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Figure 2:Principal component analysis (PCA) from (A) whglenome sequencing data for each
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Figure 3: Genoma&vide Manhattan plots displayiriestbetween hatcherwild population pairs;
AndrewH/AndrewW (A), Unuk-H/Unuk-W (B), and ChickamifH/ChickaminW (C).
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Figure 4: Unuk H/W on chromosome 4 outlier peak around 53 Mb. (A) Manhattan plet of
outlier peak, showing genes that are within or near the peak, (BY)LBeatmap including SNPs
for hatchery and wild populations within the same peak acrosalafdtO KBi red is higher

LD and blue is lower LD; (C) Heterozygosityyellow is hatchery, blue is wild; () for
Unuk H/ W, (E) Taj-H (P populdtioh. Gray vertica linésmeprksent the

""""""""""

Figure 5: Boxplots of LD @) calculated for hatchery & wild samples of five of the 37 outlier
peaks on (A) Unuk chromosome 4, (B) Andrew chromosome 12, and (C) Chickamin
chromosome 12. Outlier peaks were statistically comparedctagliaund LD on the same
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Figure A2: LD heatmaps at chromosome 4 around the peak at 53 Mb (A) onlyHJsarkples,
(B) only UnukW samples, and (C) corresponding heatmap of genotype likelihoods for each
sample (blue is reference allele, yellow is heteromggand red is alternative allele; the opacity
represents likelihood of correct genotype call, witgraque is 100% likelihood). Similarly, LD
heatmaps at chromosome 9 around 14 Mb for (D) tHuE) UnukW, and (F) corresponding
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Introduction

Our understanding of evolutionary adaptation is expanding as new methodologies
increase our power to uncouvee geneticbasis ofphenotypicvariation in response to
environmental chang@omblies & Peichel, 2022An iconic example ishe disappearance of
lateral phtesin threespined sticklebackGasterosteus aculeafuafter colonizing freshwater
lakes(Bell et al, 2004) where subsequent studies using fggxteration sequencing identified
loci corresponding to lateral plate formatigohenlohe et al., 2010urther comparisons
across lake and stream ecotypes revealed evolution acting in parallel at the same genomic
regions across multiple systems, suggesting selection acted in response to environmental
differences such as predation and food resou(Resnison et al., 2019Adaptationis generally
thoughtto sparhundreds or thousands of generations. However, recent evidence shows that it
can also occur on much shorter timescdléd8u d man et al ., 2022; Vanot
Recently, large scale anthropogenic impacts are driving environmental changes at an
unprecedented rate, which gbntinue to result in population declines, especially species with
low phenotypic plasticity or the inability to quickly adgBonamour et al., 2019; Henson et al.,
2017; Hoffmann & Sgro, 2011; Malhi et al., 2028plutions for declining populations often
involve increased human intemtion to boost the number of individuals, yet such interventions
may introduce their own risk$nyder et al., 1996)

Domestication is a humamediated intervention that can cause relaxation of natural
selection and introduce artificial selestipressures to the captive environm@&alon, 2004;
Christie et al., 2012; Mignoefsrasteau et al., 2009)omestication often involves deliberate
artificial selection, such as increased milk production in dairy qé&iibei et al., 2009)coat
color in domestic pig&anget al., 2009)and resistance to diseases in aquaculture facilities

(Hillestad et al., 20200n the other hand, inadvertent selection can occur when the captive
1



environment causes gerneshifts, such as dogs ability to digest starch due to diet éhriadt
et al., 2016)Both deliberate and inadvertent domestication can result in divergence from their
wild counterparts, andnaincrease in frequency of artificially selected traits may also result in
unintended fitness reductiofi3oublet et al., 2019; Tillotson et al., 2019)

Pacific salmon populations are generally declining across their (@ugtafson et al.,
2007) and these decliseare partly attributed to habitat alteration and climate change
(Ainsworth et al., 2011; Crozier et al., 2021; Jones et al., 2020; Mufioz et al., 2015; Neuswanger
et al., 2015; Thompson et al., 2018though Pacific salmon have been shown to adapt to
changing environment§raik et al., 2021; Gilbert, 201,2)umerous populations are endangered
and at risk of extirpatio(Gustafsa et al., 2007)Hatcheries have been used to supplement
declining wild populations and enhance stocks for haf#esabroso et al., 2017Pifferent from
most methods afaptive breedingcaptivereared salmon are released frbaicherie®once they
reach a certain development stage. Some hatcheries have seen increased redd abundance and
spatial distribution after iehery supplementatiaffrast et b, 2015) However, rearing
conditions in the hatchery may also promote divergence between hatchery and wild fish. For
example, htcheries offer a relaxed selection regime with little predation and abundant food. As a
result, hatchery fish show incredssompetitive behavior and dominar(déetcalfe et al., 2003)
changes in run timin@~ord et al., 2006 ¥aster growti{Blouin et al., 2021; Fleming & Einum,
1997) and reduced predator avoidance behawomspared to wild fisifAlvarez & Nicieza,
2003) Additionally, when hatchery fish are reledseto the wild,they generally have reduced
reproductive succeg®'Sullivan et al., 2020; Thériault et al., 20Rhd decreased survivaltes
(Beamish et al., 2012; Blouin et al., 2021; Christie et al., 2(BBh divergence poses a risk to
wild populations if maladapted, captreeigin individuals interbreed with wild individuals

(Besnier et al., 2022; Bradbury et al., 2022; Fleming & Einum, 1997; Grant, 2011; Hagen et al.,
2



2019; Thériault et al., 2011; Utter, 1998hereforejncreased knowledge on the genetic impacts
of domestication could greatly bendiatcheryand wildpopulations

Past studies have aimed to identify the genetic basis of domestication in response to
aguacultureandhatchery rearingdbomesticated salmonids tend todmdected for early
maturation, increased growth rate, dmghertolerance of parasitééyllon et al., 2015; Barson
et al., 2015; Larsen et al., 201Henetic studies of farmed Atlantic salmon found differentially
expressed genes, suchtlagse associated thilipid metabolism in response to d{@din et al.,
2020) andsome expression tendencieserefound in parallel across aquaculture facilities
(Roberge et al., 2006 dditionally, divergentSNPs were discovered in populations of farmed
and wild Atlantic salmonyet there idittle overlap in identified loci across studi@€arlsson &
Moen, 2010; Karlsson et al., 2011; Lopez et al., 201%in# et al., 2015; Navé&anchez et
al., 2020; Vasemagi et al., 2016; Vasemagi et al., 2012; Yanez et al., R836éarch o the
epigenomgGavery et al., 2018; Le Luyer et al., 2017; Leitwein et al., 2adnscriptome
(Christie et al., 2016)nd genomes of Pacific saim@waters et al., 2018; Waters et al., 2020)
alsofound differentiation between hatchery and wild populativviaters et al. (2015 & 2018)
used RADseq to identify divergerbci in Chinook salmon over four generations of hatchery
rearing. Notably, the hatchery line that was segesjitom the wild populatioshowedgreater
geneticdivergencdrom the wild populatiorthan the hatchery line thatas integrateavith wild
fish, suggesting that hatchery managenpeattices can impact the degree of genetic divergence
from the wild popuhtions(Waters et al., 2015; Waters et al., 20 cently, a wholgenome
sequencing study on Chinook salmon showed divergence between hatchery and natural origin
fish overone generatio(Ford et al., 2022However we do not knw if the genetic pathways of

domestication and their fitness consequences are consistent across hatcheriégsw\ghiklies



have investigated domestication selection on a genomic level, none have done so in parallel
across multiple hatchenyild populaton pairs

In this study, wdurther explord domestication selection in Chinook salmeinglow
coverage whole genome sequendicifVGS) in three hatchery lines of Chinook salmon. Each
line was compared to its wild progenitor population within South&laska (SEAK). Thehree
hatchery lines were separated for five to seven generations (approximately 30 years) from their
wild progenitorpopulationsThese pairwise comparisons were usef)tdiscover genomic
regionsof differentiation across each hatch@opulation compared to itgild progenitor
populationand(ii) identify if there wee parallel,shared regions of adaptive divergence across
the three hatcherwild pairwise comparisong.hese results provide firgcale geamic evidence
for domesticatia and highlight the need to assess if certain management practices, such as
integration of wild broodstock, can universally mitigate genetic risks despite multiple pathways

of domestication.

Methods
Population descriptions

The National Oceani c an ditleARomWadtegpResearchc A d mi
Station(LPW) islocated on southeasteBaranof Islangdapproximately 140 km south of Juneau
(Figure 1). Since 1976, LPW has maintained a salmon research hatchery compasiarks
of spring Chinook salmon. The focal stock for this study is derived from the Unuk River, located
near Ketchikan, Alaska, which had an average annual escapement of approximately 1,800 adults
in the past ten yea(Meredith et al., 2022)Nild broodstock from the Unuk River was collected
annually from 19761981 to initiate the LPW research hatchery stock (128 females and 119

males total; Templin2001). Wild gameds from nine males and nine females were also infused



into the LPW research hatchery stock in 1998. Each year, LPW released an average of 107,000
tagged Unuk smolts and collected all returning adults to propagate the next generation and
address a varietyf @cological and evolutionary questions. Only tagged LidWfrom the Unuk
stock wereusedto spawn the following generation (i.e. segregated hatchery program), and the
matings usually entailed evenly splitting the eggs from one female and fertilizimgbyales
Whitman Lake Hatchery is a productifocusedchatcherylocated in Ketchikan, Alaska
(Figure 1) andperated byhe Southern Southeast Regional Aquaculture Association]T .
stock of spring Chinook salmon produced by Whitman Lake is defiwedthe Chickamin
River, also near Ketchikan, which had an average annual escapement of approximately 2,000
adults in the last ten yeafigleredith et al., 2022)The hatbery stock was initiated in 1981 when
hatcheryorigin Chickamin eggs were transferred from another facility in the regiemplin,
2001) Whitman Lake received additional hatcherngin Chickamin eggs and fry from other
facilities in 1987, 1993, 1994, and 2013. Wild broodstock was also collected annually from
19831987 (204 females and 104 males total; Tem®1). An average of 1.2 million
Chickamin stock smolts have been released annually from Whitman Lake ancbotbts sites
over the past 10 years, with approximately 13% of the fish eadtedtagged (RMIS). The
facility collects gametes from returning adults to produce the next generation, however the origin
for a majority of the adults cannot be determined samtg a fraction of the released fish are
tagged. Therefore, there is the possibility that stray wild and hatchery fish from other stocks are
occasionally spawned.
Macaulay Hatchery is a productidocusedhatchery operated by Douglas Island Pink
and Chun, Inc. (DIPAC)in Juneau, Alaska (Figure Andrew Creelkspring Chinook salmois
the wild progenitor populatioof the Macaulay hatcher tributary of the lower Stikine River,

Andrew Creek had an average annual escapemef0adillts over thpast 10 year6Salomone
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et al., 2022)The Andrew Creek hatchery stock was initiated at another facility from-1936
whengametes were collected annually from wild broodst{@a&mplin, 2001) Hatcheryorigin

eggs and juveniles were then transferred from 18892 to initiate production at Macaulay
(formerly known as Gastineau Hatchefffefacility collects gametes from returning adults to
produce the next generati@aithough additional inputs of Andrew Creek hatchery stock from
other facilities have been received by Macaulay in some years. An average of 834,000 Andrew
Creek stock smolts kra been released annually from Macaulay and nearby locations over the
past 10 years, with approximately 14% of the fish cedid tagged (RMIS). Similar to

Whitman Lake hatcheryhe origin for a majority of the adultsturning to Macaulagannot be
detemined since only a fraction of the released fish are tagged. Therefore, there is the possibility
that stray wild and hatchery fish from other stocks are occasionally spawned. Matings at

Macaulayare typicallyone female fertilized by two to four males
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comparisorpopulations.



Sample collection

Fin clips werecollectedfrom returningadult Chinook salmon at hatchery facilities, and
samples fronwild populations wereollectedduringspawning groungurveysby staff from the
Alaska Department of Fish and Ga@dF& G). For this study, wild Unuk River samples
(Unuk-W) were used from collections 1988 and 204, andLittle Port Waltersamples (Unuk
H) were collected in 2020. Phenotypic data was colleictedll Unuk-H fish returning to LPW
(the only population in tlsistudy with individual phenotypic data) including weight, length, sex
and age of returrMost individuals returned at age fo&600), followed by those of age five
(38%), while few were age three (3%) or age six (3F6dm these proportions, age of retuvas
assumed to be four or five years; therefore nilmaber of generatiorsf hatchery rearing since
they were derived from the progenitor stoakges fromat leasfour tono more tharil
generationsThe wide range is due to the infusion of wild gaesdtom nine males and nine
females in 1998. Wildamples fronthe ChickaminRiver (ChickaminrW) were collected in
1990 and 200%and the corresponding hatchery samplé¥kitman Lakeg(ChickaminH) were
collected in 2014Since the average agerefurn is unknown hte number of generation$
hatchery rearing for Chickamin stock at Whitman Lake hatctaarges from five to nine
generationgssuming a return age of four to.di¥ild samples from Andrew CredlndrewW)
were collected in 1989 and @9 and the corresponding samples at Macalétghery(Andrew
H) were collected in 2014. Since 58% of Andrew Creek Chinook return divagages four
and six each represempproximately 20%f returng, a generation time of five years results in
apprximatelyeight generationsf hatchery rearing since derivation from the progenitor stock
(Lorna Wilson (ADF&G), pers. communicatio)NA from tissue samplesas extracted with
QiagenDNAeasy Blood and Tissue Extraction kitss i ng manuf a c(Hildener 6 s

Germany).



Effective population size and population metrics froms8gduencing

To assess the potential for allele frequency changes due to genetic drift, effective
population size of the six populations was estimated using a 299 SNP panel tyfp®eria-
Thousands by sequencing (&&quencing) markers. The 299 SNP panel is commonly used for
population assignment of Chinook from SEAK. The panel was pared down to 254 following
filtering for poorly genotyped samples and SNPs with high linkage dlgggun (LD). Using
NeEstimator 2.1 (Do et al., 2014)effective population size @Nwasdetermined using the
linkage disequilibrium methodyith a critical value set to 0.05 to remove rare alleles.
Furthermore, GenAlEXPeakall & Smouse, 2012)as used to determine observed
heterozygosity (d) .  We i r a n d st&stntateswere ealoased using GenePop
(Raymond & Rousset, 1995nd kst values were further used to conduct a ppatcoordinate
analysis across the six populations using standardized didtased covariance. These metrics

were subsequently compared to the whggaome sequencing metrics (i.es7 &nd Hb).

Whole genome sequencing

Library prepfor whole genome librariesasconducted followingnethods in Euclide et
al. (in prep).Samples were sent dovogene $acramento, CA) for whole genome sequencing
(WGS)using paireeend 156bp reads on an lllumina Nae8eq withan intended genomaide

depth of coverage of 3x.

Sequence alignment and genotype likelihood estimation
Fastqg reads were aligned to the Chinook salmon reference genome (Otsh_v1.0;
GFA_002872995.1Christensen et al., 2018singbwa menwith default parameter&.i &

Durbin, 2009) The aligned reads wepeocessed witlsAMtoolsandconverted tsortedbam



files using default parametershen,ANGSD v0.930(Korneliussen et al., 2014yas used to call
SNPs and genotype likelihoodsere determinewith the SAMtoolsmodel (GL 1) for all 192
individuals. For each SNP call, the minimum minor allele frequency was set at 5% (minMaf
0.05), and g-value cutoff of 13°was usedo remove rare alleles and low confidence SNPs
(snp_pval 1€10). The minimum number of individils with genotype likelihoods at a
polymorphic locus was set to 70% of the total (minind 134), minimum depth of coverage was set
to the total number of individuals (setminDepth 192), and maximum depth was set to the total
number of individualsnultiplied by twice the coverage, which was set to four to account for
individuals with greater coverage (setmaxDepth 1500). Genotype likelihoods with at least a 99%
base call accuracy (minQ 20) and mapping accuracy (minMapQ 20) were retained. Major and
minor alleledor all individuals were determined from genotype likelihoods (doMajorMinor 1).

To explore genetic divergence across populations, principal component analyses (PCAS)
wereconductedisingPLINK v1.9 (Purcell et al., 2007)The corresponding covariance matrix
led to the identification and removal of four individu@tsree fromUnuk-H, one from
ChickaminW) that skewed the clustegnwhich may have been due to relatedness and missing
data All further analyses utilized the remaining 188 individuklsither PCAs were conducted
using genotype likelihoods witRCAngsd(Meisner & Albrechtsen, 2018J o ensure there was
no population structure between wild samples efforts, individuals were also identified by
sampling effort. Due to lack of clustering between efforts, wild samples were combined into one

population.

Identification of regions with high gemic divergence
To determine weighted pairwise§f Wei r and Cocker haméid) f or

pairs, site allele frequency likelihoods were calculated in ANGSD (doSaf 1) using the same filter
10



criteria as abovéor each populationexcept the SNp-value cutoff was set to f0Using the
folded sike frequency spectrum for each hatcherld pair (realSFS), global (realSFS fst stats)
and genomavide Fst (realSFS fst stats2yas calculatedManhattan plots of genonveide Fst
were plotted in Pon a pefSNP basig$o visualize genetic differentiation ass hatchery and wild
pairs.

We identifiedFstpeaks of interest to investigate genomic regions that may be responding
to domestication selection within each hatcheig population pair. First, only the top 5% of
SNPs with the highesistvaluesacross the genome were retained for sliding window analyses
to remove background noise of nouatlier Fst SNPs. The genome was then divided into-non
overlapping windows of sizes 10 kilobases (KB) and 100 KB, which were used to capture both
narrow and widgeaks. For each size, windows were determined to be outlier peaks if they met
two criteria: i) the maximunfsrvalue in the window was within the top 1%Fefrvalues from
the retained SNPs, and ii) SNP density in the window was within the top 0.5% tfedesso0ss
all windows. These criteria were established to find windows with numerous-gi@NPs that
ultimately created an outlier peak (these identified Irigiregions are hereafter called peaks).
Furthermore, paks were comparextrosseach hatchry-wild pair to identify differentiating
regions shared across hatchen@&sinook salmon genes were downloaded from NCBI

(https://www.ncbi.nlm.nih.gov/genome/13133?genomeembly id=360171and location of

genes was compared to outlier peaks, identifying those within and near wikdother
analyses on these peaks included exploration of potential structural variants utsguiceR
packagdLi & Ralph, 2018) whichcreatd local PCAs in 58NP noroverlapping windows.
Using the Euclidean distance output, multidimensional scaling (MDS) was plotdestowver
outliers across the genome ateterminaf any identified peakshowed signs of structural

variant.Additionally, local PCAs were conducted withirki3 on either sidef the SNP with the
11
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highest st value of each outlier peak (for a total of 10 KBpRssess potentiatructural
variaion at the peakd-urthermore, gengpe likelihood heatmaps were developed using custom
R scripts(originally developed by Sara Schaal) across the same 10 KB regions as the local PCAs
to visualize allele frequency differences within peaks

Linkage disequilibrium @& was calculated in ngsL{Fox et al., 2019)ithin each
identified outlier peak.Within each outlier peak,D was calculatedor all SNPpairswithin the
same 10 kb regions as described above for genotype likelihood heatibapas calculated
within each population separately, so that hatchery and wild LD trends could be compared to one
another. Subsequently, LD was calculated across each hateitetigomparison by including all
individuals from both hatchery and wild paicsincrease sample size for follawp testsTo test
if LD in the peaks deviated from background rates of LD, additidrstimates were calculated
for ten randomly selected 10 KB regiomstside ofoutlier peaks This was performed to help
interpret whether outlier peaks were driven by selection or drift (drift would likely be responsible
if LD was similar between outlier regions and the randomly selected regions, whereas selection
would likely be responsible if LD was consistently higheoutlier regions)To account for
potential bias due to the relationship between LD and distance, a randomization without
replacement method was used to subset the backgrovaldies, which was repeated 600 times.
The number of backgroundvalues thatvere subset was equal to the number ghfues in the
corresponding outlier peak to maintain equal sample sizes. For each randomization permutation,
aWilcoxonRankSum test (U = 0.05) was pe?vdluestotieed t o
background? values. If the same statistical pattern (i.e., significant differencebetween

peaks and background) was found in at least 90% of the permutations then the difference in r

values was determined to be significant.

12



Additional genomewnide analysesvere conductetb determine ifFstoutlier peaks were
supported by othenetrics.Absolute genetic divergencBy) was calculatedn aperSNP basis
usi ng ngptOXy.plsclipgFRumagalli et al., 2014p further explore the modef
selection occuing at these peakS.ubsequent analyses of Taji mab
ANGSD (thetaStat do_stat) with a sliding window of 10,000 bases and a step of 5,000 bases.
Similarly, genomewide heterozygosity was calculatedapetfSNP basi s using ng
ngsSat (Fumagalli et al., 2013p investigate genetic diversity within populations and compare
heterozygosity acrogsatchery and wild population at each pdaging custom scripts in R,
heterozygosity wasplotted using nowverlappingwindowsconsisting of 1900 bases.
Heterozygosity was further explored by determining if it was significantly different between the

wild and hatchery populations within each outlier peak using a Wilcoxon-Bankn t est ( U

0.05).

Results

Low coverage genomigequencing produced an average of 63 million reads across each
of the 188 individuals in the WGS dataset. The average percent coverage for each base pair was
78%, and the average depth of coverage wéxs @ange = 1.4 1 6.8X). After quality filtering
andSNP scoring, the final set of retained genotype likelihoods for each population averaged 6
million SNPs (range = 4,658,4337,034,208).

Principal component analyses across all individuals, comprsingillion SNPs,
allowed for visualization of thegpulation structure. The first and second principal components
explained 1.62% and 1.30% of the variance, respectively (Figure 2A). Samples from Chickamin
H and ChickamifW overlapped the most out of all hatch&d pairs, followed by AndrevH

and AndrewW. However, the third principal component accounted for variation (0.62%)
13



between Chickamu and ChickamiaV (FiguresA1A & A1B). UnukH was the most

dispersed and did not overlap with UK suggesting a high degree of genetic difference
between UnukH and the UnukW relative to the other population comparisons. Uiland
ChickaminW were adjacent in the PCA, which is reflective of their geographic proximity (see
Figure 1). One individual from ChickamWW and another from AndreW clustered near Unuk

H, which was unexplained and may suggest straying from other hatchery populations into
AndrewW and ChickamifWV (both had depth of coverage greater than four, suggesting this was
not due to poor sequencing). The PCA results were further corroborated &@ninitipal

coordinate analysis (PCoA) using G&q data a254 SNPs for each population, which showed

similar clustering patterns (Figure 2B).
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Figure 2: Principal component analysis (PCA) frgdh whole-genome sequencing data for leac
sampleand(B) principal coordinate analysis (PCoA) from G&quencing data faach

population.

Estimates of effective populati@ize (N) served as proxies of genetic diversity within
each population, where Ui was 15 times that of Uneid, which had the lowes\l. of all
populations (1,397 vs. 92, respectively, Table 1). AneWéad the largestle (1,582), which
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was approximately three times greater than Andre(835). In contrast to the other two wild
populations, Chickam#w was 1.3 times greater than Chickarrirand was also less than the

Neat AndrewH. Observed heterozygosity from WGS and-§£[ did not vargreatly across
populations, although diwas slightly less for GBeq calculations compared to WGS (Table 1).
Interestingly, whenever &from WGS was greater in the wild population compared to the
corresponding hatchery population; flom GT-seq was great in the hatchery population,

although the differences between the two are minor (maximum difference between hatchery and
wild Ho per population pair is 0.009).

Table 1:Hatchery and wild population pairs, sample sizes for WGS andegliencing samples

with their collection year, estimatedfective population siz(Ne) with corresponding
parametric confidence intervals, amloserved heterozygosififo).

Site WGS GT-seq GT-seq WGS GT-seq
n (Year) n (Year) Ne (CI) Ho (SE) Ho (SE)
UnukH 32(2020) 46(2018) (78?2109) (096(2)336) 0.280(0.012)
16 (2004) 1397 0.298
Unuk-W 16 (1988) °1(1988) 679 infinity)  (0.00006)  O0-277 (0:012)
AndrewH 32(2014) 46(2014) (2885_325895) (0%3385) 0.269 (.012)
16 (2004) 1582 0.296
Andrew-W 16100y 1882008 o' ee obooos) 0272 (011
ChickaminH 32 (2014) 47(2014) (185?341) (0063836) 0.270 (0.012)
o 16 (2005) 349 0.296
Chickaminw/ logoon) 0108 o heoos 0279 (0.012)

GlobalFstestimates between all populations revealed low genetic differentiation
between the populations. The G&q estimates were generally similar to WGS estimates, and
Fsrestimates were greatest between Andiigvand UnukH for both methods (GEeqFst=
0.0291; WGS-st=0.0231). In some cases, WGS data had greater values thsegiG3uch as

in the Chickamin H/W comparison (GSegFst= 0.0079; WGS-st= 0.0102). Out of the three
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hatcherywild pairs, Andrew had the lowest combined estimates$€JFsr = 0.0033;WGSFst
= 0.0088), whereas Unuk had the greatest differentiatiors@jFst= 0.0184;WGSFst=
0.0138), which aligns with visualized genetic distances from the PCA and PCoA.

Table 2: Pairwise globd&sracross all loci withVGS (below the dagona) and GFseq(above

the diagongl Darker red colors represent gredtervalues. Bold values areatcherywild
population paicomparisons.

Unuk-H Unuk-W | Andrew-H Andrew-W | Chickamin-H Chickamin-W

Unuk-H 0 0.0184 0.0211
Unuk-W | 0.0138 0 0.0117 0.0118 0.0080
Andrew-H 0.0162 0 0.0033

Andrew-W | 0.0201 0.0137
Chickamin-H | 0.0183 0.0113
Chickamin-W | 0.0176 0.0111

0.0088 0
0.0204 0 0.0079
0.0195 0.0102 0

Thegenomewide Manhattan plotiirther identifiedgenomic regions with greatBsr
than the background across each hatciaeiy pair (Figure 3). The Chickamin H/W comparison
showed the least genomaade differentiation, whereas globgérsuggested Unuk ard Unuk
had the greatest levels of differentiation. In all populations, some regions contained numerous
SNPs that formed identifiable peaks, which were approximately five to ten kilobases wide. Two
peaks in the Unuk hatchewild comparison on chromosomesuf and nine were particularly
pronounced (Chr. 4: Averaggr= 0.173, MaxFst= 0.370; Chr. 9: AveragEést= 0.148, Max
Fst= 0.337). The quantifiable method used to determine outlier peaks led to the discovery of 17
peaks in Unuk, 15 peaks in Andrewgddive peaks in the Chickamin hatchewld comparison
(see Table A1)None of the peaks were located in the same genomic region across the hatchery

wild pairs.
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Peakswvere better visualized by zooming in on the regions of interest (Figure 4a).
Numerous genes overlapped with or were close to the peaks, but no gene ontology analysis was
conducted, so the function is still unknown (Table 3). Additionally, MDS outliers livstruct
analyses did not fall in the same regions as outkepeaks (Figure A4). After conducting PCAs
in the MDS oultlier regions, there was no distinct clustering into two or three groups, as would be
expected for structural varianiduang et al., 2020 urthermore, local PCAs for SNPs within
each of the outlier peaks also showed little to no sign of separation into two arltistees,
suggesting that structural variants across hatelwddypopulations is not likely.

Absolute genetic divergencBy) was generally higher iRstpeaks, such as in the Unuk
outlier peak on chromosome four (Figukg)4although there were numempeaks that had
slight or no elevation iDxy. The genotype likelihood heatmap for chromosome four
corroboratedyy values since the minor allele became the major allele in the hatchery
population, which shows a departure from the ancestral allele (A@)rd his was delineated
in numerous genotype likelihood heatmaps for other peaks, but not all showed an indbgase in
(Table 3). For the peak at 53 MB on chromosome four, heterozygosity was significantly greater
in the UnukW population compared to UktH (p = 0.0125), although heterozygosity averaged
across windows, as shown in Figure 4C, does
slightly elevated within the same, but it also does not seem dramatically different from

background deviations (fire 4E).
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Figure 4:Unuk H/W on chromosome 4 outlier peak around 53 Mb. (A) Manhattan patrof
outlier peak showing genethat are within or near the pedB) LD (?) heatmap including SNPs
for hatchery and wilghopulations within the same peak across a total of 10 kgl is higher

LD and blue is lower LD(C) Heterozygosity yellow is hatchery, blue is wild; ([)xy for
Unuk H/ W, (E) Ta j-H (P gopuldtion. Gay vettidaldinedrapvekent the
outlier peak window, which is 6.6 KB wide.

Linkage disequilibrium heatmaps revealed regions of high LD within the peaks for the
combined hatchery and wild polations (Figure 4B). To parse out the LD contributions of the
hatchery and wild populations, they were separately plotted as LD heatmaps within each peak.
These results showed that the patterns of LD were not consistently shared between peaks (as

shown h Figure A3). In some peaks, LD was greater in the hatchery population; in others, it was

greater in the wild population. For example, the peak on chromosome 9 of Unuk H/W had
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greater LD in the hatchery population than in the wild population but notedtsttistics were
calculated (Figures S2C & S2D). Overall, most peaks showed similar levels of LD across both
the hatchery and the wild populations. Howel&¥,within combined hatchery and wild

populations was generally elevated in outlier peaks compauteackground levels of LD

(Figure 5).Thirty-three of the 37 outlier peaks had significantly greater LD than background

levels (Table 3)However, the most visually identifiabkest peakfrom the Chickamin

comparison did not show a greater LD than thekeound (Figure 5C), which was surprising

since the LD heatmap had highvalues in the peak (Figure A5). This may suggest that LD is
generally greater on chromosome 12 than other chromosomes, or it may be a function of random

sampling.

A) Unuk: Chromosome 4 (10 Kb Regions) B) Andrew: Chromosome 12 (10 Kb Regions) C Chickamin: Chromosome 12 (10 Kb Regions)
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Figure 5: Boxplots of LD @ calculated for hatchery & wild samples of five of the 37 outlier
peaks on (A) Unuk chromosome 4, (B) Andrew chromosome 12, and (C) Chickamin
chromosome 12. Outlier peaks were statistically compared to background LD on the same
chromosome of each pedk* p -value < 0.0001, ns = not significant.

Additional metrics were determined across all outlier peaks. Overall, most peaks did not
have differing heterozygosity between hatchery and wild populations (Table 3). Across all

compaisons, heterozygosity was greater in the hatchery population at sixgretdsogreater

20



in the wild population at another six peaks, whereas the remaining 25 peaks had no statistical
difference across hatchery and wild populations (Table 3).

Table 3: Number of outlier peaks per comparison and additional descriptions of the peaks
includingmaximumFst, average siza kilobasesnumber of genes within pealkad the total

peaks that had significantly greater LB)(Elevated LD in peaks was statisticatheasured
compared to background LD wusing a Wi lcoxon
Statistically different observed heterozygosttpo]in either the wild or hatchery population

within outlier peaks was determined using a Wilcoxon RankiS t est (U = 0. 05) ,

peaks had greater heterozygosity in the hatchery population and some greater in the wild (see
Table Al for pealspecific metrics).

Population Number Max Fst  Average Size Number  Signif. _S|gn|f.
! : of Elevated Different
Pair of Peaks in Peaks of Peaks (Kb)
Genes LD Ho
Unuk-H 3
UnukW 17 0.478 345 25 14 5
AndrewH 2
AndreveW 15 0.339 33.3 17 12 1
ChickaminH . 0.274 0.6 8 4 1
ChickaminW ' | 0
Discussion

Many studies have observedapid reduction of fithess imultiple hatchery lines of
Pacific salmor(Blouin et al., 2021; Christie et al., 2014; O'Sullivan et al., 20P@re have
been numerous mechanispreposedhat drive these differences, libe underlying effects and
relative importance of domestication selection has not been fully eluci@zaedry et al., 2018;
Le Luyer et al., 2017; Makinen et al., 201B) this study, we investigated Chinook salmon in
three independent hatchergdisand compared them tbeir wild progenitos. We usedvhole
genome sequencing to discover outlier regions of differentiatioc@m@ared these regions to
determine if they were conservadross hatchers We found signatures diomestication
selectionfollowing approximately six to eiglgeneration®f hatchery rearingHowever, the
degree of differentiation varied depending on the hatchery line. When utilizing outlier peaks to

distinguish regions of potential domestication selection, no regions ouand in parallel across
21



all three hatcheryild population pairssuggesting the targets of domestication selection vary

between the three hatchery lines.

Population divergence and diversity

The Chickamin and Andrew hatchemyld Fst estimates were the least differentiated of
all Fst comparisons. This, along with the principal coordinate analysis réseés-igure 2)
suggests that these two hatchery lines have less differentiation from their wild progenitor
populations relative ttnuk, although note that PC3 shows genetic distance between
ChickaminH and ChickamiAaV (Figure Al) Theoretically, when comparing wild populations
to one another, the differences are attributed to standing genetic variation across stocks; when
comparing atchery populations to one another, the differences are attributed to both standing
genetic variation from their founding population and the effects of domestication selection.
Therefore, it is expected that the wild progenitor population would sholewlest amount of
divergence to its hatchery line than any other population because it would only be accounting for
changes due to domestication selection or drifis was not the case for Unitk whereglobal
Fstestimaesshowed greater differentiah between UnukWV andits corresponding hatchery
line than to the other two wild populationgherefore, six to eight generations of captive
breeding in UnuiH created more differentiation from its wild progenitor population than to
salmon from adjacentatersheds.

The divergence between Untk and UnukH may largely be due to the low effective
population size of 92 ainuk-H, which was expectdoecause thePW ResearchStation has a
smaller number of individuals in tlexperimentahatchery line thathe two productioffocused
hatcherieg107,000 annual releases at Urtdlcompared to over 800,000 and 1.2 million at

ChickaminH and AndrewH, respectively)Another potential reason for the lows M the Unuk
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H population is because LPW is likely more segregated than the other two hatchery lines due to
100% coded wire tagging and réahe broodstock screening prior to spawning, althodgh a
threehatcheriesre presumed to have little to no gelosvfwith their progenitor populatio his
lack of gene flowlikely contributes to a reduction ineNwhich seems to result in stronger
genetic driftwithin Unuk-H thanthe otherhatchery linegMartinez et al., 2022Although the
other two hatchery populations have greatethidn UnukH, there is still reduced Nor both
ChickaminH and AndrewH compared to their wild counterparts. Andrelwvas the only
hatchery line with an Nestimate greater than 500, whiclpredicted to be large enough to
maintain genetic diversity in a populatifffranklin & Frankham, 1998 herefore, the effective
population sizes at these hatcheries provide a broad understanding of the potentialo$ever
genetic drift in the hatchery populatiofi¢aish et al., 2013with UnukH showing greater
genetic drift than Chickamifl and AndrewH.

Heterozygositydifferences between populatiossem largely unaffected across hatgher
wild comparisonsThis may allude to gene flow between the hatchery line and strays that are
inadvertently incorporateith broodstocKor the two productioffocused hatcheriesor
exampleWaters etal. (2015 & 2018) found greater differentiatitmom the wild populatiorand
inbreeding in the segregated line (broodstock consisting of only hatchery fish) compared to the
integrated line (broodstock consisting of hatchery and-wiilgin fish). Since th currentsstudy
has no quantitative datan geneflow in the ChickamirH and AndrewH line, we cannotlirectly
compare gene flow across hatchery lines like thé\ters et al., 2015However, if
individuals from the progenitor stock are introduced into the hatchery lines, the signatures of
selection may get lost dlleles adapted to the hatchery environnaeamixedwith wild alleles
(Bourret et al., 20115imilarlevels ofgenetc diversityacross domesticated and wild

populationswvere foundn Atlantic salmon(Makinen et al., 2015; Vasemagi et al., 20a2)well
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as Pacific salmofSmith et al., 2014; Waples et al., 199dpreover, heterozygosity decreases
at a slower rate aseMuring a bottleneck, so the lack of reduction may be a function of few

generationsince the hatchery populations were foun@tendorf, 1986; Nei et al., 1975)

Outlier Fstpeaks

Due to the process of hitchhiking, neutral regions that are in strong linkage with an allele
under selection will also see changes in allele frequenmeigsling in a selective sweep
(Hermisson & Pennings, 2005 elective sweeps movelenvironments often utilize standing
genetic variation, where alleles that were unfavorablgeutralin the original environment are
favored inthe newenvironmeni{Hermisson & Pennings, 2005 elective weeps can create
footprints of selection, whicWGS can detect with more precision than previgusedmethods
such as RAD sequencirfgou et al., 2021)In this study, we quantitatively iden&tl peaks for
detection of selente sweeps across the genomes of each hatetikehpair. From the hatchery
wild comparisons, 17 outlier peaks were detected in Unuk, 15 in AndreMiivarnid Chickamin.
Hitchhiking selections likely driving some of the allele frequency differences imithany
outlier peals due to increased LD in 80% of peaks compared to background estimates of LD.
Since genetic drift is expected to reduce recombination gemodee the increased LD in the
outlier peaks potentially indicates localized selective swfepta & Kimura, 1969; Slatkin,
2008)Generally, Tajimabs D within peaks did no
thegenomevi de trend was positive. A positive Taj
selection or a recent decrease in population(3iagma, 1983)the latter of which is supported
fromNee st i mat es. F u r tnmgnotrhave tee powkertq detechtlde signBtures of
recent domesticatiofinnan & Kim, 2004) which is most likely the case in the present study.

However, the combined metrics demonstrate that selective sweeps are likely the driving force in
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most of the outlier peaks, which may be a direct effect of domestication selgatiat al.,
2014)

Although analyses were conducted on all identified outlier peak&aumsed orthe peak
on chromosome four (53 Mb) in the Unuk hatchesid comparisonThis peak is approximaty
6.6 kblong, which is smaller than most peaks (average = 32.0Tkie) LD heatmap showed
statistically greater LD within the peak compared to background regions of chromosome four
(average pralue = 1.4x10%. Heterozygosity within the peakas greate in the wild population
than thehatchery populatiorgveraging 0.325 and 0.285, respectively (0.015). However,
heterozygosity between wild and hatchery populations across all outlier peaks did not show
consistent trends, with over twhirds of peakshowing insignificant difference&stimateof
absolute genetic divergen(ex,) were also elevated at this peak, which suggestallele
frequeny changedsuch thathe minor allele in the wild populatiancreasedn frequency in the
hatchery populatioto become the major allel€hus, foroutlier peaks that correspoguiito
elevatedDxy, t he hatchery po padfromthatofthéascestradgidleot y pe d
(supported by genotypielihood heatmapskiguresA3C & A3F;Han et al., 2017)Similar to
Taj i mbBgiskndwn to havéower power tharFrstwhen the divergence time is short
(Cruickshank & Hahn, 2014As a result, the change yy between hatchery and wild is not
pronounced when comparing ouriggites ofDyy to other studies (e.g., Clucas et al., 2019;
Ravinet et al. 2018 Another reason fdower Dxy may be because other studies folowhlly
adaptedhlleleswith highgene flow which is another mechanism that can incréaséHan et
al., 2017) One way poplations can locally adapt with high gene flow is through structural
variants such as inversio(iduang et al., 2020However, the analyses prased here suggest

no evidence of inversions and support selection on a-loglscus basis.
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Evidence for domestication selection

Althoughthe data suggest domestication selection is operatimgultiple genes within
the Chinook salmon genommegne of tke outlier peaks were shared across hatehdd/
comparisonsPrevious studies that identified parallel changes in salmon across daptive
facilities largely identified genes with shared funct{obe Luyer et al., 2017; Roberge et al.,
2006) For example n a study adessing transcriptional differences in farmed and wild Atlantic
salmon,Roberge et al. (2006pund 16% of gene expression transcripts to be in parallel across
aguaculture facilities. Howevamp specific loci were found in parallel; rather, thagntified
gene expression patterns that were responsible for siomiletions suggesting that the
aguaculture populations took different pathways to the same (Bsblerge et al., 2006).e
Luyer et al. (20173imilarly found regions of the muscle epigenome to be hypermethylated in
two hatchery coho salmd®ncorhynchus kisutgtpopulations compared to wild populatipns
andthis hypermethylation was consistent across populatifdlow-up study found similar
results of hypermethylation in the epigenome of male germ (tglisvein et al., 2021)Some
alleles have been found in parallel across multiple aquaculture facilities, but most are not shared
acrosopulationgLoépez et al., 20190verall, these studies, together with the results presented
herein, suggest that domestication selection is likely polygenic and targets multiple genes
involved in many different biochemical pathways.

Domesticatiorselectionrmay be difficult to detedh the genome during the first few
generations may be difficylespeciallywhen selection is weaknd genetic heterozygosity is
high (Makinen et al., 2015; Waters et al., 20IB)is has been a common complexity of
domestication selection studies in hatchexgred or farmed salmonids, especially when studies
utilized lower coverage methodologies such as R&Quencing and SNP chifisopez et al.,

2019; Mékinen et al., 2015; Vasemagi et al., 20kR)esponse to the lack efidence linking
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geneticchanges to phenotypic differegs in captivéored individualssome studies have

attributed fitness changes to epigenetics and transcriptomics, theorizing a gdryetype
environment response to domestication pressareaimonidgChristie et al., 2016; Gavery et

al., 2018; Le Luyer et al., 2017; Leitwein et al., 202¥hile those mechanisms likely contribute
to differences between hatchagared and wild salmon, the results of this study suggest that
domestication selection is prevalent in the genomes tfpieuhatchery linesThis is further
supported by a recent study bgrd et al. (2023)which found gerté divergence in Chinook
salmon at greater rates than would be expected at random after only one generation of hatchery
rearing.This suggests that divergence between hatchery and wild populations is prevalent, but
high-resolution genomic techniques areded to discover regions of differentiatidhese

regions of divergencacross the genommay beundergoing allele frequency shifts in response

to differences between thetcheryand wildenvironmens. Furthermore, the identified outlier
peaksmaynotbethe only genomic regions experiencithgmestication selectiom ithese
populations, and further investigation may identify quantitative traits with additive effiects

Silva Ribeiro et al., 2022)

Limitations and future directions

There may be inherent genetic differences in the three comparisons that contribute to the
lack of overlap across hatchemjld comparisonsFirst, the three wild populations are
genetically distincstocks which means that there might not be the same standing genetic
variation in all populationsAnother possible reason for the lack of parallel signals of
domestication selectioroald be attributed to differences in hatchery practices across sites,
which may have caused different paths of domestication selecastly, the wild samplesere

collected after the hatchery stock was established, so it is possilddleai) the wild samples
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do not fully represent the genetic architecture of the founding broodstackselection

occurred in the wild populations after the hatcheries were established. However, the latter is
unlikely becaus&stcomparisons between the two wild collections years did not find outlier
peaks in the same regions as those identified in the hatalidrgomparisongFigure A2B).

An additionallimitation of this study is the lack of phenotypic datdnich eliminatedhe
option of attributing genes within peakspghenotypic differences across wild and hatchery
populationsGenomewide association studies previously condudtedild Chinook salmon
compared to salmon from two different hatchery management rediswgeredtrait-
associated loci related to changes in weight, run timing, and matuf@taiers et al., 2018)
However, more research is needed to further elucidate the genetic architecture of phenotypes
associated with domestication selectida.whole genome sequencing becomes more accessible,
future studies should address relationships between phenotypic and genetic changes in hatchery

reared salmanwhich highlights the need for phenotypic data collection of hatchery broodstock.

Conclusiors

Furtherinvestigation in the differences between the management of hatchery lines may
elucidate why selection was seemingly stronger in the Wattheryline than Andrew and
Chickamin. As previously mentioned, there is potential that smaller, moreyatsgdnatchery
lines may experience stronger domestication selection than those that experience greater gene
flow (Martinez et al., 2022; Waters et al., 2018pwever, additional studies directly addressing
different hatchery practicesould be necessary to determine how operations may impact genetic
diversity and fitness of hatchery salm&venthough the regions under selection were not
shared between hatchery lines, thegy besimilar genetic pathways under selection across

locations. Regardless, these results suggest that hatchery fish are experiencing domestication
28



selection, and that thelenomes are deviating from their wild progenitor populations after only

a few generations of hatchergaring.
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Figure A2: LD heatmaps at chromosome 4 around the peak at 53 Mb (A) onlyisaknples,

(B) only UnukW samples, and (C) corresponding heatmap of genotype likelihoods for each
sample (blue is reference allele, yellow is heterozygous, and red is alternativetadleleacity
represents likelihood of correct genotype call, where opaque is 100% likelihood). Similarly, LD
heatmaps at chromosome 9 around 14 Mb for (D) tMufE) UnukW, and (F) corresponding
heatmap of genotype likelihoods for each sample.
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DIPAC-Andrew: Chromosome 12 Outlier Island and Genes
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Chromoseme position (Mb)

C) D)

Figure A4 Andrew H/W comparison at chromosome 12 around 29 Mb in the Andrew H/W
comparison showing the (A) Outliesrpeak and (B) corresponding LD heatmap; Ouffier

peaks on chromosome 12, at approximately 33 Mb in the Chickamin H/W comparison showing
the (C)Outlier Fstpeak and (D) corresponding LD heatmap. Vertical lines on heatmap represent

Fstoutlier pesk.
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