequenced
RAD libraries for individuals from diverse sampling sources, including native populations of WCT and hatchery broodstocks of
WCT and RBT. We also took advantage of a newly released reference genome assembly for RBT to align our RAD loci. In total,
we discovered 16,788 putatively diagnostic SNPs, 10,267 of which we mapped to anchored chromosome locations on the RBT
genome. A small portion of previously discovered putative diagnostic loci (325 of 4,914) were no longer diagnostic (i.e., fixed
between species) based on our wider survey of non-hybridized RBT and WCT individuals. Our study suggests that RAD loci
mapped to a draft genome assembly could provide the marker density required to identify genes and chromosomal regions in-
fluencing selection in admixed populations of conservation concern and evolutionary interest [Current Zoology 61 (1): 146—154,
2015].
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Species invasions and resulting hybridization be-
tween native and non-native species provide exciting
evolutionary experiments where natural selection on
novel gene combinations can be studied in ecological
time and in different environments (Fitzpatrick et al.,
2010; Rieseberg, 2011). Hybridization between native
and invasive species is one of the most serious threats to
global biodiversity, and is a major conservation concern
(Allendorf et al., 2001). The rate of hybridization for
numerous taxa is increasing with habitat degradation,
species translocations, and climate change (Kelly et al.,
2010; Muhlfeld et al.,, 2014). In many cases, natural
selection and dispersal by hybrids play key roles in the
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spread of hybridization in nature (e.g., Rhymer and
Simberloff, 1996; Kovach et al., 2014). The genetic
basis for mechanisms influencing introgression can now
be assessed by discovering and genotyping thousands of
genetic markers, thereby illuminating the genomic basis
of hybridization, fitness, adaptive capacity, and disper-
sal (Allendorf et al., 2010; Twyford and Ennos, 2012).
Here we report on the development and mapping of
thousands of diagnostic loci between rainbow trout
(RBT, Oncorhynchus mykiss) and westslope cutthroat
trout (WCT, O. clarkii lewisi). The RBT is the most
widely introduced cold-water fish in the world (Halver-
son, 2010), and is one of the 100 most problematic exo-
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tic invasive species (Lowe et al., 2000). WCT and all
other 12 extant cutthroat trout taxa are threatened with
genomic extinction due to introgressive hybridization
with RBT (Allendorf et al., 2005; Trotter, 2008), and
introgressive hybridization is considered the primary
threat to the persistence of cutthroat trout (e.g., Shepard
et al., 2005). For example, known non-hybridized WCT
populations occupy only about 10% of their historic
range primarily due to hybridization with introduced
RBT (Shepard et al., 2005). Consequently, WCT have
twice been petitioned for listing under the U.S. Endan-
gered Species Act (USFWS, 2003; Shepard et al., 2005).

Next generation sequencing (NGS), particularly re-
striction-site-associated DNA (RAD) sequencing, has
enabled the discovery and genotyping of thousands of
single-nucleotide polymorphisms (SNPs) distributed
across the genome of non-model plants and animals
(Baird et al., 2008; Narum et al., 2013). The increased
density of loci and genome coverage offered by RAD
sequencing has enormous promise to help researchers
understand the mechanisms driving hybridization and
its effects on species fitness, persistence, and adaptive
potential (Allendorf et al., 2010), including in the con-
text of climate change (Muhlfeld et al., 2014).

We previously identified a set of 4,914 diagnostic lo-
ci using relatively short-read (60 bp) RAD sequencing
in 24 individuals (11 WCT and 13 RBT) and de novo
assembly of loci (Hohenlohe et al., 2011; Amish et al.,
2012). We further filtered those loci using a set of RAD
contigs assembled for WCT to assess patterns of intro-
gression in populations across a large river drainage
(Hohenlohe et al., 2013). Here we extend this work by
applying paired-end RAD sequencing with longer reads
(100 bp) to a larger set of individuals from pure RBT
and WCT populations, and take advantage of a newly
released reference genome assembly for RBT (Berthelot
et al., 2014). Our objectives were: (i) to discover a more
reliable and expanded set of diagnostic SNP loci for
RBT and WCT; (ii) to physically map these SNPs to the
RBT genome; and (iii) to validate previously identified
diagnostic loci against this broader population sample
and compare admixture estimates produced by each
approach.

We show that the combination of an expanded set of
populations, longer reads, and alignment to the refer-
ence genome increases the number of diagnostic SNPs
detected. An increased number of species diagnostic
markers aids in the discovery of putative super-invasive
alleles and development of low-cost diagnostic SNP
panels (e.g., the 100200 most highly informative di-

agnostic SNP markers). Mapping to the RBT genome
offers the additional advantage of enabling diagnostic
SNP panels that are evenly distributed across chromo-
somes, thus increasing statistical power to detect ge-
nomic regions of reduced or elevated introgression, and
to identify candidate adaptive loci within them. For the
purposes of conservation and management, a mapped,
well-chosen set of diagnostic loci is crucial for early
detection and intervention in populations at the early
stages of introgression, for choosing only non-hybri-
dized individuals for translocations, and for prioritizing
conservation and recovery programs (Allendorf et al.,
2010).

1 Materials and Methods

1.1 WCT and RBT source populations

It can be difficult to find the non-hybridized popula-
tions required for discovery of species-diagnostic mark-
ers. For WCT we focused on three stream populations
(South Creek, Addition Creek, Danaher Creek) of
non-hybridized WCT located in the South Fork Flathead
River drainage in northwestern Montana (Fig. 1). We
also included samples from the Washoe Park Hatchery
in Anaconda, Montana, which is the source of the mixed
origin WCT MO12 broodstock widely used as a source
for reintroductions for conservation programs and in-
troductions for recreational fisheries. The WCT MO012
broodstock is composed of a diverse set of 21 pure
stream populations, including South Creek and Addition
Creek, throughout the South Fork Flathead River drai-
nage, and two populations in the Clark Fork River drai-
nage (Fig. 1). These populations have all been tested
repeatedly for RBT admixture, and RBT introgression
has never been detected (Montana Fish, Wildlife and
Parks, unpublished data). We included 16 individual
samples from each of South Creek, Danaher Creek, and
Addition Creek and 18 samples from the Washoe Park
Hatchery, for a total of 66 WCT samples.

We used 18 individual samples of RBT from diverse
populations including three hatchery stocks (the Ennis
and Arlee hatcheries in Montana, and the Rock Creek
Hatchery in Oregon). Samples from the Ennis Hatchery
included a mix of 6 known broodstock sources: McCo-
naughy, Nebraska; Eagle Lake, California; Fish Lake,
Utah; Erwin Hatchery, Tennessee; Shasta, California;
Arlee Hatchery, Montana. Six additional individual
samples from the Arlee hatchery were also included.
The Arlee hatchery RBT strain was the principle source
of fish stocked in the Flathead drainage until the prac-
tice ended in 1969. The Arlee strain began in 1953 with
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Fig. 1 Study area for westslope cutthroat trout (WCT;
Oncorhynchus clarkii lewisi) in northwest USA

Black lines delineate the Clark Fork River drainage (left) and the
South Fork Flathead River drainage (right). Individuals from three
wild populations (silver dots; South Creek, Addition Creek and Da-
naher Creek) were sampled, in addition to the inclusion of individuals

from the MO012 broodstock, which represents a mixture of multiple
source populations (red dots and including South Creek and Addition
Creek). The arrow at bottom right denotes the Danaher Creek popula-
tion from which individuals have never been used in the MO12
broodstock.

the crossing of two major strains (the Donaldson Trout
strain and the Missouri Strain; Stephanie Espinoza,
personal communication). Historically, the Arlee hat-
chery broodstrock has included coastal strains of RBT
with some previous contributions from inland redband
rainbow trout Oncorhynchus mykiss gairdneri from the
Kootenai drainage. Finally, we included four individual
samples from a previous study using clonal lines from
the Rock Creek Hatchery on the North Umpqua River
in southwestern Oregon, the Clearwater River in north
central Idaho, and the Swanson River in South Central
Alaska (described in Miller et al., 2012).
1.2 RAD sequencing, alignment and genotyping

We prepared libraries for RAD sequencing from ge-
nomic DNA from WCT and RBT individuals according
to standard protocols using the restriction enzyme Sbfl
and unique 6bp barcodes for each sample (Miller et al.,
2012). We multiplexed these 84 samples, along with
RAD libraries (at equal concentration) for an additional
108 other salmonid samples for another study at equal
concentration, in 4 sequencing lanes on an Illumina
HiSeq machine. We conducted initial processing of the
sequence data using several modules from the Stacks
software package, version 1.19 (Catchen et al., 2013).
We used process_radtags from Stacks to sort read pairs

by barcode and remove any pairs in which the forward
read did not contain both a correct barcode and the re-
maining six bases of the Sbfl recognition sequence.

Paired end reads from the same individual were only
used to identify PCR duplicates. The random shearing
step in traditional RAD sequencing produces staggered
paired-end reads, so that any set of read pairs that are
identical across both the forward and reverse reads are
likely PCR duplicates of a single original genomic DNA
fragment (Davey et al., 2011). We therefore removed all
read pairs that represented PCR duplicates using the
Stacks program clone_filter. No further quality filtering
was performed at this stage.

We aligned filtered read pairs from each individual to
the recently published RBT reference genome (Berthe-
lot et al., 2014). We used the alignment software bow-
tie2 v2.1.0 (Langmead and Salzberg, 2012), using end-
to-end alignment without allowing gaps, and allowing
up to an average of one high-quality nucleotide mis-
match per 20bp. We retained only those read pairs that
aligned uniquely to a single genomic location according
to these criteria.

All further analysis considered only forward reads
(i.e., sequence within the first 94 bp of each restriction
enzyme cut site) to provide a set of SNP loci that could
be efficiently and reliably genotyped using further sin-
gle-end RAD sequencing. We assigned diploid geno-
types at each nucleotide position in each individual us-
ing the bounded maximum-likelihood method described
by Catchen et al. (2013), with a minimum Phred quali-
ty-score threshold of 10 at each nucleotide, the upper
bound of the sequencing error rate set to 0.01, and a
likelihood ratio significance level of a = 0.05, and we
calculated Fgr across all loci between the two species
(custom software is available at http://webpages.uidaho.
edu/hohenlohe/software.html). The upper bound on the
sequencing error rate effectively makes the genotyping
more sensitive to rare alleles and more likely to call a
heterozygous genotype when two alleles are observed,
making our analysis generally conservative for detect-
ing loci that are fixed within each species.

1.3 Identifying diagnostic and polymorphic loci

We applied multiple filters to identify SNPs that were
fixed for different alleles in RBT and WCT (i.e., spe-
cies-diagnostic). For each putatively diagnostic locus,
we required genotypes from at least 10 WCT individu-
als from each of the four populations and at least 12
RBT individuals. One hybrid individual from Addition
Creek was present in our database. However, given the
fact that all previous genetic testing indicated that this
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population is composed of non-hybridized WCT, we
suspected that this sample was mislabeled and from
another population. We did not include this individual in
further analysis, as it substantially reduced (in the thou-
sands) the number of diagnostic SNPs when included in
the dataset.

Previous work identified 4,914 putatively diagnostic
SNPs (Hohenlohe et al., 2011; Amish et al., 2012) using
54 bp reads, the same restriction enzyme, and de novo
assembly of loci. To validate this prior set of diagnostic
SNPs against the new data, we first aligned these prior
RAD loci to the RBT reference genome using bowtie2
(Langmead and Salzberg, 2012), providing chromosome
and base pair positions for previous SNPs that exactly
corresponded to the current dataset. We rejected any of
the prior diagnostic SNPs that were genotyped in fewer
than 10 of 84 individuals in the new dataset, or that
showed a minor allele frequency (MAF) greater than
0.01 in either species (effectively removing all SNPs
with more than one copy of the “wrong” allele observed
in either WCT or RBT).

We also tested our newly discovered diagnostic SNPs
against raw data from Hohenlohe et al. (2011). From the
24 individuals used in that previous study, we removed
7 individuals (Jocko river and Abbot Creek samples)
from populations where hybridization has occurred (Hitt
et al., 2003; Corsi et al., 2013). We aligned the sin-
gle-end RAD data from that study to the RBT reference
genome assembly using bowtie2 with parameters iden-
tical to those described above. We removed all reads
that did not align uniquely to the genome, and we called
diploid genotypes as described above. Finally, we re-
moved any SNPs in the new set of diagnostic loci that
were found to share a single allele (e.g., shared ancestral
polymorphisms) between WCT and RBT if at least one
individual was genotyped for each species.

Lastly, we compared admixture proportions of 94 in-
dividuals and population admixture in 5 hybridized
populations that were previously analyzed with 3,180
SNPs (Hohenlohe et al., 2013) and 7 microsatellite loci
(Boyer et al., 2008). We aligned the raw paired-end
RAD data (described by Hohenlohe et al., 2013) to the
RBT genome using bowtie2 and called genotypes for
the forward reads, using identical parameters as de-
scribed above. We extracted the genotypes for our new
set of diagnostic SNPs and calculated individual-level
admixture as the proportion of RBT alleles across all
loci. This compares results from not only the new set of
SNPs to those used previously, but also the approach of
aligning sequence reads to the RBT genome vs. using
WCT-based RAD contigs (Hohenlohe et al., 2013).

2 Results

2.1 Discovery of species-diagnostic SNPs

RAD sequencing of the 84 WCT and RBT samples
yielded a total of 229.6 million sequence read pairs. We
removed PCR duplicates and aligned the remaining
136.5 million read pairs against the recently published
RBT reference genome assembly (Berthelot et al., 2014).
On average, 54.5% (SD = 3.4%) of read pairs aligned
uniquely to a single genomic location for each individu-
al. This proportion was slightly higher (58.1%) for the
RBT individuals compared to the WCT individuals
(53.2%). We then estimated diploid genotypes per indi-
vidual at each nucleotide position in the first 94 bp of
each RAD locus (i.e., using only the forward reads),
with an average of 58,995 RAD loci genotyped per in-
dividual. After filtering and alignment, the mean se-
quencing coverage at successfully genotyped RAD loci
per individual was 14.0x (range 3.8-21.8x; SD = 4.4x).

Filtering based on the criteria outlined above for
number of individuals genotyped per locus, and apply-
ing a minor allele frequency threshold of 0.02 across the
whole dataset, produced a set of 77,773 SNPs, each
genotyped at a mean of 76.2 individuals (SD = 4.90).
Across this set of SNP loci, Fsr = 0.525 between the
two species. Of these SNPs, 17,424 were fixed for al-
ternative alleles between the two species. A subset of
these SNPs (9,789 out of 17,424, or 56.1%, that oc-
curred in the first 54bp of each RAD locus) was vali-
dated against the additional WCT and RBT population
samples from Hohenlohe et al. (2011). We found 636 of
these loci to be polymorphic within one or both species;
these loci were removed, leaving a final set of 16,788
diagnostic SNP loci. Data for these diagnostic loci is
available on the Dryad database (http://datadryad.org).
2.2 Mapping and validation

The newly discovered set of diagnostic SNPs were
fairly evenly spaced across the RBT genome. The RBT
assembly comprises 87 Mb (4%) on anchored and or-
dered chromosomes, along which position and orienta-
tion of contigs is known; 940 Mb (44%) on anchored
chromosomes, on which local ordering and orientation
of contigs is not known; and 1100 Mb (52%) on unanc-
hored scaffolds not assigned to a chromosome (Berthe-
lot et al., 2014). We found that putatively diagnostic
SNPs were distributed in similar proportions on anc-
hored and oriented chromosomes (5.0%; Fig. 2), over-
represented on anchored and globally ordered chromo-
somes (56%; Fig. 3), and underrepresented on unanc-
hored regions (39%; Table 1).
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Fig. 2 Chromosomal positions of species-diagnostic single-nucleotide polymorphisms (SNPs) on anchored and ordered

chromosomes in the recent a

ssembly of the rainbow trout Oncorhynchus mykiss genome (Berthelot et al., 2014).

Red lines delimit the known length of each chromosome (Berthelot et al., 2014). Black dots are newly discovered diagnostic loci (832 SNPs), khaki-
colored triangles are 142 SNPs shared between the new set of diagnostic loci and a previously published set (Hohenlohe et al., 2011). Green asterisks

represent 40 SNPs from Hohenlohe et al. (2011) that were mapped to chromosomal regions, but were not found in the new set of diagnostic loci.
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Fig. 3 Chromosomal positions of species-diagnostic single-nucleotide polymorphisms (SNPs) on globally ordered but not

oriented chromosome sequences (where the order of two adjacent contiguous sequences might be ambiguous), in the recent
assembly of the rainbow trout Oncorhynchus mykiss genome (Berthelot et al., 2014)

Red lines delimit the known length of each chromosome (Berthelot et al., 2014). Black dots are new putatively diagnostic loci (9729 SNPs), khaki-
colored triangles are 1831 SNPs shared between the new set of diagnostic loci and a previously published set (Hohenlohe et al., 2011). Green asterisks

represent 576 SNPs from Hohenlohe et al. (2011) that were mapped to chromosomal regions, but were not found in the new set of diagnostic loci.
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Table 1 Discovery, validation, and mapping of two sets of species-diagnostic SNPs: Those from previous work (Hohenlohe

et al., 2011; Amish et al., 2012), and those from the current study

Description Anchored, ordered chromosomes Anchored chromosomes Unanchored scaffolds Totals
Previous data 4914
Map to RBT genome 198 2407 1494 4099
Genotyped in new dataset 158 1831 1047 3036
Confirmed diagnostic 142 1653 916 2711
Polymorphic 16 178 131 325
Current study 877 9729 6818 17424
Confirmed diagnostic 832 9435 6521 16788
Polymorphic 45 294 297 636

The rainbow trout (RBT; Oncorhynchus mykiss) reference genome (Berthelot et al., 2014) is split into three groups: i) anchored and ordered chro-
mosomes, ii) anchored chromosomes, which are globally ordered but where local order and orientation is unknown; and iii) unanchored scaffolds
(not associated with any chromosome). Polymorphic sites refer to SNPs identified in a single dataset as diagnostic, but rejected here because of
polymorphism detected within at least one of the species in the other dataset. Shown are numbers of SNPs in each category.

We further screened and validated previously identi-
fied loci within the RBT genome, and compared the
utility of aligning against the RBT reference genome to
that of our previous set of RAD contigs from WCT
(Hohenlohe et al., 2013). From Hohenlohe et al. (2013),
contig lengths ranged from 147 to 519 bp with most
between 250 and 450 bp. A total of 3,456 out of 4,914
SNP loci (70%) aligned uniquely to a single RAD con-
tig from Hohenlohe et al. (2013). We were able to map
4,099 (83%) of these SNPs, of which 3,036 were geno-
typed in a sufficient number (>10) of individuals to al-
low validation against the expanded set of populations.
Of these, 2,711 were confirmed to be diagnostic and the
remaining 325 were polymorphic in either WCT or
RBT.

In our final test, we compared individual and popula-
tion-level admixture proportions previously estimated
with RAD-contig alignment (Hohenlohe et al., 2013)
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and microsatellite loci (Boyer et al., 2008) to rates of
admixture proportion calculated using alignment to the
RBT genome and an increased number of SNPs (16,788
vs. 3,180). The old and new estimates of individual ad-
mixture proportion were strongly correlated for SNP
loci (#* = 0.987; Fig. 4, right panel). The new SNP loci
were more consistent with population level estimates
from microsatellite loci, despite individual estimates
being more highly variable for microsatellite loci (Fig. 4,
left panel). Thus both the old and new SNP loci give a
more precise estimate, but the new set of SNP loci ap-
peared to eliminate some bias that was present in the
previous set of SNP loci.

3 Discussion

3.1 Discovery of species-diagnostic SNPs
We validated a previously-discovered set of 2,711
species-diagnostic SNPs between RBT and WCT (Ho-
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Fig. 4 Individual-level and population-mean admixture proportions (marked by +) estimated from a previous set of 7 di-
agnostic loci (left panel; Boyer et al. 2008) vs. current estimates from 16,788 SNP loci, and (right panel) using 3,180 SNPs

(Hohenlohe et al., 2013) vs. current estimates

Estimates are for the same 94 westslope cutthroat trout individuals from five populations in the North Fork Flathead River, USA as described pre-
viously (Hohenlohe et al., 2013). Populations are Meadow (black), Nicola (green), Dutch (blue), Lower Hay (purple), and Tepee (orange). The

dashed line shows the expectation of equality between the two estimates.
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henlohe et al., 2013), and discovered thousands (14,077)
of new diagnostic SNPs. In total, we have now identi-
fied 16,788 SNPs that can be used to describe genome-
wide patterns of introgressive hybridization between
these species (Figs. 2 and 3). The new discovery of
thousands of SNPs is due to several factors. First, we
used longer sequence reads (100 bp) compared to our
previous discovery of diagnostic loci (60 bp). Second,
we aligned sequence data against the newly available
RBT reference genome rather than conducting a de no-
vo assembly of loci, which has been shown to improve
clustering of reads to form loci (Catchen et al., 2013).
Third, we used paired-end sequencing, allowing us to
improve sequence alignment to the reference genome
and to filter out PCR duplicates. Lastly, we used geno-
typing parameters that were sensitive to loci with a
strong excess of heterozygotes and thus more conserva-
tive in identifying diagnostic loci. All of these consider-
ations are particularly acute in salmonid fish taxa, in
which a recent ancestral genome duplication led to abun-
dant paralogous sequence variants (PSV) that plague
development of genetic markers (Seeb et al., 2011;
Berthelot et al., 2014). It is worth noting that although
we have identified and removed PSV from our data set,
this also means that we are under-representing dupli-
cated genomic regions. How this may influence inter-
pretation of genome-wide patterns of admixture remains
an ongoing, and poorly understood, problem in popula-
tion genomics.

The available reference genome for RBT is still a
work in progress, with the large majority of contigs or
scaffolds either assigned to chromosomes but not local-
ly ordered (or oriented; 44%), or not assigned to chro-
mosomes at all (52%). Nonetheless, this resource ap-
peared to improve SNP discovery when compared to the
previous set of RAD contig loci assembled from WCT
(Hohenlohe et al., 2013). Even unanchored contigs pro-
vided a valuable reference for alignment, which served
to further filter reads by quality and to better assign
reads to loci in comparison to de novo clustering. Ac-
cordingly, a higher proportion of diagnostic SNPs from
the previous work aligned uniquely to the reference
genome compared to the previous set of RAD contigs
(83% vs. 70%, respectively).

The large number of species-diagnostic SNPs be-
tween RBT and WCT identified here was slightly higher
than the number of diagnostic loci discovered for other
hybridizing species in three recent studies (Stolting et
al., 2013; Li et al., 2014; Pujolar et al., 2014). It should
be noted, however, that direct (quantitative) compari-

sons between the studies is difficult because of several
confounding factors influencing the SNP discovery
process (e.g., methods, time since divergence, effective
population size, genome size, sample size, etc.). We
found 16,788 diagnostic SNPs out of a total of 77,773
with an overall Fsy= 0.525, using 84 samples (66 in
WCT and 18 in RBT) and 100 bp reads. Work on Euro-
pean eel Anguilla Anguilla and American eel 4. rostrata,
with mean Fsr ~ 0.055-0.018 for microsatellite loci,
identified 3,348 diagnostic loci (Fst > 0.95) using the
European eel draft genome and 25 individuals per spe-
cies with RAD 100 bp sequencing (Mank and Avise,
2003; Wirth and Bernatchez, 2003; Pujolar et al., 2014).
In two hybridizing tree species (Populus alba and P,
tremula), with Fsr ~ 0.634 between species for SNP loci,
a total of 5,079 fixed SNPs were found using the Popu-
lus reference genome, 7 samples from each species, and
70bp RAD sequencing reads (Stolting et al., 2013). Fi-
nally, in hybridizing Florida bass Micropterus florida-
nus and largemouth bass M. salmoides, with Fgr~ 0.117
for microsatellite loci, identified 3,674 putatively diag-
nostic SNPs using 60 samples (20 of each species and
20 F1 hybrids) to conduct RNA sequencing and de novo
transcriptome assembly with 100 bp single-end reads
(Barthel et al. 2010; Li et al., 2014). These studies all
demonstrate the power of genomic techniques to effi-
ciently discover thousands of species-diagnostic SNPs
in non-model taxa, allowing for the direct study of ge-
nomic patterns of introgressive hybridization.

3.2 Genomic studies of introgression

Ample coverage over large genomic regions is cru-
cial for early detection of introgression when levels of
hybridization are low and hard to detect with a limited
number of microsatellite loci. The updated set of mapp-
ed SNPs discovered here will be used to develop a spe-
cies-diagnostic SNP chip for testing thousands of indi-
viduals across the Flathead River drainage, and to more
accurately detect expansion of RBT introgression and
inform WCT conservation strategies range-wide (Hitt et
al., 2003; Boyer et al.,, 2008; Muhlfeld et al., 2009;
Muhlfeld et al., 2014). This panel will also be used to
assess the genetic status of individual fish, improving
our ability to detect even small amounts of nonnative
genetic admixture (e.g., super-invasive alleles).

In this study, we used samples from three non-hybri-
dized WCT populations in one drainage as well as a
hatchery strain developed from a wide range of WCT
populations. We used a smaller number of RBT indi-
viduals (though more than in Hohenlohe et al. 2011).
Because introduced RBT come mainly from a few hat-



HAND BK et al.: Genomics and introgression 153

chery sources, we expected that a smaller sample size
would be sufficient to capture variation in RBT ance-
stral polymorphic loci. However, this approach runs the
risk of missing ancestral polymorphism in RBT, which
could lead to underestimates of true admixture propor-
tion in hybridized populations if putative diagnostic loci
scored as pure WCT actually represent introgression
from RBT. This did not appear to be the case, however,
as our overall admixture estimates closely matched pre-
vious microsatellite-based estimates and were consis-
tently higher than a previous diagnostic SNP panel (Fig.
4). The increased estimates compared to the previous
SNP set may be explained by higher alignment success
in RBT individuals to the RBT genome, although this
difference was slight (see above). Instead, the agree-
ment of our current estimates with the microsatellite
estimates suggests the possibility that our current set of
diagnostic SNPs has removed some bias toward WCT
that was present in the previous SNP panel because of
alignment to WCT-based RAD contigs (Hohenlohe et
al., 2013).

When the source of invasive populations is not well
known, a sample size of at least 30 individuals would
likely allow for a high probability of detecting even rare
alleles (> 95% of detecting an allele with a minor allele
frequency of 0.05, or 99% with MAF = 0.1) that repre-
sent ancestral polymorphism (Allendorf et al., 2013).
The degree of shared ancestral polymorphism is af-
fected by genetic connectivity, local effective popula-
tion sizes and genetic drift, so these geographic and
demographic factors should also be considered in sam-
pling design for diagnostic markers. Increasing the nu-
mber of diagnostic markers in a comprehensive SNP
panel may reduce the variance in admixture estimates
caused by undetected ancestral polymorphism when
sample sizes are low.

These diagnostic SNPs will help identify mechani-
sms influencing the spread of adaptive introgression
into non-hybridized WCT populations. Adaptive intro-
gression has important evolutionary consequences, but
has been studied in detail only in a handful of systems,
and will be greatly aided by the dense, genome-wide
marker coverage we report here (Hedrick, 2013). Grea-
ter genomic coverage and density of markers is essential
for identifying genomic regions under natural selection
in admixed populations of RBT and WCT (Hohenlohe
et al., 2013) and other cases of invasive hybridization
(Fitzpatrick et al., 2010). Genome-typing a large panel
of diagnostic loci across hybridized populations or
through time can also help improve understanding of

how environmental variation or change influences rates
of introgression at neutral and adaptive loci (e.g., Fitz-
patrick et al., 2010; Muhlfeld et al., 2014). This study
illustrates the major leap forward that NGS allows in
generating dense, genome-wide SNP coverage crucial to
studying hybridization, one of the most serious threats
to global biodiversity.
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