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INTRODUCTION

The salmonid Oncorhynchus mykiss, originally native to 
the Pacific basin of North America and the Kamchatka 
Peninsula in north-eastern Eurasia, has been intro-
duced over the years in at least 99 countries (Stanković 

et al., 2015). Oncorhynchus mykiss, commonly known as 
steelhead trout (anadromous) and rainbow trout (spends 
its entire lifetime in fresh water) is one of the most do-
mesticated and farmed aquaculture species worldwide 
(Teletchea & Fontaine,  2014). The latter, with a pro-
duction volume of approximately 740 000 t, is the most 
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Abstract
Rainbow trout is one of the most popular aquaculture species worldwide, with 
a long history of domestication. However, limited information exists about 
the genetic diversity of farmed rainbow trout populations globally, with most 
available reports relying on low-throughput genotyping technologies. Notably, 
no information exists about the genetic diversity status of farmed rainbow trout 
in Sweden. Double-digest restriction-site-associated DNA sequencing was 
performed on more than 500 broodfish from two leading producers in Sweden 
and from the country's national breeding program. Following the detection 
of single nucleotide polymorphisms (SNPs), genetic diversity was studied by 
using either individual SNPs (n = 8680; one SNP retained per 300 bp sequence 
reads) or through SNP haplotypes (n = 20 558; all SNPs retained in 300 bp 
sequence reads). Similar amounts of genetic diversity were found amongst the 
three populations when individual SNPs were used. Furthermore, principal 
component analysis and discriminant analysis of principal components 
suggested two genetic clusters with the two industry populations grouped 
together. Genetic differentiation based on the FST fixation index was ~0.01 
between the industry populations and ~0.05 when those were compared with 
the breeding program. Preliminary estimates of effective population size (Ne) 
and inbreeding (based on runs of homozygosity; FROH) were similar amongst 
the three populations (Ne ≈ 50–80; median FROH ≈ 0.11). Finally, the haplotype-
based analysis suggested that animals from the breeding program had higher 
shared coancestry levels than those from the other two populations. Overall, 
our study provides novel insights into the genetic diversity and structure of 
Sweden's three main farmed rainbow trout populations, which could guide 
their future management.
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farmed salmonid globally in freshwater (FAO,  2022). 
Rainbow trout is expected to play a key role toward scal-
ing up the total farmed fish production volume required 
to cover the needs of the expanding human population. 
In line with the above lies the fact that between 2015 
and 2019, the worldwide production of farmed trout in-
creased by more than 20% (D'Agaro et al., 2022).

Farmed in both the south and north of Europe, rain-
bow trout is a key aquaculture species for the continent's 
industry. Swedish aquaculture, in particular, largely 
relies on rainbow trout, which, with an annual pro-
duction volume close to  10 000 t, representing approxi-
mately 85% of the country's farmed finfish production 
(Jordbruksverket, 2022). Notably, finfish consumption 
in Sweden is still largely dependent on imports rather 
than on the domestic aquaculture industry, which is still 
considered embryonic compared with other neighbour-
ing countries. Aiming to boost production efficiency, a 
rainbow trout breeding program was initiated in Sweden 
during the early 1980s. The founding population origi-
nated from a Norwegian one that had previously un-
dergone four generations of selection for increased 
growth rate and delayed sexual maturation (Sylvén & 
Elvingson, 1992). However, this attempt was short-lived, 
primarily owing to disease and funding issues, with the 
program being discontinued during the mid-1990s.

Nevertheless, a new breeding program was formed in 
2011 using the remnants of the original strain in combi-
nation with broodstock from the Swedish rainbow trout 
industry. Relying on traditional pedigree recordings, the 
first generation was established in 2016, and there are 
currently two generations of selection. Compared with 
other salmonid breeding programs, the Swedish one is 
relatively small, with approximately 70 full-sib families 
produced during the last year class (Kurta et al. 2023).

Genetic variance is a critical component of every 
breeding program, as selection acts directly upon it. In 
particular, in the case of aquaculture species that are 
commonly characterised by high fecundity, genetic vari-
ance can be depleted rapidly as short-term production 
goals, in many cases, can be accomplished by using a 
small number of broodfish (Saura et al., 2021). Pedigree 
recordings can offer solutions allowing for relationships 
between the breeding candidates to be estimated using 
‘classic’ quantitative genetics theory. As such, the mag-
nitude of inbreeding accumulation per generation can be 
controlled to a certain extent (Meuwissen, 1997; Nielsen 
et  al.,  2011). Nevertheless, the above assumes that the 
founding animals are considered unrelated (Aguilar & 
Misztal,  2008; Meuwissen & Luo,  1992). However, this 
assumption conflicts with the background knowledge of 
the Swedish rainbow trout breeding program. Therefore, 
it is questionable whether the current gene pool of the 
farmed population contains sufficient variation that 
guarantees the program's long-term sustainability.

High-throughput genotyping allows for in-depth ge-
netic diversity studies regardless of the availability of 

genealogy-related information. Genotyping by sequenc-
ing platforms, like double digest restriction-site associated 
DNA (ddRAD-seq) (Peterson et  al.,  2012), have proved 
valuable in a wide range of aquaculture studies (Robledo 
et al., 2018). Notably, several ddRAD-seq studies have fo-
cused on genetic diversity in farmed fish (Hosoya et al., 2018; 
Nedoluzhko et al., 2021; Nyinondi et al., 2020; Palaiokostas 
et al., 2022; Torati et al., 2019). At the same time, many stud-
ies applied high-throughput genotyping technologies in 
farmed rainbow trout (Lhorente et al., 2019). However, the 
focus has been primarily on production-related traits, such 
as body weight and metabolism (Reis Neto et al., 2019), par-
asitic disease resistance (Barria et al., 2018), chronic heat 
stress (Yoshida & Yáñez, 2022) and fillet yield (Gonzalez-
Pena et al., 2016), amongst others.

On the other hand, prior research studying genetic di-
versity in rainbow trout has mainly focused on introgres-
sion (Hohenlohe et al., 2013) and on quantifying the risk 
of outbreeding depression of wild populations owing to 
the introduction of domesticated animals from hatcher-
ies (Abadía-Cardoso et al., 2016; Consuegra et al., 2011; 
Leitwein et al., 2017). Surprisingly, even though rainbow 
trout is one of the most popular aquaculture species with 
a long history of domestication, limited information 
exists about the diversity status of farmed populations, 
with only a handful of studies using modern genotyping 
platforms (D'Ambrosio et al., 2019; Liu et al., 2017). To 
the best of our knowledge, no prior study has attempted 
to evaluate the genetic diversity of farmed rainbow trout 
in Sweden using any genotyping technology.

In the current study, we attempted to gain the first in-
sights into the genetic diversity levels of Swedish farmed 
rainbow. More than 500 broodfish from two main pro-
ducers and from the national breeding program were 
genotyped using ddRAD-seq. Genetic diversity metrics 
were computed both within and across populations. 
Moreover, we investigated the existence of genetic clus-
ters and estimated population-level coancestry coeffi-
cients which could be of value for the management of the 
breeding populations. Additionally, possible directions 
regarding the future of the national breeding program 
are discussed.

M ATERI A LS A N D M ETHODS

Animal ethics

The current study was performed in accordance with the 
Swedish legislation described in the Animal Welfare Act 
2018:1192 (ethics permit: 5.2.18-09859/2019).

Background of sampled animals

Fin clips were collected from the 2016 year-class brood-
fish (n = 177) of the national Swedish rainbow trout 
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breeding program located at facilities of Aquaculture 
Centre North (Kälarne, Sweden denoted in the follow-
ing as Breeding Pop). A nested breeding design was 
used where eggs from two females were fertilised sepa-
rately by milt from one male, while matings amongst 
close relatives (e.g. full or half sibs) were avoided. 
Since the core activities of the breeding program re-
quire pedigree information, the fish were marked with 
passive integrated transponder tags. For the needs of 
this study, fin clips were also collected from brood-
fish of two main rainbow trout producers in Sweden. 
Those two populations were denoted as Industry Pop1 
(n = 192) and Pop2 (n = 192). No pedigree records were 
kept in those populations with mass selection being 
used to identify suitable broodfish.

DNA extraction and ddRAD library preparation

Genomic DNA was extracted using a salt-based pre-
cipitation method previously described in Palaiokostas 
et  al.  (2022). In short, fin tissue was digested at 55°C 
for 4 h using 200 μL of SSTNE (50 mm Tris base, 
300 mm NaCl, 0.2 mm each of EGTA and EDTA, 
0.15 mm of spermine tetrahydrochloride and 0.28 mm 
of spermidine trihydrochloride; pH 9; Sigma-Aldrich, 
Darmstadt, Germany), 10% sodium dodecylsulfate 
(Bio-Rad, Hercules, USA) and 100 μg proteinase K. 
RNaseA (Thermo Fisher, Vilnius, Lithuania; 2 mg/
mL) was added following the digestion (5 μL), and the 
samples were incubated at 37°C for 60 min. Next, pro-
teins were precipitated by adding 0.7 volume of 5 m 
NaCl (Sigma-Aldrich). After that DNA was pelleted by 
adding 0.7 vols of isopropanol and centrifuging (Pico 
21; Thermo Fisher, Waltham, MA, USA) at 14 000g for 
5 min and incubated overnight with 75% ethanol. The 
DNA pellet was dissolved in 30 μL of 5 mm Tris (pH 8.0; 
Sigma-Aldrich), and its content and quality were as-
sessed using a NanoDrop 8000 (Thermo Scientific) 
spectrophotometer, agarose gel electrophoresis and 
Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, 
USA). Finally, the DNA samples were diluted to 15 ng/
μL using 5 mm Tris (pH 8.0) and stored at 4°C before 
library preparation.

The ddRAD library was prepared following a modi-
fied version of the original protocol (Peterson et al., 2012) 
described in detail by Palaiokostas et al. (2015). In short, 
three ddRAD libraries were prepared from 550 samples. 
A 15 ng aliquot from each individual DNA sample was 
digested at 37°C for 60 min with the high-fidelity enzyme 
SbfI recognising the CCTGCA|GG motif and the NlaIII 
recognising the CATG motif (New England Biolabs, 
Ipswich, UK). Individual-specific P1 and P2 adapters 
with unique 5 or 7 bp barcodes were ligated with the 
samples incubated at room temperature for 120 min. 
The ligation reaction was stopped after adding 2.5 vols 
of PB buffer (Qiagen, Hilden, Germany), after which the 

samples were combined in a multiplex pool and purified 
with a MinElute PCR Purification kit (Qiagen).

The libraries were size-selected (400–600 bp) by elec-
trophoresis on a 1.1% TAE agarose gel, followed by gel 
purification. The gel was run at constant voltages of 
45 V for 3 min, 60 V for 3 min and 90 V for around 70 min. 
PCR amplification was performed on a thermal cycler 
T100 (Bio-Rad, Redmond, WA, USA) using the follow-
ing cycling conditions: 98°C for 30 s, 13–14 PCR cycles 
of 98°C for 10 s, 65°C for 30 s and 72°C for 30 s, then a 
final step of 72°C for 5 min. Each amplified library 
was purified using an equal volume of AMPure beads 
(Beckman Coulter, Brea, CA, USA), and eluted at 20 μL 
with EB buffer (MinElute Gel Purification Kit; Qiagen). 
Finally, the libraries were quality controlled using the 
TapeStation system and Genomic DNA ScreenTape 
assay (Agilent Technologies, Waldbronn, Germany) and 
sequenced in an Illumina NovaSeq 6000 using three 
lanes of SP flow cells (150 bp end reads) at the National 
Genomics Infrastructure centre (Uppsala, Sweden).

Sequenced data filtering and SNP detection

Trimming of adapter-oligomeric sequences and the fil-
tering out of reads with a Phred quality score below 30 
were performed using fastp v0.22.0 (Chen et  al.,  2018). 
The remaining reads were then processed with the 
process-radtags module of stacks v2.5 (Rochette 
et  al.,  2019) for demultiplexing and checking for the 
existence of the expected restriction site. Thereafter 
retained reads were aligned to the reference genome 
(Assembly:USDA_OmykA_1.1; Genbank accession 
number GCA_013265735.3) using bowtie2 (Langmead 
& Salzberg,  2012). Following genotyping calling using 
stacks, two approaches were followed using the popula-
tions module. For the first approach only a single SNP 
per ddRAD-tag was retained, followed by filtering for 
those found in at least two of the populations, having ob-
served heterozygosity below 0.6, minor allele frequency 
above 0.05 and calling rate above 80%. Finally, the vcf 
file was further filtered with vcftools v0.1.16 (Danecek 
et al., 2011), removing animals with more than 30% miss-
ing data. The second approach involved retaining all 
SNPs located on the same ddRAD-tag and applying the 
previous filters haplotype-wise (Figure 1).

Genetic diversity metrics and population 
structure based on individual SNPs

Generic diversity metrics like mean observed heterozy-
gosity (Ho), expected heterozygosity (HE) and Wright's F 
statistics, such as the individual FIS coefficient and the 
fixation index FST, were estimated using the populations 
module of stacks. In the latter case, a kernel-smoothed 
average estimate was used, while the default sliding 
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window size was equal to 450 kbp. Moreover, Manhattan 
plots of the kernel-smoothed FST values were built with 
the r package cmplot v4.2.0 (Yin et al., 2021).

Principal component analysis (PCA) was conducted 
using the r package adegenet v2.1.5 (Jombart, 2008) for 
deciphering the underlying genetic structure of the stud-
ied populations. In addition, a discriminant analysis 
of principal components (DAPC) (Jombart et al., 2010) 
was performed to detect genetic clusters using the same 
software. Following PCA, a cross-validation step was 
performed using the xvalDapc function to identify the 
optimal number of principal components (PCs), followed 
by a discriminant analysis step. Finally, the selection of 
the optimal number of clusters (K) relied on the elbow 
method depicting the corresponding Bayesian informa-
tion criterion (BIC) values of each tested K (Jombart 
et al., 2010).

Effective population size and inbreeding  
estimation

Effective population size (Ne) estimates were obtained 
using the software GONE (Santiago et al., 2020). As no 
genetic map was available, physical distances were used, 
assuming that 10 cM corresponded to 6 Mb. The above 
was observed in a genetic map of French rainbow trout 
(Fraslin et al., 2018). In addition, the Haldane function 
was used to adjust the genetic distances. Furthermore, 
runs of homozygosity (ROH) with a sliding window ap-
proach were estimated with the r package detectRUNS 

v0.9.6 (Biscarini et al., 2018). The window length was set 
to 15 SNPs, the maximum gap at 1 Mb and the minimum 
ROH length at 250 kb. Simultaneously, the minimum 
number of SNPs per run was set to 20, and the maximum 
number of missing genotypes per window to 1. Finally, 
inbreeding coefficients (FROH) were estimated from the 
obtained ROH for each individual using the Froh_in-
breeding function of detectRUNS.

Haplotype-derived population structure

A haplotype-based analysis of the studied populations 
was performed with the radpainter and fineradstruc-
ture software (Malinsky et al., 2018). More specifically, 
a coancestry matrix was estimated from all individu-
als using radpainter followed by clustering using the 
Markov chain Monte Carlo algorithm of finestruc-
ture (Lawson et al., 2012). Finally, a heatmap depicting 
the clustered coancestry matrix was constructed with 
fineradstructure.

RESU LTS

Sequencing output and SNP detection

Approximately 2.9 billion 150 bp paired-end reads were 
produced. Around 10% of these were removed owing to 
their missing the expected RAD cut site and 0.2% owing 
to a low-quality Phred score. Overall, approximately 82% 

F I G U R E  1  Bioinformatic workflow for detecting SNPs and estimating genetic diversity metrics.
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of the initially obtained reads were retained. From those 
reads, 27 219 polymorphic loci were found in at least 80% 
of the genotyped animals, of which 20 558 SNPs passed 
quality control. Those SNPs were used for the haplotype-
based analysis. In the case of individual SNP-based analy-
sis, only one marker per locus was retained, resulting in 
a dataset of 8680 SNPs. Moreover, 22 animals with more 
than 30% missing genotypes were removed. Overall, 529 
animals from the three populations were retained for 
downstream analysis. The mean sequencing coverage 
for the retained loci in those animals was 32× (SD 19×). 
Moreover, a similar minor allele frequency distribution 
was observed amongst the three populations (Figure S1).

Genetic diversity metrics

Of the 529 animals that passed quality control, 172 were 
from the Breeding Pop, 184 from Industry Pop1 and 173 
from Industry Pop2. The values of Ho and HE were nearly 
identical between the three populations, with the former 
metric having, on average, a value of 0.25, while the lat-
ter was 0.27. Regarding the FIS coefficient, the obtained 
values ranged between 0.06 and 0.095, with the industry 
Pop1 having the highest value (Table 1).

Population structure – differentiation based on 
individual SNPs

The PCA suggested a clear separation between the 
breeding program and the two industry populations 
across the first PC. The latter two populations were 
grouped together with variation though observed 
across the second PC. In terms of explained variance 
the first two PCs accounted for 8 and 2% respectively 
(Figure 2).

A DAPC was used to further decipher the genetic 
structure of the three populations. Cross-validation sug-
gested that the optimal number of principal components 
for clustering was 50, with DAPC indicating that the op-
timal number of clusters (K) was two (Figure S2).

In line with the PCA and DAPC results, the lowest 
estimated genetic distance according to the FST met-
ric was between the two industry populations (0.015). 
Nevertheless, substantial variation of the FST metric 
was found across the rainbow trout genome, with val-
ues exceeding the 99% quantile cutoff of the empirical 

distribution found in 10 chromosomes (Figure  3a). 
Furthermore, a larger genetic distance was found be-
tween the Breeding Pop and the ones from the industry. 
More specifically, FST was 0.047 between the Breeding 
Pop and Industry Pop1. Notably, during this pairwise 
comparison (Breeding Pop vs Industry Pop1), the ker-
nel-smoothed FST values exceeded the 99% quantile 
cutoff of the empirical distribution in genomic regions 
across 25 chromosomes, the largest of which (FST = 0.41) 
was found in chromosome 30 (Figure 3b). Similarly, the 
FST based genetic distance between the Breeding Pop 
and Industry Pop2 was 0.051. As for genomic regions 
where FST exceeded the 99% quantile cutoff of the empir-
ical distribution, those were found in 26 different chro-
mosomes, with the most significant value (FST = 0.44) 
located on chromosome 5 (Figure 3c). Overall, genomic 
regions exceeding the a priori 99% quantile threshold in 
both cases were found in 20 chromosomes.

Effective population size and inbreeding  
estimates

All Ne estimates for the most recent generation were 
below the suggested threshold of 100. Amongst the three 
populations, the one with the lowest Ne was Industry 
Pop2, with a value of 43, while Industry Pop1 had the 
highest value (Ne = 85; Figure 4).

Inbreeding coefficients based on ROH for each stud-
ied animal ranged between 0.002 and 0.30. The median 
values of the inbreeding coefficients of each of the three 
populations were similar and approximately equal to 
0.11 (Figure 5).

Population structure – differentiation based 
on haplotypes

The haplotype-derived coancestry values provided addi-
tional insights regarding the underlying genetic structure 
of the three populations (Figure 6). As expected, individ-
uals within the Breeding Pop showed higher coancestry 
levels between them than with the two industry popula-
tions forming a distinct cluster. Moreover, from the pro-
duced heatmap, it was apparent that the coancestry levels 
between the animals from the industry populations were 
lower than those from the breeding program. Finally, 
indications of further population substructuring were 
shown compared with the previous DAPC results, where 
animals from the industry populations show higher 
shared coancestry.

DISCUSSION

Surprisingly, little information exists about the genetic di-
versity status of farmed rainbow trout despite it being a 

TA B L E  1  General metrics of genetic diversity.

Population Ho (SE) HE (SE) FIS (SE)

Breeding Pop 0.26 (0.03) 0.28 (0.03) 0.070 (0.03)

Industry Pop1 0.25 (0.02) 0.27 (0.02) 0.095 (0.03)

Industry Pop2 0.25 (0.03) 0.27 (0.02) 0.060 (0.02)

Abbreviations: FIS, inbreeding coefficient; HE, expected heterozygosity; Ho, 
observed heterozygosity.
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critical determining factor for the long-term success of any 
animal farming industry (Kristensen & Sørensen, 2005). 
With the exception of the recent study by D'Ambrosio 
et al. (2019), where a detailed screening of approximately 
300 rainbow trout individuals from five French popula-
tions was performed using a 57k SNP array, all previous 
studies focusing on genetic diversity relied on low-through-
put genotyping technologies. In the case of Sweden, no 
prior information exists about the genetic diversity of any 
of the farmed populations. Therefore, we conducted a 
large-scale screening using ddRAD involving more than 
500 broodfish from two major Swedish producers and 
from the national breeding program.

Genetic diversity within populations

Based on the estimated generic diversity metrics like the 
heterozygosity levels, minimal and indistinguishable dif-
ferences were found between the three populations. More 
specifically, the mean Ho was approximately 0.25, with 
a small heterozygosity deficit as the mean HE was 0.27. 
Generally, the above values were within the reported range 
in the literature (HE ≈ 0.1–0.4) on similar scale studies in 
wild or farmed fish using ddRAD (Drinan et  al.,  2018; 
Lemopoulos et  al.,  2019; Nyinondi et  al.,  2020). On the 
other hand, slightly higher differences were found between 
the studied populations in terms of the FIS coefficient, 
with the first industry population having a higher value 
(0.095). Positive FIS values, besides indicating a potential 
loss of heterozygosity, could also mean the existence of 
non-random mating or population subdivision (Allendorf 
& Luikart, 2007). Considering common aquaculture prac-
tices, e.g. a closed nucleus in the case of the breeding pro-
gram and selection based on observed phenotypes (taking 
place in all studied populations), all the above could be the 
driving forces toward higher FIS values. Notably, an aver-
age FIS of 0.39 was recently reported in Italian populations 
of wild brown trout using ddRAD (Magris et al., 2022).

Even though direct comparisons with low-through-
put genotyping studies on rainbow trout are probably 
not meaningful, cases of both slight excess and a defi-
cit of heterozygosity have been previously reported 

(Abadía-Cardoso et  al.,  2016; Leitwein et  al.,  2017). 
Furthermore, high values (>0.3) of FIS have been re-
ported for Chilean farmed rainbow trout (Consuegra 
et  al.,  2011). In terms of previous studies, probably 
the most relevant to ours is the one by D'Ambrosio 
et al. (2019), where a slight excess of heterozygosity was 
reported. Nevertheless, this does not necessarily imply 
a diverse gene pool as in the same study, high levels of 
inbreeding were reported reaching up to 19.5%, but in-
stead could indicate a recent (<100 generations) bottle-
neck (Cornuet & Luikart, 1996).

Effective population size estimates and  
inbreeding

Overall, the Ne estimates of our study are within the 
reported range in previous aquaculture studies (Saura 
et  al.,  2021; Villanueva et  al.,  2022). More specifically, 
Ne estimates from farmed fish populations appear to be 
lower than 100 and, in some cases (Barria et  al.,  2018; 
D'Ambrosio et  al.,  2019; Garcia et  al.,  2018), as in our 
study (Industry Pop2), lower than 50, which is consid-
ered an empirical threshold below which the probability 
of inbreeding depression increases. Taking into con-
sideration the high fecundity of fish and the fact that 
breeding programs are relatively new in aquaculture, 
with crosses often performed without taking into con-
sideration the relationship levels of the mating pair, the 
above results are probably not surprising. At the same 
time, it is important to stress that Ne estimates largely 
rely on genotyping density and the underlying demo-
graphic-genealogy model each software uses. In terms 
of the former, it is important to stress that our study lies 
in the lower range of genotyping density for conduct-
ing such estimations, so the reported values should be 
treated with caution. Probably, the most closely compa-
rable study is the one of Saura et al. (2021), where both 
a similar genotyping density (~10 000–15 000 SNPs) and 
the same software were used to estimate Ne in farmed 
carp, seabass, seabream and turbot. In all those species, 
the reported Ne was lower than 50 (31–46) when animals 
from the latest available generation were used.

F I G U R E  2  Principal component 
analysis (PCA) of farmed rainbow trout 
populations in Sweden.
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Similarly, the estimated inbreeding coefficients 
(based on ROH) were consistent with the Ne estimates 
and in line with reported values from the literature. In 

particular, similar FROH values were obtained amongst 
the three populations with a median of approximately 
0.11. In the study of D'Ambrosio et al. (2019) for similar 

F I G U R E  3  Manhattan plot showing FST metric values for each pairwise population comparison. (a) Comparison between industry 
populations. (b) Comparison between the breeding population and the first industry population. (c) Comparison between the breeding 
population. Points represent the 450 kb genomic windows for which kernel-smoothed FST values were estimated and plotted along the 
horizontal axis based on physical position. The horizontal grey line corresponds to the 99% percentile cutoff of each empirical FST distribution.
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Ne values, FROH ranged between 0.11 and 0.20. It should 
be stressed that neither the reported Ne estimates nor 
the inbreeding coefficients suffice on their own to con-
clude whether the populations under study are experi-
encing inbreeding depression. Nevertheless, it appears 
prudent to schedule appropriate management actions 
before inbreeding depression becomes evident, as its 
appearance could lead to a non-reversible situation 
in terms of production. Therefore in the case of the 
studied rainbow trout populations, it would be inter-
esting to investigate the possibility of a cross-breeding 
scheme between the industry populations and the one 
from the breeding program. Taking into account the 
farming history of the latter, the above should be seri-
ously considered. Simultaneously, since inbreeding ac-
cumulation is not uniform across the genome (Howard 
et  al.,  2017), the inclusion of genotyping information 
is expected to be beneficial in the management of all 
three populations.

Population differentiation and underlying 
genetic structure

Overall, low genetic differentiation was observed between 
the populations (FST < 0.05). In particular, in the case of 
those from the industry, the obtained genetic distance be-
tween them was minimal (FST ≈ 0.01), suggesting that those 
two populations might have a common origin. In connec-
tion with that, two distinct genetic clusters were suggested, 
with the two industry populations grouped together and 
the breeding program population appearing as a separate 
group. Unfortunately, we could not obtain background 
information about the origin of the two industry popula-
tions, so we cannot confirm this hypothesis. In general, 
moderate to high levels of genetic differentiation between 
rainbow trout populations have been reported in several 
cases. On the other hand, previous studies based on low-
throughput genotyping suggested that most of the genetic 
variation in farmed rainbow trout is to be found within a 
population (Hershberger,  1992; Martsikalis et  al.,  2014). 
However, as previously mentioned, limited information is 
currently available regarding the levels of genetic differen-
tiation between farmed rainbow trout populations.

One of the advantages of high-throughput geno-
typing platforms like ddRAD is that instead of rely-
ing on an average FST value, they allow screening at 
high resolution of its variation across the genome. In 
our case, even though, based on the average FST val-
ues, low genetic differentiation was suggested overall, 
it was evident by inspecting the Manhattan plots that 
a high degree of variation existed across the genome. 
Furthermore, even in the case of the industry popula-
tions that formed a distinct genetic cluster, genomic 
regions suggesting high differentiation (FST > 0.15) were 
found. Those regions could represent signatures of se-
lection owing to domestication and differing farming 
practices (López et al., 2014; Paul et al., 2022). However, 

F I G U R E  4  Ne estimates across the last 20 generations for 
each studied population. Different colors are used to denote each 
population.

F I G U R E  5  Boxplots depicting the 
range of inbreeding coefficients in terms of 
FROH of the studied populations. The solid 
horizontal line within each boxplot depicts 
the median value.
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since we do not have information about the origin of the 
industry populations, those regions could also reflect a 
distinct genetic background before domestication.

Even though genotyping platforms like ddRAD have 
already been applied to a wide range of aquaculture 
species (Li & Wang, 2017), mainstream data processing 
revolves almost exclusively around individual SNPs. 
Nevertheless, considering that nowadays, 300–600 bp 
long sequence reads are produced in genotyping plat-
forms like ddRAD, additional information could be 
extracted from the data. Since individual SNPs at such 
short distances are, in the vast majority of cases, in com-
plete linkage disequilibrium, it is common during data 
processing for only a single SNP in each sequenced read 
to be kept for downstream analysis. However, treat-
ing the SNPs within the same sequence read as phased 
haplotypes can allow for additional insights, especially 
regarding relationships amongst the studied animals 
(Malinsky et  al.,  2018). For instance, haplotype-based 
coancestry analysis using ddRAD suggested that dif-
ferent ecotypes of Arctic charr (Salvelinus alpinus) 
evolved independently in parallel (Jacobs et  al.,  2020). 
In our study, the haplotype-based analysis shed addi-
tional light on the underlying population structure of 

the three populations. More specifically, it became clear 
that shared coancestry was higher amongst the animals 
from the breeding program than the corresponding one 
in the two industry populations. Moreover, the haplo-
type analysis revealed an underlying genetic structure 
in the case of the two industry populations compared 
with when DAPC was performed based on individual 
SNPs. Overall, complementing the typical single SNP-
based genetic diversity analysis with haplotype-based 
information could offer additional insights, revealing 
previously undetected population structure.

CONCLUSIONS

Our study represents the first large-scale effort to 
evaluate the genetic diversity status of farmed rain-
bow trout in Sweden using high-throughput genotyp-
ing. Based on generic metrics, all three populations 
had comparable levels of genetic diversity. However, 
the two industry populations formed one cluster in 
terms of the underlying genetic structure, while the 
breeding program population appeared to be dis-
tinct. Haplotype-based analysis suggested that the 

F I G U R E  6  Heatmap depicting the haplotype-derived coancestry matrix. The color gradient shows the magnitude of shared coancestry 
between each pair of individuals.
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animals of the latter population displayed higher lev-
els of shared coancestry compared with the popula-
tions from the industry. Even though no evidence of 
inbreeding depression is currently apparent in the 
breeding program, our results, together with the 
background information about their origin, suggest 
that expanding the gene pool of the breeding nucleus 
through crossing with other populations should be 
taken into serious consideration. As the two indus-
try populations studied here appear to be of common 
genetic origin, even using broodfish from only one of 
them could suffice to expand the breeding program's 
gene pool. On the other hand, as neither of the two 
companies keeps pedigree recordings, using broodfish 
from both would reduce the chances of crossing close 
relatives. Nevertheless, carefully considering indus-
try-valued phenotypic traits will be required before 
embarking on such an endeavour.
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