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Abstract

Wild'specimens are often collected in challenging field conditions, where samples may
be contaminated witthe DNA of conspecifiandividuals. This contamination can result in false
genotypescalls, which are difficult to detect, but ra#go causénaccurateestimates of
heterozygosityallele frequenciesaand genetic differentiatio Marine broadcaspawnersare
especially problematic, becausepulationgeneticdifferentiation is low angamples areften
collected in"bulk andometimedrom active spawning aggregatiohtere, we used contaminated
and clean Pagific herringC{upea pallasi samples to test (i) the efficacy of bleach
decontamination, (ii) the effect of decontamination on RAD genotypes, and (iii) the
consequences of contaminated samples on population genetic analkysedlectedin tissue
samples frem.actively spawning ¢hthus contaminated) willderring and nofspawning
(uncontaminated) herringamplesvere soaked for 10 minutes in bleawteft untreatedand
extracted.DNA was useid prepare DNA libraries usingrastrictionsite associated DNA
(RAD) approaehOur results demonstrate that intraspecific DNA contamination affects patterns
of individual and population variability, causes an excess of heterozygotes, and biasgs®st
of population structuréBleach decontamination was effective at removing ipgagic DNA

contamination and compatible with RAD sequencing, producing dugiity sequences,
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reproducible genotypes, and low levels of missing data. Although sperm contaminatiba ma
specific to broadcast spawngrgraspecificcontamination of samggmay be common and

difficult to detect fromhigh-throughput sequencing datéand can impact downstream analyses
Keywords:

DNA contaminationRAD sequencing, population genetics, Pacific herring, heterozygosity

Introduction

High-throughput DNA sequencing has advanced the field of molecular ecology by
enabling comprehensive investigations of genetics and genomics maugi-species
(Allendorf, Hohenlohe, & Luikart, 2010; Andrews, Good, Miller, Luikart, & Hohenlohe, 2016;
Ekblom &"Galindo, 2011). However, high-throughput sequencing is sensitive to the
contamination of samples with exogenous (temget) DNA Errors introduced by ietspecific
DNA contamination havbeen identified in whole genome assemb(isutsovoulos et al.,
2016; Longo, O'Neill, & O'Neill, 2011)ancient DNA(Campana, Robles Garcia, Ruhli, &
Tuross, 2014)and metagenomic datas€ghmieder & Edwards, 2011). To address the problem
of interspecific'contamination, bioinformatic tools have been developed to remove exogenous
DNA from sequence dat&chmieder & Edwards, 201bgfore contaminated sequences are
incorporated into downstream analyses. These methods typically identifgngetsequences
by aligning them to databases of common contaminating species; as a result, they casedt be
to detecintraspecific contaminatiocausedy the unintentional mixing of DNA between

individual'samples of the same species.

Intraspecific contamination may profoundly affect downstream analysis, even though it
canbe hard to detect in raw dakalse heterozygotesflate measures of observed
heterozygesitys(Jun et al., 201&)d genetic diversity, arghnlead tobiasedestimates of allele
frequenciesnd‘genetic differentiatioin species with weak population structure, contamination
may either@bscure true differentiation or, alternatively, suggest significant genetic

differentiationswhere none exists.

Somebioinformatic tools have been developedtreen sequences fotraspecific DNA
contamination (Flickinger, Jun, Abecasis, Boehnke, & Kang, 2015; Jun et al., 201Rgdaut
tools were primarily developed foumanre-sequencing studies; as suttiey require pre
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existing baseline data on population allele frequencies or high-coverage individoiyipgs to
identify contaminated individuals. These typpégenomic resources are oftentimes unavailable
for non-model species and consequently little attention has been given to the Ipurieilean

of intraspecific DNA contaminatiom most molecular ecology studies.

Intraspecific contamination can particularly problematic istudies of wild populations
of non-modelorganisms. First of all, samples are often collected in challenging or remote field
conditions; where access to resources such as sterile water and clean tools is limited. In addition,
field sampling.can involve the bulk collection of multiple individuals. For exaraplmals such
asfish or inseetamay be caught in nets where numerous individuals are in close contact with
each other’s/tissues or bodily fluids, increasing the risk adspecific contamination
(Greenstone, Weber, Coudron, Payton, & Hu, 2012; D. Mitchell, McAllister, Stick, & Hause
2008). Mare generally, laboratory errors during sample handling or DNA library preparation ca
alsoresultdntintraspecific DNA contaminatid®ehn et al., 2015), and the commoa ok
lllumina adapters duringigh-throughput sequencirfguch asestriction siteassociated DNA
(RAD) sequencing (Baird et al., 2008), means that any exogenous DNA present in a sample

could be amplified during PCR.

One.ofthe standaranethods to decontanadte samples iseatmenwith bleach this
approach has beersed tacleanbone samples before sequenaifigincient DNA(Kemp &
Smith, 2005; Yang & Watt, 20053swell asfresh tissue sampldésr microsatellite(D. Mitchell
et al., 2008),and mitochondriahalysisGreenstone et al., 2012). However, traditional
microsatellite and mitochondrial sequencing, as well asthighughput sequencirgf ancient
DNA, cantilizeshortDNA fragments as template. In contrd®AD sequencingequiresvery
high-quality DNA with intact restiction sites, otherwise there isdaamaticreduction in the
number of raw sequencpeoduced (Graham et al., 2015). Given thlaach decontaminates
samples by degradirgyirfaceDNA (Kemp & Smith, 2005), the effect of bleach on the quality
and quantity effendogenous sequence reads produced by RAD sequencing is currently unknown.
Thereforepbleach treatment mdfeat downstream analgs, even if decontamination were

successful.

Here, we used contamitegl and cleaPacificherring(Clupea pallasi samplego test(i)

the efficacy obleachdecontamination, (ii) the effect of decontamination on RAD genotypes,
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and (iii) the consequences of contaminated samples on population genetic aBglyses.
combining these results, we identified the impacts of contamination on populatioic genet
analyses and empirically validated an approach aimed at minimizing contamination that is

compatible with RAD sequencing.

Materials and Methods

Sample caollection

Sexually maturdacificherringwere collected immediately prior to or during active
spawning'events using seine nets or hook and line fishing gear (Table 1). Adult hereng wer
sampled frongenetically differentiategopulationswvith different spawn timingBeacham,
Schweigert, MacConnachie, Le, & Flostrand, 2008; D. M. Mitchell, 2006; Small et al.,; 2005)
our study included samples from the “primary-spawning” populations of Quilcene Bay (WA)
and Spilles€hannel (BC), and the “late-spawning” population from Cherry Point.(W#g
sexual maturity=of each individual was visually determined following the go&ketlescribed in
Bucholtz et al(2008). During sampling, herring sperm was clearly visible in the water column
and fish readily released gametes when slight pressure was applied to their afdhentEmsity
of sperm in‘the water column duriagherring spawn may be as high as280 sperm/mL
(Hoursten & Rosenthal, 1976), resulting in considerable intraspecific DNA contami(ia.
Mitchell et al., 2008). Thus, osamples were likely contamiteal with the DNA of multiple
herring. Filer-muscle tissue samples were taken from each individual and inetyest@ted in

100% ethanoain individual vials

Captivesjuvenile herring that were sexually immature were used as an uncotgdmina
control groupduvenile herring were reared at the United States Geological Survey (USGS)
Marrowstone Mariné-ield Station, WAfrom fertilized eggs collecteat Cherry Point, WA
(Table 1). Herring were individuallgaught from aquaria and euthanized using tricaine
methanesulfonate (M322). Fin tissue from each individual fislas sampled immediatend
samples:were preserved100% ethanol. To minimize the risk of cross-contamination during
sampling, a new scalpel wasedsfor each fish, and other sampling equipment (Bvgegzers,
cutting mats)as cleaneavith 10% bleach solution followed by three rinses of distilled water

and flame sterilization.
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139  Experimental assessment of bleach treatment
140 Tissue samplemken fromwild adults (N = 17) and captive juveniles (N = ¥Bre split

141  into two pieces(approximately 2 mf) and exposed tthe following experimental treatments:
142 1. Null treatmentsamples were stored in 100% ethanol until DNA extraction.

143  2.Bleachtreatment: Following a modified protocol of Mitchell et @008),samples were

144  placed in individual tubes and immersed in &0of 0.12%sodium hypochlorite (bleach)

145  (SigmaAldrichySt. Louis, MO, USA) for ten minutes. Duribgead incubation, samples were
146  vortexed at mediurhigh speed. Subsequently, we remolkzhchfrom the tubes and added 200
147  pLof Milli -Q purified water (Millipore, Bedford, MA, USA). Samples were vortexed for one
148  minute at medium-high speed, after which M@liwater was removed and fresh Mii water

149  was added to the tube. This water rinse was repeated five times, and samples were stored in
150  100% ethanol until DNA extraction.

151 Toestimate genotyping error rates within and between treatment groups, fivéguveni
152 herring were subsampled replicate and both subsamples were subjected to éxperimental

153  treatmentsin addition, we also created four “dirty cocktails” as reference positive controls for
154  DNA contamination. Each dirty cocktail contained 25 mg/f DNA from four different

155  juveniletherring.in equal proportions.

156 Wetested theeproducibilityof thebleachtreatment by implementingan a large
157  number of spawning adult herring (N = 19%hese fish wersampled from the sanggographic

158 locationas the herringhat were used in the null abteacled treatments (Table 1).

159  DNA library preparation and sequencing

160 Genomic)DNA was extracted from each subsample using the Qiagen DNeasy Blood and
161  Tissue Kit(Qiagen, Valencia, CA, USANA was visualizedvith agarose gel electrophoresis

162  to assess'DNA"quality and quantified with the PicoGreen dsDNA Assay Kiiir¢igen,

163  WalthamyMA, USA). We standardized the DNA concentration of each sample to 2b.ng/

164 As an initial check for contamination, sixicrosatellie loci Cpa8, Cpa-104, Cpa-113
165  (Miller, Laberee, Schulze, & Kaukinen, 20)dCpa106, Cpa-107a, Cpa-11(Dlsen, Lewis,
166  Kretschmer, Wilson, & Seeb, 2002yere usedby the Washington Department of Fish and

167  Wildlife Molecular Genetics Lalyatoryto screen evergamplethat was preseimm both the
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168  bleachand null treatment groups (N = 37), following the protocol of Olsen et al. (280&les
169  were scored on Peak Scanner 2 (Life Technologies, Carlsbad, CA, d$t#9.microsatellite

170  data, ve defined contaminated samples as those contamore than two allelest anylocus.

171 We followed the protocol dEtter at al(2011) to prepare DNAbraries for restriction

172  site associate(RAD) sequencing. Depending on availability, 200 to 500 ng (depending on
173  availability) of genomicDNA per individual was digested with the restriction enzgh# (New
174  England Biolabs, Ipswich, MA). Samples were individually labeled using a custom set of 96
175  barcodeslftegrated DNA Technologies, San Diego, CA) and groups of 12 samples were pooled
176  into libraries.that were sheared to a length of approximatelyp&8@ pairshjp) using a

177  Bioruptor sonicatorPiagenode, Denville, NJYVe modified the Etter et a{2011) protocol by
178  usingAMPure XP magnetic beads (Beckman Coulter, Brea, CA, U8Aizeselect DNA

179  fragments (30600 bp) and purify DNA products. Howevail other stepgblunt-end repair, 3'-
180  dA overhang addition, P2 adapter ligati®CR were conducted as described in Etter at al.

181 (2011).AfterPCR, theDNA concentration of each library was quantified using the PicoGreen
182  dsDNA Assay Kit(Thermo Fisher Scientific, Waltham, NJAWe standardized the concentration
183  of each library to 1@M and pooled librariesuch thaé8 individuals wee sequenced p&aneof
184  an lllumina HiSeq 2500 (Illumina Inc., San Diego, CA) at the University of Oregon Gesiomic

185  Core Facility=Fhe resulting sequences weiagleend andL00 bp in length.

186  Bioinformatics analyses

187 We _ used th@rocess_radtagscript inSacksversion 1.39 (Catchen, Hohenlohe,

188  Bassham, /Amores, & Cresko, 2013) to demultiplex individual samples, resaquences with
189  low quality scores (Phred score < 10), and trim sequences to a length of @aibasehe

190 quality of sequencing data was assessed using FastQC

191 (http://www.bioinformatics.babraham.ac.uk /projects/fastqc/).

192 Follewing the protocobf Brieuc et al(2014) we created a reference databadeenfing

193  RAD locito facilitate sequence assembly and locus identification. The reference database was
194  built usingjuvenile samples (null treatmenbjat had aleast 1.5 million sequences EN19).

195  First, we assembled sequences and identified loci in these samples usiegithedocus

196  discovery pipeline irstacks Loci within each sample were allowed to have up to three

197 nucleotide mismatchesigtacks M = 3) and ach allelehad to be sequenced at a minimum depth
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of 5X to be retained in the analysisfacksm = 5). Subsequently, we removed loci with tandem
repeat units usinBlastversion 2.2.25 (Altschul, Gish, Miller, Myers, & Lipman, 1990) and
bowtie version 0.12.7 (Langmead, Trapnell, P&Salzberg, 20093s described in Brieuc et al.
(2014).

All sequencedamplegN = 280)were aligned to the reference databasRAD loci
usingbowtie allowing upto three nucleotide mismatches between the reference and query
sequencesSequences that aligned to the database were subsequently processedosititkise
script inStackso identify loci in each sample (minimum depth of coverage to report a stack =
10; SNP maedelalpha = 0.05)We filtered out lowquality samples by only retaining those that
contained at/least 20,000 RAD loci affstacks To maximize the number of loci retained, a
catalog of loci was constructedéstacksusinga subset of the temost deeply sequenced
individuals_pleachtreatment) from each sampling locatiétl. samples were genotyped using
sstacksaandweonly retained loci that were present in 80% of samples from each treatment

group.

We removed possible sequencing errors by filtering the SNPs discoveftadikg A
customipython scrigiublished in Brieuc et a{2014)were usedo retainonly loci with two
haplotypes.and toe-scoregenotypes. This method designates a heterozygote genotype if each
allele is sequenced at least twice and the locus is sequenced to a depth offesitrieacds
Subsequently, @filtered out loci and individuals that had more than 20% missing data. Loci
characterized,by very low minor allele frequencies were filtered from the final datasegra
allelehad to _be/present in at leaste of the treatment groups at a frequency of 0.0thédr
locus to be'retaineidd downstream analysesinally, wetested fordeviations from Hardy-
Weinbergequilibrium (HWE)using the exact test based on 1,000 Monte Carlo permutations of
alleles as'implemented in the R packamgas(Paradis, 2010). Loci that were out of HWE in
every one bthe population genetic samples (Cherry Point, Quilcene Bay, and Spiller Channel)
were removedsfrom the analysis. As a final assessofidatus assembly, we followed the
recommengdations of Paris et @017) and aligned thidtered set of loci to the Atlantic herring
genome usingpowtie2version 2.2.§Langmead & Salzberg, 2012)/e also estimateper{ocus

Fis at each sampling location usi@gnepopversion 4 (Rousset, 2008).
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Individual multilocus heterozygosity(), the number of heterozygous loci divided by
the total number of loci genotypeadas calculated for each sample. Our expectation was that
contaminated samples would be characterized by higher valtgstdn the uncontaminated
control group (juvenile herring) because they would contain alleles from multiple individuals.
Variation in.multilocus heterogypsity among uncontaminated individuals and populations was
expected to be‘small, as Pacific herring are characterized by large populatiplowizes
inbreedingand‘low genetic population differentiation (Small et al. 2005, Mitzbea,
Beacham'etal™23).

In addition, we tested whethkleachdegraded target DNA and introduced error to the
data by comparing the genotypes of identical juvenile herring in the nutl@achtreatment
groups N = 20. This error was quantified as thamber of genotype mismatches observed
between replicate extractions from the same individual (N = 5). A Wilcoxon sign&dest was
used to assess‘whether the mean genotype mismatch rate differed between replicate samples and

treatment groups(a = 0.05).

Populationistructure

We.investigated the effect of intraspecific DNA contamination on pattenpspefiation
structure by-analyzing samples in the null Bleghchedreatment groups in combination with the
larger number obleachedsamplesFirst, we mnducted a principal componemisalysiSPCA)
using the Rpackageadegene{Jombart, 2008\We also conducted an analysis wittucture
version 2.34«(Pritchard, Stephens, & Donnelly, 2000) using two different subsetslatahthe
first set included all samples, while the second included only bleached samplestwvhase
within thefrange observed in uncontaminated juvenile samples. We implemented itttaradm
model and allowedllele frequencie® be correlated among populations. Sampling location was
used as prior information (LOCPRIOR model), which can help detect clusters wheatpopul
structure is weakHubisz, Falush, Stephens, & Pritchard Jonathan, 2008ge repetitions of
the model were rufor each value oK (number of clusterganging from one to siAll runs
consisted of.20,000 burn-gtepsollowed by 50,000 Markov chain Monte CadtepsWe
subsequently usestructure harveste(Earl & vonHoldt, 2012) twisualize likelihood values for
different values oK andcalculate thed-hoc statistiIK to identify the highest hierarchical

level of clustering in our data set (Evanno, Regnaut, & Goudet, 2005).
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To further investigate the effects of contamination and bleach treatment on meésure
population structure, populations were divided intsB8samplesf approximately six
individuals ¢ange= 4 to 7 individuals), the sample size of the smallest colleation
contaminated individuals from a single location. A recent s{\diling, Dreyer, & van
Oosterhout:20123howed that a small number of individuals=(#6) can be used to obtain
unbiased estimates Btrwhen large numbexs loci (N > 1,000) are genotypeRairwiseF st
(B. Weir & C.:"Cockerham, 1984etween subsamples was calculate@enepop grsion 4 and
used for nermetric multidimensional scalingiMDS) in Primer 6(Clarke & Gorley, 2006).
Observed andxpected heterozygosity were calculated in GenAlEx veGB(Peakall &
Smouse, 2012), arfels (B. S. Weir & C. C. Cockerham, 1984as estimateth Genepop
version 4 (Rousset, 2008). To compare differentiation with and without contaminated
individuals hierarchicaAMOVAs were céculated in Arlequin ersion3.52(Excoffier &
Lischer, 2010), using two alternative groupings. In the first comparison, groups were defined by
populationy(Cherry Point; Quilcene Bay; Spiller Channel) and subgroups consistedvas the
different treatments (bleach, null). In the second comparison, groups were defined btiggopula
and subgroups‘consisted of subsamples of individbdst-7); different iterations of this

AMOVAwere conducted excluding untreated individuals Eindutliers.

Results

Sequencing.and,genotyping

We'successfully genotyp&2% of individualsatthree or morenicrosatellite loci Six
out of 17 adulherringin the null treatment grougisplayed more than two alleles per
microsatellite locus, indicating thdteywere contaminated with the DNA of multiple herring.
Treatment wittbleachappeared toemove contamination from all but one of the samples. None
of the 20juvenile herringhad more than twmicrosatelliteallelesafter either treatment
demonstratinglack of contamination and confirming our hypothesis that sample coritaminat

was caused by the presence of sperm in the water catuwild spawning aggregations.

A reference database of RAD loci was built using sequences frgmvdr@ile herring in
the null treatment group; one individwads excluded from the database because it contained

fewerthan 1.5 million raw sequences. A total of 29,551 putative loci were initially igehtif
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286 and 28,997 loci were retained in the reference database after filtering out loci with tandem

287  repeats and highly repetitive sequences.

288 After removing loci that were out of HWE in every populatior, identified3,502

289  biallelic RAD.loci that were sequenced at a minimum read ddpth eequences in more than
290 80% of individuals and had a minor allele frequetiat exceede@.05 in at least one of the
291  populationsWe found that 93% of these loci aligned exactly once to the closkelied Atlantic
292  herring genome. Locuspecificestimates oF s were distributed around zero (Supplemental
293  Figure 1), whiehis concordant with expectations und®WE. A total of 240 herring had less

294  than 20% missing genotypes and were retained in the final data set.

295 Sequencing quality was robust and genotyping error was low for jusamiplesn the

296 null and bleackdtreatment groups. Juvenilareples treated with blelavere characterized by

297  slightly more sequences containing the restriction site (RADtags), loci per sample, and average
298 read depth (Figure)1However, the genotype mismatch rate between treatments in the replicated
299  juvenile individualsvas verylow (1.8 + 1.4%, mean = SD), and similar to repeated bleach

300 treatments(1.4+ 1.3%). The distribution of genotype mismatches did not differcstéyis

301  between replicatedividualsin the same (bleaeld) or across (null vs. bleachdteatment

302 groups (Wileexon sign rank tegt,= 0.55), indicatinghat treatment with bleach does not alter

303 the endogenous (“true”) genotype of a sample.

304 Impacts of eentamination on individual level variation

305 Asexpected, multilocus individual heterozygoslty)(was higher in thentreatecadult
306 samples than ianysamples that were cleaned willeach(Figure 2). @mples in the dirty

307  cocktail group K= 4) exhibited higiH, (median = 0.45put low variation inH, among

308 individuals.(28vand 7% quantiles= 0.44- 0.46) In comparison, adult herring samples in the
309 null treatméht'groupN =11) hadslightly lower but more variablel, (median = 0.41, 25and
310 75" quantiles="0.31-0.42), buthe maximunH, observed in this group was as high as 0.60.
311  Adult herring sampleseated withbleach(N = 174),were characterized by much lowdy

312 (median =0.18"2%" and 7%' quantiles= 0.17 - 0.20. These values were similartftatobserved
313  for non-spawninguvenile herring(N = 20),in the null fmedianH, = 0.18, 28" and 7%' quantiles
314 =0.17 — 0.19) andiéach(medianH, = 0.18, 2%' and 74' quantiles = 0.18 — 0.2®eatments.
315 Howeverthere was some evidence for residual contamination in cleaned adult sam@¥s, as
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(14/174)of thosesampleshadH, that was above thenge observed in juvenile samp({Egyure
2).

Intraspecific contamination affectgatterns of individuatlifferentiation as shown by
PCA (Figure.3\; B, and C).When all samples were included in the same analysist of the
variation wadriven by contaminateddult samplegFigure ). When these contaminated
samples were removed from the analyses Masation was explained by the first axis but
outlier sampes were still evident (FigureB3. These samples consistedldfadult herring that
were treated witlbleachbut whoseH, was relatively high (between 0.25 and 0.34) exceeded
the maximumavalue observed in juvenile samples (D\#8)hereinafter refer to these samples as
H, outliers Once theseél, outliers were removed from the analysi$ierry Point adults and
juveniles clustered separately from Quilc&as and Spiller Channel samplésigure X).
Furthermare, cleaned adult samples collected from two different years at Ebenrglustered

together withjuvenile samples originating from the Cherry Point population.

Multiple runs ofStructureidentifiedK = 2 as the most likely number of groups when
only cleaned'dataere included in the analysiBhisresult wassupported bestimates of the
posterior-probability of the data givé&nclusters nP(D)) and4K (Figure 4A. Fish collected at
Cherry Point«(adults and juveniles) formed a distinct cluster, while fish collected at Quilcene Bay
and Spiller Channedtrongly assigned ta seconaluster. In contrast, wheall samples
(includingycontaminated adu)terere included in the san&ructureanalysis].nP(D) and4K
did not converge on the sameswer(Figure 4B and C). The posterior probability of the data
givenK clusters wasighest aK = 4, while the distribution oK showed peaks at bokh= 2
andK = 4 (Supplemental Figure 2). A = 2, the estimated ancestcpefficient ofbleached
samplesvassymmetricacross all sampling location® € 0.82 £ 0.02mean * SI) while itwas
quite different for contaminated samp({&sgure 4B) At K = 4 the same pattern was obseryved
although population differentiation was more apparent in both clean and contamingézssa
(Figure 4C) Inqall cases, however, all individuals appearededighly admixed, most likely

becauseof,low population differentiation.

Impacts of contamination on estimates of population structure

Similar and considerable effects of contamination were apparent for population

parametersHe, Fis, Fs1) estimatedrom subsamples of individuatiawn fromeachherring
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population (Cherry Point, Quilcene Bay, and Spiller ChanAdlz ontaminatedubsampleand
the ‘dirty cocktail’had amore negativéds (indicating arexcess of heterozygotes) and higher
expectecheterozygosity values thdoheached adukubsampletackingH, outliers
(Supplemental Figure 3)n addition,subsamplesf juvenile herringhad similarvalues of
heterozygosity. an# s before and after bleachinlost adultsubsamplebkad similar
heterozygosity.and dfs close to zero after bleachingspeciallywhenH, outlierswere

removed.

Contaminatioralso hada clear effect on genetic differeation betweesubsamplesf
individuals'selected from the same population. Subsamples containing highly contdminate
individuals were outliers in the nMDS analy@tsgure3D, E, and F)Both the ‘drty cocktail’
and the unbleachextlultsubsamplegxhibited high differentiation from bleached subsamples
taken from the same populatidfidg 3D,Fst= 0.015 - 0.070, Supplementédblel). After
bleachingadult'herringsubsamplesaken from the same populatiarere lesglifferentiated
from eachothefFig 3F,Fst=-0.009 - 0.019, SupplementBble ), althoughsubsamples
containingH, outliersexhibited higher differentiatior-{g 3E,Fst= 0.016-0.028 Supplemental
Table 1. ThelowestFstvalues were observed between the bleached and unbleached replicate

subsamplesfthe same juvenile individuals (Supplemefitable J).

Hierarchical AMOVAsdemonstrated that contaminatican inflate underlying genetic
populationdifferentiation (Table 2)When contaminated individuals were included in
comparisons,of population atrdatmen{Table 2, AMOVA 1), thalifferentiation between
treatmengroups from the same populatidfsf) wasgreater thathe differentiationobserved
betweerdistinctpopulations fEct). When contaminated individuals were included in an
AMOVArusing'subsamples of individuals (Table 2, AMOVA 2), contamination inflated the
overallFst. Contaminatioralso increasethe differentiation betweepopulation groupsHcr) as
well asthedifferentiation amongulsamples within @opulation Fsc). Adding individual level
analyses into.the AMOVA did not change these trends, although the presence of comfaminate

samples'was clearly indicated by more negdtivevalues.
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Discussion

Effects of contamination

Our results demonstratieatintraspecific DNA contamination affects patterns of
individual'and population variability, causes an excess of heterozygotebjases estimates of
population structure. However, contamination could be easily removed, and treatmesoiesf tis
with bleachdid not affect theuality of resulting sequencing results. Our results therefore
highlight the importance of identifying and removing contamination in tissues intéardedD

sequencing.

Signalsof intraspecific DNA contaminatioaremore subtle in SNPs compared to
microsatellite loci. In highly variable markers such as microsatellites, heavily contaminated
individuals are easily identified by the presence of more than two alleles (in a diploid species
a single locugD. Mitchell et al., 2008)In contrast, contaminated samples genotyped at biallelic
SNPs simply exhibéd higher individual heterozygosiijH,) relative to uncontaminated sample.
Nevertheless;"SNP data appeared more sensitive to contamination than microsatellites: while
only 35% of unbleached adult herring had three or more microsatellite aikelexcus 82% of

those same.,samples exhibited elevéterklative to juvenile herring.

These-findings underscore thtlity of using clean samplés estimate empirical
distributions ofH; A modest number of clean reference samples can be used to construct a
baselingor comparison wittpotentially contaminad samples using the simple metridpf
FurthermareH, Is a standard metric that is commonly reported in population genetic studies
(Hoffman et al., 2014; Kjeldsen et al., 2016; Tarpey et al., 2017). To our knowledge, this is the
one of the first studies of wild populations to examine patterhk a$ aquality-control
measurey even'though a related metric (ratio of heterozygousfemancenomozygous sites) is
commonly used in the quality control of human genomic data (Wang, Raskin, Samuels, Shyr, &
Guo, 2015)We recommend that researchers examine the distributidnioftheir dataacross
individuals and populationgnd carefully consider whether outlier samples could be caused by

intraspecific DNAcontamination.

However, we recognize that interpretidgoutliers in species with very small effective

population sizes or inbreeding could be more complicated. Individual heterozygosity and
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inbreeding are strongly correlated with each other when popuisizes are very small and

mating systems are highly skewed (e.g. polygyny, selfing) (Balloux, Amos, & Coulson, 2004;
Hoffman et al., 2014). Therefore, if individual heterozygosities were highly variabledet
individuals and/or populations, higher valuespfin outbred individuals, immigrant
individuals,.er.highly diverse populations could be mistaken for a signal of contamirl&ti

those individuals were removed from a dataset because they were mistaken for contamination, it
would leadto'be a reduction in the average heterozygosity of that population and bias sampling.
For species'with large populations and potentially high gene flow, such as [iBeaupam et

al., 2008; Lamichhaney et al., 2017; Limborg et al., 2012) and many other marine fishes
(Knutsen et al,2011; Reiss, Hoarau, Dickey-Collas, & Wolff, 2009), variability in ohovi
heterozygosity‘should be low. Ougsults suggest th&is estimated even in relatively small
subsamplesf individuals N= 4-7) is a sendive indicator of contaminatiorthat may be useful

whenH, is variable

Marine species are characterized by weak population differentiatiois seaisitive to
sampling errors,(Waples, 1998). A possible consequence of contamination would be théat “noise
introduced. into a dataset through contaminagihgles wouldoverwhelm faint signals of genetic
differentiation*between populationisdeed, this hypothesis was confirmed by r@sults;
contaminated-samples appeared as outliers in every analysis, and led to inflated estimates of
populationdifferentiation Fs1) and differentiation amongubsamples within population Fsc)
in an AMOVA"framework Clustering approaches weatsostrongly affected by contamination:
heavily contaminated individuals and populatafsamples werautliers in PCA and nMDS
analyses, anthay thus impact the interpretation from such approa&tasctureresultswere
alsodominated by contaminates@mplesandLnP(D) and4K did not converge on the same
value ofk-when'these contaminated samples vireckided in the data. Without contaminated
samplesStructuredetected subtle but clear population structure. Contamination can therefore
distorttrue population structure, whighespecially problematic in the context of conservation
geneticsandresourcananagement, as genetic data are often used to help delineate conservation
or management units (Funk, McKay, Hohenlohe, & Allendorf, 2012; Palsbgll, Bérube, &
Allendorf, 2007; Scribner et al., 2016). Thus, it is possible that contaminated genotyjpes coul
lead to tle erroneous designation of management units and the accidental overexploitation of

harvested populations.
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Efficacy of bleach treatment

Ourresearclalsoconfirmsthe efficacy of bleach treatment as a methodetmontaminate
tissue samples collectéar RAD sequencing in challenging field conditionse&hremoved
the majority of contaminant DNA on samples collected from spawning aduldyarsing this
method, wewere able to salvage 92% of adult samples collected during active spawn events and
discover 3,502 pelymorphic RAD loci in Pacific herridgter decontamination with bleach
only onesamplewas identified by microsatellites as being contaminated. Howaweodest
number ofbleachedadultsamples (%) were characterized levated values dfl, , which
could be indicative of small amounts of residual contaminatiospbssiblethat the
concentratiom and/or duration of the bleach treatmeningasficient to remove aliraces of
contamination; and th&w levels of residual contamination westdl detectablen RAD

sequacesgenerated fronthese samples

Once contaminated individuals were remofredn the data sesubsamplesf
individuals taken from the same location produced very concordant estim&tgs efen
though subsample sizes were tibNgz(4- 7).However, t has been shown thaliableF st
estimatesansbe obtaineftom very few individuals if loci can be sampled without biaslling
et al., 2012). Furthermoreshile the separatiobetweenCherry Point herring amsamples from
QuilceneBayand Spiller Channelbothindividual and subsample clustering approaches
confirms previous studies of Pacific herring (Beacham et al., 2008; D. M. Mjt2Bék; Small
etal., 2005), which found that Cherry Point herring were reproductively isolated from other
populations due to differences in their spawn timing, an nMDS and AMOVA based on
subsamples.detected subtle but significant differentiation bet@e#cene Bay and Spiller
Channel;:which,were previously both considered part of the same popytign Mitchell,
2006; Small"et-al., 20057 his result indicates that analyses based on small subsavhples
individuals may'be more powerful than those based on full samples, as suggeg@tiéeldpn et
al., 2012).

Previous research has shown that RAD sequencing requiresigiemyuality DNA as
input, otherwise there is a significant reduction in the number of raw sequencesgroduc
(Graham et al., 2015]reating tissue samples in a dilute solution of bledidmot hinder the

constructim of RAD sequencing libraries, reduce the number of loci discovered irsaandie
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463  or affect the quality of sequence reads. Instead, juvenile samples treated withyidéseh

464  slightly more loci and were characterized by greater read depth per locusammggred to the

465 same sampla the null treatmenfThis is most likely due to batch effects causedlight

466  differences in the amplification success of pooled DNA libraries, which exclusively contained
467  either samples frorthe null or bleached treatment groupplbrtantly we found thableachdid

468  not degrade the endogenous DNAissue sample®on averge, 98% of loci had matching

469  genotypesvhen'we compared replicate edtions fronthe same juvenileerring(aaoss and

470  within treatment grops). This genotyping error rate is similar to rates observed in conventional
471  RAD sequencing studi€sountain, Pauli, Reid, Palsbgll, & Peery, 2016; Masté#aes et al.,
472 2015).In addition, the fact that juvenile samples (from either treatment) and cleaned adult
473  samples (fromrboth sampling years) fr@hnerry Point clustered togethends further support

474  that bleach treatment did nagrade endogenous DNA and cause false patterns of genetic

475  differentiation.

476 Although' the problem of sperm contamination may be specific to broadcast spawners,
477  intraspecific DNA contamination remains a possible source of error forcailght specimens

478  of most species. Therefore, researchers will have to evaluate the risk of contamination en a case
479  by-case basis=While treatment with bleach is a relatively simple anéftestive way to clean

480 adult tissuessamples, it might only be appropriate for studiese robust pieces of tissue are

481 available. For example, when we applied this method to delicate or@etbgfring larvae,

482  almost no"DNA"could be recovered (data not shown). Thus the concentration and/or duration of
483  bleach treatment might have to be adjusted for studies targeting very dsdicgdies. In

484  addition, special consideration should be given to sampling conditions, such as the bulk

485  collection(Greenstone, Weber, Coudron, & Payton, 2011; King et al., 231sktprage of

486  specimenssthat could result in the accidental mixing of bodily fluids or Eeltsexample,n

487  forensic science, considerable attention has been givhae fwtential ofntraspecific

488  contamination during sample collection (Cale, Earll, Latham, & Bush, 20ib¥ample

489  processing In the laboratory (Vandewoestyne et al., 2@idygh such practices are less

490 common inmolecular ecology

491 In conclusion, we showhat intraspecific DNA contamination caffectsubtle patterns

492  of population structure that are characteristic of many marinefiistverified thattreatment
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with bleachis anappropriatenethodfor removing surface contamination from tissue samples
without degrading endogenous DNA, resulting in reproducible genotypefRif@drsequencing.

Our approach is likely to be applicable to tissue samples from other species.

Acknowledgements

We'thank colleagues from the Washington Department of Fish and Wildlife (Dayv
Lowry, Adam Lindquist)Department of Fishes and Oceans Carfaday Beacham)United
States Geological Survélaul Hershbergerand the Heiltsuk IntegratedeRource Mangement
DepartmentMike Reid)for collecting samples and sharing them withlgadora Jimenez
Hidalgoand Mary Fisheprovided indispensable laboratory support, whikrine Brieuc and
Charles D. Waters contributed advice on bioinformatalysesWe thank Todd Seamons of the
Molecular Genetics Lab of the Washington Department of Fish and Wildliferiorng the
microsatellite analyse3his work was funded in part by a grant from Washington Sea Grant,
University of Washington, pursuamt National Oceanic and Atmospheric Administration Award
No. NA14OAR4170078, project No. R/HCE-Bhe views expressdterein are those of the
authors and do not necessarily reflect the views of NOAA or any of itagemeiesAdditional
support was providkby the Natural Sciences and EngimegiResearch Council of Canada
Strategic Partnership Grafunderstanding the Ecosystem Role of Pacific Herring in Coupled
Social-ecaological Systems: Advancing Forage Fish ScjearaaUS National Science
FoundationNSF)award # 1203868. ELP received additional support from the University of
Washington*Program on Ocean Change Integrative Graduate Btuaati Research
Traineeship (IGERT), funded by the NSF award # 1068839.

This article is protected by copyright. All rights reserved



520

521
522
523
524
525
526
527
528

529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

References

Allendorf, F. W., Hohenlohe, P. A., & Luikart, G. (2010). Genomics and the future of conservation
genetics. Nature Reviews Genetics, 11(10), 697-709. doi:10.1038/nrg2844

Altschul, S..F.,.Gish, W., Miller, W., Myers, E. W., & Lipman, D. J. (1990). Basic local alignment search
tool¢Journal of Molecular Biology, 215(3), 403-410. doi:http://dx.doi.org/10.1016/50022-

2836(05)80360-2

Andrews, KzR., Good, J. M., Miller, M. R,, Luikart, G., & Hohenlohe, P. A. (2016). Harnessing the power of
RADseq for ecological and evolutionary genomics. Nature Reviews Genetics, 17(2), 81-92.

doi:10.1038/nrg.2015.28

http://www.nature.com/nrg/journal/v17/n2/abs/nrg.2015.28.html#supplementary-information

Baird, N. A.sEtter;-P. D., Atwood, T.S., Currey, M. C,, Shiver, A. L., Lewis, Z. A., . . . Johnson, E. A. (2008).
RapidsSNP Discovery and Genetic Mapping Using Sequenced RAD Markers. PLoS ONE, 3(10),
e3376. doi:10.1371/journal.pone.0003376

Balloux, F., Amos, W., & Coulson, T. (2004). Does heterozygosity estimate inbreeding in real
populations? Molecular Ecology, 13(10), 3021-3031. doi:10.1111/j.1365-294X.2004.02318.x

Beacham, T. D., Schweigert, J. F., MacConnachie, C., Le, K. D., & Flostrand, L. (2008). Use of
microsatellites to determine population structure and migration of Pacific herring in British
Columbiasand adjacent regions. Transactions of the American Fisheries Society, 137(6), 1795-
1811. d0i:10.1577/T08-033.1

Brieuc, M. S:OmWaters, C. D., Seeb, J. E., & Naish, K. A. (2014). A dense linkage map for Chinook salmon
(Oncorhynchus tshawytscha) reveals variable chromosomal divergence after an ancestral whole
genome duplication event. G3: Genes|Genomes|Genetics, 4(3), 447-460.
doi:10.1534/g3.113.009316

Bucholtz, R.H., Tomkiewicz, J., & Dalskov, J. (2008). Manual to determine gonadal maturity of herring
(Clupearharengus L.). Charlottenlund, Denmark: DTU Aqua, National Institute of Aquatic
Resources

Cale, C. M.,Earll, M. E., Latham, K. E., & Bush, G. L. (2016). Could secondary DNA transfer falsely place
someone.at the scene of a crime? Journal of Forensic Sciences, 61(1), 196-203.

doi:10.1111/1556-4029.12894

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1016/S0022-2836(05)80360-2�
http://dx.doi.org/10.1016/S0022-2836(05)80360-2�
http://www.nature.com/nrg/journal/v17/n2/abs/nrg.2015.28.html#supplementary-information�

549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579

Campana, M. G., Robles Garcia, N., Rlhli, F. J., & Tuross, N. (2014). False positives complicate ancient
pathogen identifications using high-throughput shotgun sequencing. BMC Research Notes, 7(1),
111. doi:10.1186/1756-0500-7-111

Catchen, J., Hohenlohe, P. A,, Bassham, S., Amores, A., & Cresko, W. A. (2013). Stacks: an analysis tool
set for population genomics. Molecular Ecology, 22(11), 3124-3140.

Clarke, K. R},.& Gorley, R. N. (2006). PRIMER v6: User Manual/Tutorial. Plymouth: PRIMER-E.

Earl, D. As;; &voenHoldt, B. M. (2012). STRUCTURE HARVESTER: a website and program for visualizing
STRUETURE output and implementing the Evanno method. Conservation Genetics Resources,
4(2), 359-361. d0i:10.1007/s12686-011-9548-7

Ekblom, R., & Galindo, J. (2011). Applications of next generation sequencing in molecular ecology of
non-model organisms. Heredity, 107(1), 1-15.

Etter, P., Bassham,'S., Hohenlohe, P., Johnson, E., & Cresko, W. (2011). SNP discovery and genotyping for
evolutionary genetics using RAD sequencing. In Molecular Methods for Evolutionary Genetics
(Vol. 772, pp. 157-178): Humana Press.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the number of clusters of individuals using the
software STRUCTURE: a simulation study. Molecular Ecology, 14(8), 2611-2620.

Excoffierpls&skischer, H. E. L. (2010). Arlequin suite ver 3.5: a new series of programs to perform
population genetics analyses under Linux and Windows. Molecular Ecology Resources, 10(3),
564-567."d0i:10.1111/j.1755-0998.2010.02847.x

Flickinger, M., Jun, G., Abecasis, Gongalo R., Boehnke, M., & Kang, Hyun M. (2015). Correcting for
sample contamination in genotype calling of DNA sequence data. The American Journal of

Human Genetics, 97(2), 284-290. doi:http://dx.doi.org/10.1016/j.ajhg.2015.07.002

Fountain, E. D., Pauli, J. N., Reid, B. N., Palsbgll, P. J., & Peery, M. Z. (2016). Finding the right coverage:
the'impact of coverage and sequence quality on single nucleotide polymorphism genotyping
errorrates. Molecular Ecology Resources, 16(4), 966-978. do0i:10.1111/1755-0998.12519

Funk, W. C.,'McKay, J. K., Hohenlohe, P. A., & Allendorf, F. W. (2012). Harnessing genomics for
delinéating conservation units. Trends in Ecology & Evolution, 27(9), 489-496.
dei®10.1016/j.tree.2012.05.012

Graham, C. F., Glenn, T. C., McArthur, A. G,, Boreham, D. R., Kieran, T., Lance, S., . .. Somers, C. M.
(2015). Impacts of degraded DNA on restriction enzyme associated DNA sequencing (RADSeq).
Molecular Ecology Resources, 15(6), 1304-1315. doi:10.1111/1755-0998.12404

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1016/j.ajhg.2015.07.002�

580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

Greenstone, M. H., Weber, D. C., Coudron, T. A, Payton, M. E., & Hu, J. S. (2012). Removing external
DNA contamination from arthropod predators destined for molecular gut-content analysis.
Molecular Ecology Resources, 12(3), 464-469. do0i:10.1111/j.1755-0998.2012.03112.x

Greenstone, M. H., Weber, D. C., Coudron, T. C., & Payton, M. E. (2011). Unnecessary roughness?
Testing the hypothesis that predators destined for molecular gut-content analysis must be hand-
collected to avoid cross-contamination. Molecular Ecology Resources, 11(2), 286-293.
doi:10:111:1/j.1755-0998.2010.02922.x

Hoffman, J. LxSimpson, F., David, P., Rijks, J. M., Kuiken, T., Thorne, M. A. S., . . . Dasmahapatra, K. K.
(2014). High-throughput sequencing reveals inbreeding depression in a natural population.
Proceedings of the National Academy of Sciences, 111(10), 3775-3780.

Hourston, A.S., & Rosenthal, H. (1976). Sperm density during active spawning of Pacific herring (Clupea
harengus'pallasi). Journal of the Fisheries Research Board of Canada, 33(8), 1788-1790.
doi10m1139/f76-226

Hubisz, M., J., Falush, D., Stephens, M., & Pritchard Jonathan, K. (2009). Inferring weak population
structure with the assistance of sample group information. Molecular Ecology Resources, 9(5),
1322-1332, d0i:10.1111/j.1755-0998.2009.02591.x

Jombart, T::(2008): adegenet: a R package for the multivariate analysis of genetic markers.
Bioinformatics, 24(11), 1403-1405.

Jun, G., Flickinger,"M., Hetrick, Kurt N., Romm, Jane M., Doheny, Kimberly F., Abecasis, GongaloR,, . ..
Kang, Hyun M. (2012). Detecting and estimating contamination of human DNA samples in
sequencing and array-based genotype data. The American Journal of Human Genetics, 91(5),
839-848. d0i:10.1016/j.ajhg.2012.09.004

Kemp, B. M., & Smith, D. G. (2005). Use of bleach to eliminate contaminating DNA from the surface of
bones and teeth. Forensic Science International, 154(1), 53-61.
doei:https://doi.org/10.1016/].forsciint.2004.11.017

King, R. A., Davey, J. S,, Bell, J. R., Read, D. S., Bohan, D. A, & Symondson, W. O. C. (2011). Suction
samplifg as a significant source of error in molecular analysis of predator diets. Bulletin of
Entomological Research, 102(3), 261-266. doi:10.1017/5S0007485311000575

Kjeldsen, S. R., Zenger, K. R., Leigh, K., Ellis, W., Tobey, J., Phalen, D., ... Raadsma, H. W. (2016).
Genome-wide SNP loci reveal novel insights into koala (Phascolarctos cinereus) population
variability across its range. Conservation Genetics, 17(2), 337-353. doi:10.1007/s10592-015-
0784-3

This article is protected by copyright. All rights reserved



612
613
614
615
616
617
618
619
620
621
622
623
624
625

626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

Knutsen, H., Olsen, E. M., Jorde, P. E., Espeland, S. H., André, C., & Stenseth, N. C. (2011). Are low but
statistically significant levels of genetic differentiation in marine fishes ‘biologically meaningful’?
A case study of coastal Atlantic cod. Molecular Ecology, 20(4), 768-783. doi:10.1111/j.1365-
294X.2010.04979.x

Koutsovoulos, G., Kumar, S., Laetsch, D. R., Stevens, L., Daub, J., Conlon, C,, . . . Blaxter, M. (2016). No
evidence for extensive horizontal gene transfer in the genome of the tardigrade Hypsibius
dujardini=Proceedings of the National Academy of Sciences, 113(18), 5053-5058.
doi:10:1073/pnas.1600338113

Lamichhaney, S., Fuentes-Pardo, A. P., Rafati, N., Ryman, N., McCracken, G. R., Bourne, C,, . ..
Andersson, L. (2017). Parallel adaptive evolution of geographically distant herring populations
on hoth sides of the North Atlantic Ocean. Proceedings of the National Academy of Sciences,
114(T7)E3452-E3461.

Langmead, BY & Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat Meth, 9(4), 357-
359. doi:10.1038/nmeth.1923

http://wwwanature.com/nmeth/journal/v9/n4/abs/nmeth.1923.html#supplementary-information

Langmead, By, Trapnell, C., Pop, M., & Salzberg, S. L. (2009). Ultrafast and memory-efficient alignment of
short,. DNA sequences to the human genome. Genome Biology, 10(3), R25. doi:10.1186/gb-2009-
10-3-r25

Limborg, M. T., Helyar, S. J., De Bruyn, M., Taylor, M. I, Nielsen, E. E., Ogden, R. O. B., . . . Bekkevold, D.
(2012). Environmental selection on transcriptome-derived SNPs in a high gene flow marine fish,
the Atlantic herring (Clupea harengus). Molecular Ecology, 21(15), 3686-3703.
doi:10.1141/j.1365-294X.2012.05639.x

Longo, M. S§ O'Neill, M. J., & O'Neill, R. J. (2011). Abundant human DNA contamination identified in
non-primate genome databases. PLoS ONE, 6(2), e16410. doi:10.1371/journal.pone.0016410

Mastretta-Yanes, A., Arrigo, N., Alvarez, N., Jorgensen, T. H., Pifiero, D., & Emerson, B. C. (2015).
Restriction site-associated DNA sequencing, genotyping error estimation and de novo assembly
optimization for population genetic inference. Molecular Ecology Resources, 15(1), 28-41.
doi;10.1111/1755-0998.12291

Miller, K. M., Laberee, K., Schulze, A. D., & Kaukinen, K. H. (2001). Development of microsatellite loci in
Pacific herring (Clupea pallasi). Molecular Ecology Notes, 1(3), 131-132. doi:10.1046/j.1471-
8278.2001.00048.x

This article is protected by copyright. All rights reserved


http://www.nature.com/nmeth/journal/v9/n4/abs/nmeth.1923.html#supplementary-information�

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672

Mitchell, D., McAllister, P., Stick, K., & Hauser, L. (2008). Sperm contamination in archived and
contemporary herring samples. Molecular Ecology Resources, 8(1), 50-55. doi:10.1111/j.1471-
8286.2007.01840.x

Mitchell, D. M. (2006). Biocomplexity and metapopulation dynamics of Pacific herring (Clupea pallasii) in
Puget Sound, Washington. (Master of Science), University of Washington, Seattle, WA.

Nielsen, E. E., Cariani, A., Aoidh, E. M., Maes, G. E., Milano, I., Ogden, R, .. . Carvalho, G. R. (2012).
Gene=associated markers provide tools for tackling illegal fishing and false eco-certification. Nat
Commun;3, 851.

doithttp://www.nature.com/ncomms/journal/v3/n5/suppinfo/ncomms1845 S1.html

Olsen, J. B., Lewis, C. J., Kretschmer, E. J., Wilson, S. L., & Seeb, J. E. (2002). Characterization of 14
tetranucleotide microsatellite loci derived from Pacific herring. Molecular Ecology Notes, 2(2),
101-103:

Palsbgll, P. J;'Bérubé, M., & Allendorf, F. W. (2007). Identification of management units using
population genetic data. Trends in Ecology & Evolution, 22(1), 11-16.
doi:10.1016/j.tree.2006.09.003

Paradis, E. (2010). pegas: an R package for population genetics with an integrated—modular approach.
Bioinformatics, 26(3), 419-420. doi:10.1093/bioinformatics/btp696

Paris, J., R., Stevens, J., R., & Catchen, J., M. (2017). Lost in parameter space: a road map for stacks.
Methods'in Ecology and Evolution, 8(10), 1360-1373. doi:10.1111/2041-210X.12775

Peakall, R., & Smouse, P. E. (2012). GenAlIEx 6.5: genetic analysis in Excel. Population genetic software
for teaching and research—an update. Bioinformatics, 28(19), 2537-2539.
doii10.1093/bioinformatics/bts460

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of Population Structure Using Multilocus
Genetype Data. Genetics, 155(2), 945-959.

Pritchard,J: Ks;:Wen, X., & Falush, D. (2010). Documentation for structure software: Version 2.3. In.

Reiss, H., Hoarau, G., Dickey-Collas, M., & Wolff, W. J. (2009). Genetic population structure of marine
fish¥mismatch between biological and fisheries management units. Fish and Fisheries, 10(4),
361<395. doi:10.1111/j.1467-2979.2008.00324.x

Rousset, F. (2008)aGenepop'007: a complete reimplementation of the Genepop software for Windows

and Linux. Molecular Ecology Resources, 8, 103-106. doi:10.1111/j.1471-8286.2007.01931.x

This article is protected by copyright. All rights reserved


http://www.nature.com/ncomms/journal/v3/n5/suppinfo/ncomms1845_S1.html�

673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704

Schmieder, R., & Edwards, R. (2011). Fast Identification and Removal of Sequence Contamination from
Genomic and Metagenomic Datasets. PLoS ONE, 6(3), e17288.
doi:10.1371/journal.pone.0017288

Scribner, K. T., Lowe, W. H., Landguth, E., Luikart, G., Infante, D. M., Whelan, G. E., & Muhlfeld, C. C.
(2016). Applications of genetic data to improve management and conservation of river fishes
and their habitats. Fisheries, 41(4), 174-188. d0i:10.1080/03632415.2016.1150838

Sehn, J. K5, Spencer, D. H., Pfeifer, J. D., Bredemeyer, A. J., Cottrell, C. E., Abel, H. J., & Duncavage, E. J.
(2015)=0¢cult specimen contamination in routine clinical next-generation sequencing testing.
American Journal of Clinical Pathology, 144(4), 667-674. doi:10.1309/ajcpr88wdjjldmbn

Small, M. P., Loxterman, J. L., Frye, A. E., Von Bargen, J. F., Bowman, C., & Young, S. F. (2005). Temporal
and Spatial Genetic Structure among Some Pacific Herring Populations in Puget Sound and the
Southern'Strait of Georgia. Transactions of the American Fisheries Society, 134(5), 1329-1341.
doi?107577/T05-050.1

Tarpey, C. M., Seeb, J. E., McKinney, G. J., Templin, W. D., Bugaev, A. V., Sato, S., & Seeb, L. W. (2017).
SNP data describe contemporary population structure and diversity in allochronic lineages of
pink salmon (Oncorhynchus gorbuscha). Canadian Journal of Fisheries and Aquatic Sciences.
doi:10:3139/cjfas-2017-0023

Vandewoestyne, M., Van Hoofstat, D., De Groote, S., Van Thuyne, N., Haerinck, S., Haerinck S, . . .
Deforce, D. (2011). Sources of DNA contamination and decontamination procedures in the
forensic laboratory. Journal of Forensic Research, $2(001). doi:doi:10.4172/2157-7145.52-001

Wang, J., Raskin, L., Samuels, D. C., Shyr, Y., & Guo, Y. (2015). Genome measures used for quality control
are/dependent on gene function and ancestry. Bioinformatics, 31(3), 318-323.
doi:10.1093/bioinformatics/btu668

Waples, R. 5.(1998). Separating the wheat from the chaff: Patterns of genetic differentiation in high
gene.flow:species. Journal of Heredity, 89(5), 438-450.

Weir, B., & Cockerham, C. (1984). Estimating F-Statistics for the analysis of population structure.
Evolution, 38(6), 1358-1370.

Weir, B. S3& Cockerham, C. C. (1984). Estimating F-statistics for the analysis of population structure.
Evolutionn38(6), 1358-1370.

Willing, E. M., Dreyer, C., & van Oosterhout, C. (2012). Estimates of genetic differentiation measured by
FST do not necessarily require large sample sizes when using many SNP markers. PLOS ONE,

7(8), e42649. doi:10.1371/journal.pone.0042649

This article is protected by copyright. All rights reserved



705
706
707

708

709

710
711
712

713

714
715
716

717

718

719

720
721

722

723

724

725

726

727

728

Yang, D. Y., & Watt, K. (2005). Contamination controls when preparing archaeological remains for
ancient DNA analysis. Journal of Archaeological Science, 32(3), 331-336.
doi:http://dx.doi.org/10.1016/j.jas.2004.09.008

Data accessibility

Sequencelata(individual .fastq filesjre available in the NCBI Sequence Read Archive under
accessiolPRINA508972. Sample metadata, RAD genotypes, and the custom python genotyping
script are available in DRYAD undedpi:10.5061/dryad.g28rh86.

Author contributions

ELP,LH, RK, DL, MM, and DYdesigned researctELP and DD performed research and
aralyzed therdata. ELP, LH, and DD wrote the paper.

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1016/j.jas.2004.09.008�

729

730 Tables and Figures

731 Tables

732  Table 1. Sampling locations and associated collection information for samples used indigis st

733 Approximate"GPS coordinates are provided for herring collected from Spiller Chia20€11.

Sampling Latitude | Longitude | Sampling | Sexual Treatment | Sample
location dates maturity groups size
Spiller 52.372 | -128.188 | 3/14/2001, | Spawning Null, 11
Channel, BC 4/4/2014 adult Bleach

Quilcene 47.808 -122.860 | 3/8/2012 | Spawning Null, 6

Bay, WA adult Bleach

Cherry 48.932 -122.798 | 9/21/2015 | Juvenile Null, 20
Point, WA Bleach

Spiller 52.372 -128.188 | 4/3/2015 | Spawning Bleach 48
Channel, BC adult

Quilcene 47.808 -122.860 | 4/7/2014 | Spawning Bleach 48

Bay, WA adult
Cherry 48.932 -122.798 | 5/12/2014, | Spawning Bleach 98
Point, WA 5/9/2016 | adult

734
735

736  Table 2. AMOVA resultsusingtwo different hierarchicajroupings. In AMOVA 1, groups are
737  defined by populatio(Cherry Point; Quilcene Bay; Spiller Channahjd subgroups consist of
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738
739
740
741
742

743

744

745

746
747
748
749

750

751
752
753
754

755

the twodifferent treatmentdb{each,null). In AMOVA 2, groups are defined by population and
subgroups consist of subsamples of individuals (N63; dlifferentiterations of this AMOVA
were conducted excluding untreated individuals ldndutliers.Fscis thedifferentiation among
subsamples within a group, whiter represents thdifferentiationamong groups (i.e. among

the three populationsigold formatting: P< 0.001, no formatting®> 0.05

Without individual level With individual level
AMOVA 1 Fst Fsc Fer Fis Fsc Fer
All individuals 0.0270 0.0414 | -0.0150| -0.1034 | 0.0414 | -0.0139
AMOVA 2
All individuals 0.0255 0.0046 | 0.0209 | -0.1100 | 0.0145| 0.0210
Bleachedndividuals 0.0204 0.0010 | 0.0194 | -0.0604 | 0.0065 | 0.0194
Bleachedndividuals, no | 0.0206 0.0007 | 0.0199 | -0.0356 | 0.0041| 0.0199
H, outliers

Figure legends

Figure 1. Sequencing quality data for juvenile herring in the rlh€K) and bleachdrey)
treatment groups. Each dot represents an individual herring sample. A) Number of raw
sequences, per;sample containing a restriction site, B) number of RAD loci identified in each

sample bypstacksand C) average read depth per locus for each sample.

Figure 2. Distributionof H, in each treatment grou@olors represent different treatments and
the dashed line.shows the upper limithobserved in the juvenile samples. Bleached adult
samples tahe right of the dashed line ard/“ outliers”that likely contain residual

contamination.
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756  Figure 3. PCA (panels A, B, C) andMDS (panels D, E, F) plotsf herring genotyped at 3,502

757  RAD loci. In the PCA, each point represents an individual herring, while in the nMDS each point
758  represents aubsamplef multiple herring (N= 47). Different colors depict the population from

759  which the samples were collected, while shgpisle or triangl¢ are indicative ofreatment

760  group. Notethat juvenile herring samples (in both null deddtreatments) cluster together

761  with adult'samples collected from the same population (Cherry Point). A) PGlsaflesB)

762  PCA ofbleached samplesl, outliersare circled in redC) PCA ofbleached sampleghenH,

763  outliers are removed)) nMDS of all samples, E) nMDS of bleached samptgsoutliers are

764  circled in red, F) nMDS of bleached samples wHeoutliers are removed.
765

766  Figure 4. Population structure estimatadingSructure Each sample is portrayed by a vertical
767  line which consists of colored segments, representing the estimated fraction of an individual’s
768  ancestry(Q) belonging tdk clusters. Individuals represented by transparent bars are

769  contaminated adult samples) 8tructureanalysis using onligleachedsamplesand noH,

770  outliers;LnP(D)and4K unambiguously identifik = 2 as the most likely number of clusters.

771 These clusters correspond to the major known spawning phenofyasiic herring (late-

772 spawnersand“primary-spawnery). B) Structureanalysis usingll samplesandK = 2. The

773 presence of contaminated samples alters the values¢D) and4K, compared to the clean

774  data setC) Structureanalysis usingk = 4 and all samples.
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