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1. Introduction 

 

a. Rainbow trout: Aquaculture and selective breeding 

 

The rainbow trout (Oncorhynchus mykiss) is a species native to the Pacific drainages of North America 

and the Kamchatka Peninsula in Russia. It was introduced in Europe and other parts of the world in the 

late 19th century to support the expansion of freshwater aquaculture. Thanks to its adaptability to 

different environments, rapid growth rate, and high consumer acceptance, rainbow trout has become 

one of the most widely farmed salmonids globally. In France, rainbow trout dominates fish farming, 

accounting for 79% of national production in 2022, amounting to 32,310 tons (Agreste 2024). The Food 

and Agriculture Organization (FAO) estimates that French annual production is exceeding 30,000 tons 

each year (FAO 2022). France maintains a leading role in European production among EU member 

states, accounting alone for about 20% of the European Union’s production in 2019 (Norway, far 

ahead, not included), with Italy and the emerging Poland also playing an increasingly important role 

(Directorate General for Maritime Affairs and Fisheries (European Commission), EUMOFA 2021). The 

rainbow trout (Oncorhynchus mykiss) benefits from a long history of domestication and has been the 

focus of dedicated breeding programs in France since the 1990s (Haffray et al. 2004). Early selection 

efforts primarily targeted growth performance. Over time, selection objectives have expanded to 

include additional traits of interest, such as carcass yield, body morphology, and resistance to 

infectious diseases (Boudry et al. 2021). This evolution has been driven by advancements in animal 

identification technologies (e.g., PIT-tagging), phenotyping protocols, and genotyping tools, which 

have significantly improved the precision and efficiency of selection programs. Nevertheless, the 

success of selective breeding relies heavily on the effective management of genetic diversity. Without 

maintaining sufficient genetic variability, long-term selection becomes less effective and populations 

risk losing their adaptive potential in the face of changing environmental and production conditions. 

 

b. Managing diversity and development of genomic tools 

 

Significant advances in rainbow trout breeding have been made possible through continuous scientific 

and zootechnical efforts, alongside the evolution of selection strategies. Historically, breeding 

programs moved from phenotypic selection to selection based on pedigree records, and now to 

genomic selection. While early breeding programs relied primarily on phenotypic selection, later 

complemented by genealogical information, the availability of a high-quality reference genome has 

enabled the development of more accurate genomic selection approaches. These methods now make 

it possible to improve traits of interest that cannot be directly measured on selection candidates, such 

as disease resistance or fillet quality. 

However, the long-term success of selective breeding depends on maintaining sufficient genetic 

diversity within broodstock populations. Without this, the adaptive capacity of farmed populations to 

future environmental and climatic changes is compromised. Aquaculture practices often tend to 

reduce genetic diversity and increase inbreeding (Sekino, Hara, Taniguchi 2002; Lundrigan, Reist, 

Ferguson 2005; Wang et al. 2012). As inbreeding increases, so does homozygosity, which raises the 

likelihood of alleles being identical by descent and the expression of deleterious recessive variants 

(Charlesworth, Charlesworth 1999). Monitoring inbreeding levels is therefore a key component of 
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genetic management in aquaculture. One approach to limit inbreeding is to incorporate cryopreserved 

genetic material into breeding programs (Jacques et al. 2023), thereby reintroducing lost alleles and 

reducing the risk of fixation. 

In this context, experimental populations with high genetic diversity are valuable resources. They 

enable the study of the genetic basis of traits and provide a genetic reservoir that can enhance 

adaptability in the face of evolving farming conditions, contributing to the long-term sustainability of 

aquaculture. 

Recent decades have also seen a drastic reduction in the costs of genotyping and sequencing, making 

genomic resources more accessible for aquaculture species, particularly salmonids. The availability of 

a high-quality rainbow trout genome assembly (Gao et al. 2021), detailed genetic maps (Guyomard et 

al. 2012), and a medium-density SNP array containing 57,000 markers (Palti et al. 2015) has opened 

new perspectives for genetic management. These tools allow for precise measurement of genetic 

diversity (Paul 2022), detection and monitoring of inbreeding (D’Ambrosio et al. 2019), and the 

identification of selection signatures resulting from both artificial and natural pressures (Cádiz et al. 

2021; Paul 2022). 

 

c. Application of genomic tools to experimental rainbow trout lines 
 

This study used genomic resources to address two major research questions concerning experimental 

rainbow trout lines developed by INRAE geneticists in the 1980s and 1990s. These lines are maintained 

at the PEIMA experimental facility in Sizun (Finistère), a key site for research in genetics, nutrition, 

immunology, and reproduction. Another experimental site is located in the south of France, dedicated 

to rearing the same rainbow trout lines. This site, called Lees-Athas, serves as a mirror facility. In 

practice, the lines maintained at PEIMA are also kept there, though in smaller groups. Unlike at PEIMA, 

these fish are not used for experiments; instead, the site provides a safeguard, ensuring the 

preservation of the lines in case an incident at PEIMA. 

 

Objective 1 - preserving genetic diversity in the INRAE synthetic line 

The INRAE synthetic line was established in the early 1980s by crossing breeders from French, 

European, and American rainbow trout farms to maximize genetic variability. Since its creation, it has 

been maintained without any external genetic input or deliberate selection pressure to preserve its 

genetic diversity (D’Ambrosio et al. 2019). To safeguard this resource, sperm from the 2010 and 2012 

cohorts was cryopreserved for potential use in future experiments and genetic analyses. 

Over the past decade, this line has faced two major mortality events at PEIMA. In 2018, a chemical 

release in the flow system caused the loss of most of the fish. In 2023, an outbreak of lactococcosis, a 

bacterial disease causing acute infection (Shahin et al. 2022), led to the culling of all fish to prevent its 

spread and to sanitize the facility. Recovery was possible thanks to the mirror INRAE unit at Lees-Athas 

(Pyrénées). Fish were transferred back to PEIMA in 2019 and again in 2024, but each time only a subset 

of the stock could be moved, raising concerns over potential losses of genetic diversity in the 

reconstituted cohorts. 

 

In 2019, cryopreserved sperm from earlier cohorts was incorporated into the breeding plan to produce 

the 2020 progeny. Although this strategy was not based on targeted genetic selection, subsequent 
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analyses confirmed its usefulness for maintaining diversity (Figure 1). A preliminary study in 2022 

(Colon 2022) suggested that cryopreserved material could again be used to boost diversity in the 2021 

and 2022 cohorts, but the resulting fish could not be genotyped before the 2023 outbreak. In the 

present work, we assessed the genetic diversity of the 2023 synthetic cohort transferred from Lees-

Athas and evaluated whether reintroducing cryopreserved sperm from the 2010 and 2012 cohorts 

could help restore diversity for the next generation. 

 

Figure 1: Principal Component Analysis (PCA) illustrates the distribution of individuals from three 

cohorts of the synthetic line ("2010_2" are cryoconserved straws, "2019" are the genotyped 

individuals from the cohort imported from the mirror site and "2020" is the progeny cohort resulting 

from the breeding of the two previous stocks presented) 

 

Objective 2 – Detecting signatures of selection in the INRAE divergent fat and lean lines 

The second objective focused on two experimental lines derived from the same INRAE spring-spawning 

population, which have undergone divergent selection for muscle fat content over eight generations 

(Quillet et al. 2005). By the seventh generation, muscle fat content was approximately three times 

higher in the fat line than in the lean line (Lefèvre et al. 2024). 

Muscle fat content is measured at each selection cycle using a Fish Torry Fat-meter (Douirin et al. 

1998), a non-destructive device that estimates lipid content by measuring the dielectric properties of 

muscle tissue, which are influenced by water content. Calibration equations are then used to convert 

water content estimates into lipid content values. For selection, individuals are ranked according to a 

weight-to-log(fat value) ratio: the bottom 10% in the lean line and the top 10% in the fat line are chosen 

to produce the next generation. 
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These two lines share the same genetic origin but have been subjected to opposite selection pressures, 

providing an ideal model to detect genomic signatures of selection - molecular footprints left when 

selection drives the frequency of certain alleles upward (Nielsen 2005). Such processes can reduce 

local genetic diversity, increase homozygosity, and cause marked allele frequency differences between 

populations. 

We used two complementary approaches to detect these signatures. The first identified regions of 

extended homozygosity within each line, which may indicate the fixation of advantageous alleles. The 

second measured allele frequency divergence (FST) between the lines to pinpoint regions that may have 

been differentially targeted by selection. Combining these methods allowed us to identify candidate 

genomic regions potentially associated with traits related to lipid metabolism, energy storage, or 

muscle physiology. These findings are of practical interest for aquaculture, as adequate fat content is 

essential for processing products such as smoked fillets, which are currently lacking in some 

commercial strains. 

 

 

In this context, the present study aims to assess genetic diversity and detect signatures of selection 

within experimental rainbow trout lines by making use of available genomic resources. The following 

section details the biological material used and the methodological framework adopted. 
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2. Materials and methods 

 

a. Ethical statement 

 

All the fish used for the analyses are currently reared or their sperm is cryoconserved in straws at the 

INRAE experimental facilities (PEIMA, INRAE, 2021, Fish Farming systems Experimental Facility, 

DOI: 10.15454/1.5572329612068406E12, Sizun, France) authorized for animal experimentation under 

the French regulation D29–277-02. Fish were reared under conditions similar to those of commercial 

aquaculture facilities, and the experimental procedures did not require prior approval from an ethical 

committee. 

 

b. Genotyping 

 

A small fin clip was collected from each individual at the PEIMA experimental facilities.  The samples 

were then sent for DNA extraction and genotyping to the INRAE genotyping platform GETYANE 

(Clermont-Ferrand).  

In total, there were: 

-  135 individuals genotyped for the 2023 cohort of the synthetic line 

- 30 cryoconserved sperm straws genotyped for the 2010 cohort of the synthetic line 

- 38 cryoconserved sperm straws genotyped for the 2012 cohort of the synthetic line 

- 94 individuals genotyped for the 2023 cohort of the fat line 

- 98 individuals genotyped for the 2023 cohort of the lean line 

Genotyping was processed for 57 501 SNPs with the DNA chip AxiomTM Trout Genotyping array (Palti 

et al. 2015). All SNPs with unknown or multiple locations on the Arlee reference genome assembly 

(USDA_Omyka_1.1) (Gao et al. 2021) were removed from the analyses.  

The remaining SNPs had to pass quality control filters using PLINK v1.9 (Chang et al. 2015). The quality 

control criteria employed in this study were as follows. First, SNPs were filtered on the Hardy-Weinberg 

Equilibrium at the threshold of 10-6 to eliminate the last genotyping errors. A filter on the minor allele 

frequency (MAF) was also implemented to keep SNPs with MAF equal or above 1% (Kanaka et al. 2023). 

Another filter was the call rate for each SNP, fixed at 0.03, meaning that to pass, each SNP needed to 

be genotyped for 97% of the individuals. Finally, animals with over 10% missing genotypes were 

excluded, in our case, all the individual genotypes passed this final filter. 

At the end, to proceed with our analyses, we had a total of: 

- 22 185 SNPs and 203 individuals for the evaluation of genetic diversity of the synthetic line 

- 25 649 SNPs and 192 individuals for the detection of signatures of selection in the fat and lean 

lines 

 

c. Hypothesis of genetic transmission within closed populations  

 

Because no external genetic material has been introduced since the beginning of the experimental 

lines, any genomic similarities observed between individuals reflect inheritance through direct 

descent. Thanks to this closed population structure, we can interpret the identity by state (IBS) across 

individuals as identity by descent (IBD), which reflects a shared ancestry.  

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/farming-system
http://dx.doi.org/10.15454/1.5572329612068406E12
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/animal-experimentation


6 

 

This closed population framework also supports the interpretation of our proxy of inbreeding (FROH) as 

a true coefficient of inbreeding, since homozygous genomic segments are expected to result from 

inheritance of identity by descent haplotypes.  

 

d. Characterization of genetic diversity in the synthetic line 

i. Principal Component Analysis 

 

Principal Component Analysis (PCA) was conducted to visualize population structure and diversity. In 

other words, we wanted to see if and how different lines of rainbow trout were clustered based on 

their genotypes. PCAs were performed by using the glPca function from the adegenet package 

(Jombart 2008) in R version 4.2.1 (R Core Team 2022) and run on RStudio software (RStudio Team 

2022). 

We then used the ggplot2 package (Wickham 2016) to plot the PCA results and observe a potential 

clustering between the lines through graphs representing two-by-two the first three principal 

components. 

A first PCA was carried out between the current and the past cohorts of the INRAE synthetic line, to 

see if the current living stock is different enough from the frozen sperm of past cohorts so that the use 

of the cryoconserved sperm straws could help reintroduce genetic diversity in the future cohort. 

A second PCA was carried out to compare the fat line and the lean line of rainbow trout. The objective 

was to see if they were really forming two very distinct clusters because of the 8 generations of 

divergent selection those lines have undergone on their muscle fat content. 

 

ii. Identity by State and Identity by Descent 

 

Because the objective was to select useful cryopreserved sperm straws to reintroduce genetic diversity 

into the synthetic line, we first needed to evaluate how different each sperm genotype is from 

genotypes of the current stock. In addition, as we want to use as little as possible the cryopreserved 

sperm straws, we also evaluated how close the frozen material was to each other.  

To do that, we need to calculate the Identity by State (IBS) probabilities. Identity by State refers to 

alleles or DNA segments that are identical in sequence between individuals, regardless of whether or 

not those similarities originated from a common ancestor. When the similarities are inherited from a 

common ancestor, an IBS probability is in fact an Identity by Descent (IBD) probability (Wright 1922). 

IBS and IBD are estimated pairwise between individuals. Based on the values of the IBD probability 

between two individuals, we can know the expected relationship between different individuals (Table 

1). 

 

Table 1: Parental link based on IBD values between two individuals (Wright 1922) 

Parental link Parent ~ Offspring or Full Siblings Half Sibs First Cousins 

IBD values 0.5 0.25 0.125 

 

The concept of IBD is based on pedigree, meaning that we need to know the information of the parents 

of each individual, information that we don’t have in our case. Instead, we must rely on IBS values, 

which don’t need ancestry data. In our specific study, because the population is closed, with all 
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individuals originating from the same cohort, we can assume that shared segments between 

individuals are likely inherited, and so IBS segments can be interpreted as IBD segments (Figure 2). 

Accessing the IBS values, and so the IBD values and the coefficient of relatedness, is possible thanks to 

PLINK v1.9 (Chang et al. 2015) by using the --genome option. 

 

Figure 2: Representation of the appearance of an IBD segment between two individuals from a 

common ancestor (Zhang et al. 2023) 

 

iii. Run of Homozygosity 

 

A Run of Homozygosity (ROH) is a long continuous region of the genome where an individual is 

homozygous across all markers, while there is polymorphism observed at the marker positions in the 

corresponding population (Figure 3). This double copy of the same haplotype is assumed to be 

inherited from a common ancestor and thus considered as IBD segments (McQuillan et al. 2008). The 

haplotype is then autozygous, meaning homozygous by descent.  

 

Figure 3: Representation of the formation of a ROH. Individual F presents a ROH (in green) formed by 

the pairing of stretches in homozygosis of the homologous chromosome of a common ancestor A 

(Rebelato, Caetano 2018) 
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ROH were calculated thanks to PLINK 1.9 (Chang et al. 2015) by using the “--homozyg” option. All the 

options we used are described in the following table (Table 2). 

 

Table 2: Description of the options used to obtain the Runs of Homozygosity (ROH) with PLINK v1.9 

(D’Ambrosio et al. 2019) 

Option Value Description 

homozyg  Enables the detection of ROH in the entry file 

homozyg-density 100 Definition of the minimal SNP density in a ROH (1 SNP per 

100 kb) 

homozyg-kb 1000 Definition of the minimal length of your ROH (in kb) 

homozyg-het 1 Definition of the maxima number of heterozygous SNP in 

a ROH (in SNP) 

homozyg-snp 30 Definition of the minimum number of SNP in a ROH (in 

SNP) 

homozyg-window-snp 30 Definition of the number of SNP per sliding window (in 

SNP) 

homozyg-window-missing 2 Definition of the maximum missing SNP allowed in a 

window (in SNP) 

homozyg-gap 100 Definition of the maximum distance allowed between 

two SNPs in a ROH (in kb) 

 

ROH can be used to estimate the coefficient of inbreeding of individuals.  

 

iv. Coefficient of inbreeding 

 

A genomic measure of the level of autozygosity and so the level of inbreeding is defined as the 

proportion of genome that is included in Runs of Homozygosity:  

 

𝐹𝑅𝑂𝐻 =  
∑ 𝐿𝑅𝑂𝐻

𝐿𝑔𝑒𝑛𝑜𝑚𝑒
 

 

Where 𝐹𝑅𝑂𝐻 is the coefficient of inbreeding, ∑ 𝐿𝑅𝑂𝐻 is the total length of the genome of an individual 

that is in ROHs and  𝐿𝑔𝑒𝑛𝑜𝑚𝑒 is the length of the genome of the individual that is covered by SNPs. 

 

e. Description of the optimization algorithm used to select cryoconserved sperm straws 

to increase genetic diversity of the future cohort of the synthetic line 

 

To optimize the genetic diversity of the future cohort while respecting operational constraints about 

relatedness across individuals, we used an algorithm based on Simulated Annealing implemented in 

the stats package in R. The function used is constrOptim(). The simulated annealing framework was 

chosen because our optimization problem involves multiple continuous parameters and nonlinear 

constraints on relatedness among individuals (Kirkpatrick, Gelatt, Vecchi 1983). Unlike gradient-based 

methods that may get trapped in local optimum, simulated annealing probabilistically explores the 

solution space by accepting worse solutions early on, thus increasing the chance of finding a global 



9 

 

optimum. This makes it particularly suited for complex genetic optimization tasks, such as maximizing 

diversity while controlling relatedness. In other words, this algorithm will try to converge to a minimum 

(or a maximum) while accepting some worst solutions occasionally to avoid local minimum. This 

method was previously explored and described by a previous student (Colon 2022). 

This algorithm allows us to minimize, or maximize, a score for a target function while respecting some 

constraints. In our case, it was used to maximize the genetic diversity of a future cohort by identifying 

the optimal proportion as well as the specific cryopreserved genetic material to use relative to fresh 

sperm from the current cohort 2023. 

The goal of the sets of constraints is to eliminate any candidate sperm that would not respect either 

one of the constraints, meaning, any cryoconserved sperm straw that would be too related to the 

current cohort as well as to avoid selecting cryoconserved sperm straws from related males.  

The following three constraints were considered: 

- Constraint 1 (C1): Cryoconserved straws were prioritized based on the median of the 

coefficient of relatedness between the selected straws and the individuals of the current 

cohort. 

- Constraint 2 (C2): Cryoconserved straws were prioritized based on the third quartile of the 

coefficient of relatedness between the selected straws and individuals of the current cohort. 

- Constraint 3 (C3): Cryoconserved straws were prioritized based on the median of the 

coefficient of relatedness among the straws themselves. 

At first, we tested the scenario with no constraints (meaning the maximum values observed for all 

three coefficients of relatedness), meaning that all the individuals were allowed to be selected by the 

algorithm; this will be referred to as scenario C0. We then tested all the constraints one by one; we 

tested them by reducing the value of the constraint while keeping the maximum value for the other 

coefficients of relatedness and assessed the effect on the number of individuals selected the mean of 

heterozygosity of the future cohort and the gain in genetic diversity. 

 With this approach, we created different scenarios: 

- CX_a: we constrain CX by limiting the value of the coefficient of relatedness to the 80% of the 

individuals with the lowest values. 

- CX_b: we constrain CX by limiting the value of the coefficient of relatedness to the 50% of the 

individuals with the lowest values. 

Where CX is either the constraint C1, C2 or C3. 

 

f. Optimized value: Mean of heterozygosity and the proportion of cryoconserved sperm 

straws to use 

 

To increase the genetic diversity of the future cohort, we considered two potential optimization 

criteria: the mean and the variance of the expected heterozygosity across individuals of the future 

cohort. To determine which metric was more relevant, we focused on the one that would most be 

reliable to measure high genetic diversity across all individuals. 

While the maximization of the variance of the expected heterozygosity could create offspring with 

extreme genetic profiles (a part of the cohort largely homozygous and another part highly 

heterozygous) it would then be necessary to assess whether the homozygous regions contain rare 
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alleles or simply reflect redundancy of already common variants. This approach introduces uncertainty 

or more complexity to verify the information. The formulas for the variance are presented in annex I. 

In contrast, the optimization of the mean heterozygosity ensures that most individuals maintain a high 

level of heterozygosity. This strategy promotes a more balanced genetic distribution across the cohort 

and reduces the probability of producing highly inbred individuals and so supporting long term 

population resilience. 

The mean heterozygosity of the future cohort is calculated with this formula: 

 

𝐸𝑑𝑖𝑣(𝑁𝑒𝑥𝑡_𝐶𝑜ℎ𝑜𝑟𝑡) = (1 − 𝑝) ∗ 𝐸𝑑𝑖𝑣(𝐶𝑢𝑟𝑟𝑒𝑛𝑡_𝐶𝑜ℎ𝑜𝑟𝑡) + 𝑝 ∗ 𝐸𝑑𝑖𝑣(𝐶𝑟𝑦𝑜𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑_𝑆𝑡𝑟𝑎𝑤𝑠) 

 

With: 

𝑝 = proportion on cryo-conserved genetic material used for the reproduction of the next cohort in a 

mating plan for 100 males used with equal amount of sperm for each of them to contribute to the next 

generation. 

 

𝐸𝑑𝑖𝑣(𝑌) =
∑ (1 − 𝐹𝑅𝑂𝐻𝑖

)𝑛
𝑖=1

𝑛
 

Where:  

- Y is the genotyped individuals of the current cohort or the cryoconserved straws selected 

- n is the number of individuals considered for the cohort 

- 𝐹𝑅𝑂𝐻𝑖
 is the coefficient of inbreeding for the individual 𝑖 and 1 − 𝐹𝑅𝑂𝐻𝑖

 is an indicator of 

heterozygosity 

 

The model considers next-generation heterozygosity as a linear combination of parental contributions, 

providing a simplified yet practical framework.  

It should be noted that if there is no use of cryoconserved sperm straws (the scenario where 𝑝 =  0), 

the mean of the expected heterozygosity of the future cohort remains unchanged, with a value of 

𝐸𝑑𝑖𝑣(2025𝑝=0) =  𝐸𝑑𝑖𝑣(𝐶𝑢𝑟𝑟𝑒𝑛𝑡_𝐶𝑜ℎ𝑜𝑟𝑡) = 0.8918.  

Based on this result, we obtain a reference. It is now possible to compute the gain of each optimization 

scenario we studied based on our set of constraints. The gain will represent the percentage increase 

in expected heterozygosity that would result from using the specific cryopreserved straws selected by 

the algorithm to produce the future cohort. 

 

𝐺𝑎𝑖𝑛 (%) =
𝐸𝑑𝑖𝑣(2025𝑝1

) − 𝐸𝑑𝑖𝑣(2025𝑝=0)

𝐸𝑑𝑖𝑣(2025𝑝=0)
∗ 100 

 

Based on this approach, we evaluated several scenarios involving different sets of cryoconserved 

straws and mating constraints and calculated the expected gain in heterozygosity for each. 

 

g. Genetic structure in fat and lean lines 
 

A PCA was used as an exploratory tool to visualize the main axes of genetic variation within and 

between the two lines. This multivariate approach allows the projection of individuals onto a reduced 
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set of dimensions that capture most of the genotypic variance, enabling the detection of genetic 

clustering patterns. A clear separation between the fat and lean lines in the PCA space would indicate 

a strong genetic differentiation consistent with the applied divergent selection. To better interpret the 

observed clustering patterns, we complemented PCA with a systematic inspection for outliers that 

could represent admixed individuals. Previous analyses of the genetic structure in earlier cohorts of 

the fat and lean lines using PCA revealed that a small number of individuals did not cluster clearly with 

either line, and these were considered potential hybrids between the two populations (Figure 4). With 

this precedent in mind, the PCA of the current dataset was also examined for intermediate individuals 

potentially resulting from admixture. When such individuals were detected, we further investigated 

their genetic background using the Mongrail program (Chakraborty, Rannala 2023), which assigns 

individuals to genealogical classes based on phased haplotype data. This model distinguishes pure 

parental types, F₁ hybrids, F₂ hybrids, and backcrosses. For this analysis, two reference populations 

were defined using individuals previously classified as belonging to the “fat” or “lean” lines. The 

genealogical classes considered were: pure fat (offspring of two fat-line parents), pure lean (offspring 

of two lean-line parents), F₁ hybrids (offspring of one fat-line and one lean-line parent), F₂ hybrids 

(offspring of two F₁ individuals), fat backcrosses (offspring of a fat-line individual and an F₁), and lean 

backcrosses (offspring of a lean-line individual and an F₁). For each individual, Mongrail calculates 

posterior probabilities of membership in each genealogical class. This approach enabled the detection 

and classification of hybrids with greater confidence than PCA alone, ensuring that only genetically 

well-assigned individuals were retained for downstream analyses of genetic structure and signatures 

of selection. 

 

 
Figure 4: PCA of the previous cohorts of the lean and fat lines, already showing the existence of 3 

hybrids between the two lines (2 from the fat cohort and 1 from the lean cohort) 

 



12 

 

h. Detection of signatures of selection 
 

To detect potential signatures of selection in the fat and lean lines, we applied complementary 

approaches based on the detection of Runs of Homozygosity (ROH), and estimation of the fixation 

index (FST). 

ROH analysis was performed to identify potential genomic regions under selection within each line 

(Pemberton et al. 2012). We calculated the proportion of the occurrences of a SNP in a ROH by 

counting the number of times the SNP was detected in those ROH across individuals. This recurrence 

was plotted against the physical position of SNPs along the chromosomes. The genomic regions most 

frequently encompassed by ROH were defined as those containing SNPs within the top 0.5% of 

recurrence values, following the threshold used by Xu et al. (2019).  

The fixation index FST was used to quantify genetic differentiation between the fat and lean lines at 

each SNP. FST measures the proportion of genetic variance attributable to allele frequency differences 

between populations, ranging from 0 (identical allele frequencies) to 1 (complete fixation of alternative 

alleles). High FST values are indicative of genomic regions subjected to divergent selection, where 

different alleles have been preferentially fixed in each population (Qanbari et al. 2011; Zhao et al. 

2015). We calculated per-site FST values using VCFtools (Danecek et al. 2011) with the Weir and 

Cockerham (1984) estimator, applied to SNP data from both lines. Negative FST values, which are non-

biological artefacts, were set to zero following previous recommendations (Akey et al. 2002; Maiorano 

et al. 2018). SNPs were plotted according to their genomic position, and the top 0.1% of FST values 

were retained as candidate signals of selection, in line with thresholds used in earlier studies on 

aquaculture species (Kijas et al. 2012; Zhao et al. 2015). Combining ROH and FST results could allow a 

cross-validation of candidate regions and increase confidence in the identification of the regions we 

considered as signatures of selection. 

 

i. Identification of candidate genes 
 

A genomic region was considered to be under selection pressure if it contained at least one significant 

SNP based on the ROH or FST threshold values. For both approaches, genomic regions were defined 

using a sliding window procedure. Starting from the most significant SNP among the outliers (top 0.1% 

for FST and top 0.5% for ROH), we extended the window 500 kb upstream and downstream. If another 

significant SNP was located within this 1 Mb interval, it was incorporated into the same window. The 

process was then repeated from each newly incorporated SNP, extending the search by 500 kb on 

either side until no additional significant SNPs were found within this distance. The final region was 

then extended by an additional 500 kb upstream and downstream to ensure coverage of potentially 

linked loci. Genes located within the windows of interest were identified from the NCBI O. mykiss 

genome assembly release 101 (USDA_OmykA_1.1) and are presented in annexes V to VII. 

To explore the biological relevance of these regions, we performed functional enrichment analysis 

using the FishEnrichr online tool (Chen, Tan, Kou 2013; Kuleshov, Jones, Rouillard 2016), which is 

specifically designed for enrichment studies in fish species. The analysis was carried out using zebrafish 

(Danio rerio) as the reference organism. Gene lists derived from the ROH- and FST-defined regions were 

mapped to Gene Ontology (GO) terms. FishEnrichr provides several metrics for ranking functions: the 

p-value, which assesses the probability of observing a given function by chance; the adjusted p-value, 
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which corrects for multiple testing to reduce false positives; the z-score, which quantifies the deviation 

of observed functional ranks from the expected distribution; and the combined score, which integrates 

both statistical significance and effect size by combining the log-transformed p-value with the z-score. 

Given the exploratory nature of our study and the aim of generating biological hypotheses, we chose 

not to exclude functions solely based on the adjusted p-value to avoid discarding potentially relevant 

signals. The classification of enriched functions was based on the top ten GO terms ranked by 

combined score, with particular attention given to functions related to lipid metabolism, energy 

balance, and muscle biology, as these were expected to be among the main targets of divergent 

selection between the fat and lean lines. 
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3. Results 

 

a. Characterization of genetic diversity in the synthetic line 

i. PCA of the current genetic diversity in our lines 

 

Based on the genotyping data of the current and past cohorts of the synthetic line, a PCA was 

generated (Figure 5). This analysis allows the exploration of the genetic structure and highlights the 

variation between the living cohort and the deceased cohorts. 

 
Figure 5: Principal Components Analysis representing the genetic diversity of the synthetic line’s 

cohorts – current synthetic cohort of 2023 (in red) and deceased cohorts of 2010 and 2012 (in blue) 

 

The first two axes explain respectively 3.7% and 2.1% of the global variance. The result indicates that 

the current and past cohorts are moderately differentiated based on SNPs. Thus, using cryoconserved 

sperm straws from past cohorts could help reintroduce genetic diversity in the synthetic line.  

 

ii. Coefficient of inbreeding  

 

The inbreeding coefficients are presented in the following table (Table 3). 

 

Table 3: Distribution of FROH for the different cohorts studied 

Cohorts Mean Min Q1 Med Q3 Max 

Current cohort 0.1082 0.0511 0.0847 0.1007 0.1081 0.2576 

Cryoconserved 

sperm straws 
0.0955 0.0412 0.0776 0.0875 0.1080 0.2646 
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As shown in table 3, coefficients of inbreeding are lower than those reported in the commercial lines 

of rainbow trout (D’Ambrosio et al. 2019). This result is very much expected because the synthetic line 

has not been selected in any way before. However, as inbreeding is not managed a few individuals 

have high inbreeding coefficients with values between 0.20 and 0.26, both in the recent and past 

cohorts. 

 

iii. Coefficient of relatedness  

 

Since the main goal is to see if we need to reintroduce genetic diversity into the current synthetic line 

using cryopreserved sperm straws, it was essential to evaluate both the coefficients of relatedness 

between each cryoconserved material and the individuals of the current cohort, and the coefficient of 

relatedness among the individuals with cryoconserved sperm straws. That information is crucial for 

identifying sperm samples that are genetically distant from the current population, thus maximizing 

the potential gain in diversity, while also avoiding redundancy among selected cryoconserved sperm.  

The following table shows the distribution of IBS probabilities calculated between individuals within 

the current cohort (2023), within the past cohorts (2010_2) and between the current and past cohorts 

(Table 4). 

 

Table 4: Distribution of the IBS coefficients across pairs 

Pairs of cohorts Mean Min Q1 Med Q3 Max 

2023 x 2023 0.0812 0 0.0317 0.0860 0.1181 0.5509 

2010_2 x 2010_2 0.0357 0 0 0.0303 0.0624 0.5447 

2010_2 x 2023 0.0431 0 0 0.0336 0.0691 0.4237 

 

The current synthetic cohort has the highest levels of relatedness among its members compared to 

the past cohorts (within themselves and when confronted to the current individuals) This suggests that 

the cryoconserved sperm straws are more original, genetically speaking, and they could possess alleles 

that have been lost in the current cohort. 

However, in any cohort, IBS values can range from very low to quite high. Indicating that we have some 

closely related individuals (with a full sibling’s relation or a parent offspring relation) and unrelated 

individuals.  

 

The figure 6 shows the distributions of median and third-quartile coefficients of relatedness between 

the cryoconserved sperm straws and the individuals of the current cohort (top and middle panels), as 

well as the median coefficient of relatedness within the cryoconserved sperm straws themselves 

(bottom panel).  

The distribution of estimated pairwise coefficients of relatedness are presented below (Figure 6). 
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Figure 6: Distributions of relatedness coefficients between cryoconserved sperm straws “2010_2” and 

the individuals of the current cohort “2023” (top and middle panel) and within the past cohorts 

themselves (bottom panel). The dashed lines correspond to different percentile values (the red dashed 

lines correspond to the 80th and the black dashed lines to the 50th, i.e. the median)  

 

These distributions inform us about the structure of coefficient of relatedness. They are highlighting a 

wide range of coefficient of relatedness, confirming that some individuals from the past cohorts are 

not related to the current cohort or even to other past individuals, which could make their 
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cryopreserved sperm straws interesting for our goal. Those distributions were important to set 

thresholds for our constraints in the optimization problem. 

 

b. Optimization of the mean heterozygosity of the next cohort 

 

To assess the potential gain of genetic diversity by introducing cryoconserved sperm straws, different 

sets of constraints were tested. As indicated in the Material & Methods section, if we do not introduce 

any cryoconserved straw in the next reproduction, the mean heterozygosity will be Ediv(2025) = 0.8918. 

This value served as a baseline for the evaluation of the gain of heterozygosity. 

We applied three types of constraints, each with two levels of discrimination to see if it was possible 

to improve the genetic diversity while limiting cryoconserved sperm straws usage. The following table 

summarizes the interesting scenarios tested (Table 5). 

 

Table 5: The effects of the different tested constraints of the genetic diversity of the future cohort of 

the synthetic line 

Constraint tested None Constraint 1 Constraint 2 Constraint 3 

Name C0 C1_a C1_b C2_a C2_b C3_a C3_b 

Constraint 1 0.0722 0.0521 0.0315 0.0722 0.0722 0.0722 0.0722 

Constraint 2 0.0995 0.0995 0.0995 0.0773 0.0590 0.0995 0.0995 

Constraint 3 0.0798 0.0798 0.0798 0.0798 0.0798 0.0525 0.0385 

Selected fish 66 54 34 54 34 51 33 

Mean diversity 0.8994 0.8959 0.8906 0.8959 0.8909 0.8945 0.8899 

Gain (%) 0.86 0.46 -0.13 0.47 -0.10 0.30 -0.21 

 

First, the optimization algorithm was run without applying any constraint (C0) to see what the 

maximum of the mean of heterozygosity could be achievable in the future cohort. The scenario C0 

shows that we could be at 0.8994, which means that we could only gain 0.86% of genetic diversity. In 

that case, we must use sperm straws of 66 out of the 68 individuals from previous cohorts. However, 

this scenario is not optimal in our opinion because it would nearly exhaust the cryobank. 

 

Then we tested constraint 1 with threshold values C1_a or C1_b on the maximum median relatedness 

between the selected cryopreserved sperm and the recent cohort; meaning that we try to take out of 

the optimization straws that were too close to the current synthetic cohort. Respectively 54 and 34 

out of the 68 cryopreserved individuals had to be selected to maximize the mean heterozygosity of the 

future cohort. For the scenario C1_a, only a gain of 0.46% of expected heterozygosity can be expected 

compared to the mean heterozygosity of the current cohort. For scenario C1_b, the situation is even 

worse as no gain can be expected (-0.13%) while using sperm straws from half of the cryopreserved 

fish.  

 

Considering constraint 2 with scenarios dedicated to limit relatedness between the current cohort and 

the third quartile of cryopreserved fish, we got very similar results to those observed with constraint 

1. There are no scenarios respecting the constraint and our choice of the maximum straws used that 

would increase the genetic diversity of the future cohort. 
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Finally, scenarios introducing constraint 3 on the maximum coefficient of relatedness among selected 

sperm of the past cohorts indicated that to use only about half of the cryopreserved sperm no gain in 

heterozygosity can be expected for the future cohort (-0.21% in scenario C3_b). 

 

c. Signatures of selection in divergent lines 

i. The clustering of the lines 
 

 
Figure 7: PCA plot of the two first principal components (PC) showing the segregation between the fat 

line (yellow) and the lean line (green) and individuals considered as hybrids of those lines 

 

As shown in the PCA (Figure 7), PC1, explaining 6.68% of the variance, clearly separates the two lines 

of rainbow trout into two distinct clusters. PC2 also contributes to this separation, further structuring 

each line. Each cluster appears to consist of three subgroups of individuals, suggesting genetic 

differentiation and reduced relatedness among subgroups within each line. The first two components 

explain 6.68% and 4.33% of the variance, respectively. 

Some individuals are not fully separated by PC1 while strongly segregated by PC2. A total of 18 

individuals (2 from the fat line and 16 from the lean line) formed a third cluster, referred to as the 

hybrid cluster. 

Hybrids identified by the first two principal components of the PCA were analyzed using the Mongrail 

framework. None of the 18 individuals has reached a sufficient value that would allow a confident 

classification (95%). However, for the two hybrids originated from the fat line and 14 out of 16 hybrids 

from the lean line, the largest proportion of their genome is estimated to be derived from the “pure 

lean” class, with posterior probabilities ranging from 35% to 93%. The last two individuals are showing 

a genetic pattern most similar to the “pure fat” class and “lean backcross” class with percentage of 

53% and 41% respectively. As a result, none of the hybrids were reassigned to any class and they were 

excluded from subsequent analyses. 



19 

 

After the hybrids were taken away, the genetic structure of the data set from the two new lines was 

captured again by the first two principal components of a PCA (Figure 8). 

 

 
Figure 8: PCA plot of the two first principal components (PC) showing the segregation between the fat 

line (yellow) and the lean line (green) without any hybrid individual 

 

Once again, PC1 allows a clear segregation between the two lines of rainbow trout into two separated 

clusters (Figure 8). PC2 also reveals the same repartition inside each line. Each cluster seems to be 

formed by 3 groups, which shows diversity in each line. This time, PC1 and PC2 are explaining 7.68% 

and 3.34% variance respectively.  

 

After exploring the segregation and the clustering between the fat and lean lines of rainbow trout, we 

excluded suspect individuals for the subsequent analysis aiming to identify signatures of selection 

using ROH and FST approaches. 

 

ii. Signature of selection 
 

To identify the genomic regions that were most commonly associated with ROH in all individuals, the 

top 0.5% of SNPs with the highest occurrences in ROH were considered as candidates, as outliers. This 

represents 127 SNPs selected as outliers for this study and it means we selected frequencies above 

48.91% and 45.78% for the fat line and the lean line respectively. The SNP candidates were located in 

chromosomes 7, 14, 23, 30 and 32 for the lean line with percentage ranging from 45.78% to 53.01% 

(Figure 9, top panel). The set of candidate SNPs for the fat line was located in chromosomes 6, 8 and 

16, ranging from 48.91% to 58.69% (Figure 9, bottom panel). 
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Figure 9: Distribution of percentage at which each SNP appears within ROH segments across 

individual from the lean line (top panel) and the fat line (bottom panel). The threshold is represented 

by the red dashed lines and the outliers by the red dots 

 

 
Figure 10: Genomic distribution of FST values. SNPs are plotted relative to their physical position within 

each chromosome. The cutoff to call SNP outliers is represented by the red dashed line and the 

outliers are represented as red dots 
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Another way to identify regions under selection pressure was to evaluate genetic differentiation. This 

data varied throughout the genome (Figure 10) with an average value of 0.080. By considering only 

the top 0.1% of the FST values, 32 SNPs were selected, ranging from 0.574 to 0.798, and located on 

chromosomes 1, 3, 7, 12, 14, 20, 23 and 32. 

 

Thanks to the ROH and FST approaches we were able to define multiple regions of interest. In total, we 

obtained: 

- 11 regions from the ROH approach of the lean line 

- 4 regions from the ROH approach for the fat line 

- 19 regions from the FST approach comparing the lean and the fat line 

These regions are covering 18,735,691bp, 10,489,807bp and 19,579,891bp respectively based on the 

500 kb-sliding window method used to select regions around the top SNPs.  

Based on those regions, we collected the known genes in them. Genes were grouped by approach and 

analyzed for functional enrichment using FishEnrichr. A total of 3 enrichments were then performed. 

For each of them, we only took the GO terms that were ranked in the top ten by combined score of 

the tables from “GO Molecular Function 2018”, “GO Biological Process 2018” and “GO Cellular 

Component 2018” (Annexes II to IV). From the ten GO terms of each table, we only kept GO terms that 

could be related to lipid metabolism, energy storage or muscle biology.  

The selected GO terms included functions related to nuclear hormone receptor activity, microRNA-

mediated gene silencing, and stress granule formation in the lean line; hormone receptor binding, 

steroid metabolism, lipid signaling, MAPK pathway activation, and cytoskeletal organization in the fat 

line; and developmental regulation, steroid hormone response, lipid metabolism enzymes, opioid 

receptors, and intracellular trafficking in the FST comparison. 

The complete list of enriched GO terms that could be related to lipid metabolism, energy storage or 

muscle biology is presented in Table 6. 

 

 

 

Table 6: Compilation of the enriched GO terms the most related to lipid metabolism, energy storage 

or muscle biology in regions identified by ROH or FST approaches in lean and fat lines 

Approach 

- Line 
GO Category Function (Name + Description) 

ROH – 

lean line 
 

Molecular 

Function 

ligand-dependent nuclear receptor transcription coactivator activity 

(GO:0030374) – ability of a protein factor to bind to a ligand-activated 

nuclear receptor (steroid, thyroid hormone, retinoid) to stimulate 

transcription of target genes. 

Biological 

Process 

production of miRNAs involved in gene silencing by miRNA (GO:0035196) 

– process of generating microRNAs that participate in repression of gene 

expression by binding to target mRNAs. 

Cellular 

Component 

cytoplasmic stress granule (GO:0010494) – cytoplasmic aggregates of 

proteins and mRNAs formed in response to cellular stress. 
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Approach 

- Line 
GO Category Function (Name + Description) 

ROH – fat 

line 
 

Molecular 

Function 

estrogen receptor binding (GO:0030331) – binding to the estrogen 

receptor, involved in hormonal regulation.  

steroid dehydrogenase activity (GO:0033764) – oxidation-reduction of 

steroids via NAD(P).  

prostaglandin E receptor activity (GO:0004957) – cellular response to 

prostaglandins. 

Biological 

Process 

activation of MAPKK activity (GO:0000186) – activation of MAPK pathways 

involved in cell growth and stress.  

regulation of focal adhesion assembly (GO:0051893) – control of the 

assembly of cell adhesion complexes to the extracellular matrix. 

Cellular 

Component 

anchored component of external side of plasma membrane (GO:0031362) 

– proteins anchored to the external plasma membrane via lipid linkage. 

intrinsic component of external side of plasma membrane (GO:0031233) 

– transmembrane proteins exposing their active part to the cell exterior. 

contractile actin filament bundle (GO:0097517) – organized bundles of 

actin involved in cell contraction or shape.  

actomyosin (GO:0042641) – actin–myosin complex responsible for cellular 

contraction. 

FST – lean 

vs fat  
 

Molecular 

Function 

opioid receptor activity (GO:0004985) – opioid receptors modulating 

cellular signaling.  

palmitoyl-CoA hydrolase activity (GO:0016290) – enzyme hydrolyzing 

palmitoyl-CoA, involved in lipid metabolism. 

Biological 

Process 

regulation of mesodermal cell fate specification (GO:0042661) – control of 

mesodermal cell fate during embryonic development.  

response to steroid hormone (GO:0048545) – cellular response to steroid 

hormones. 

Cellular 

Component 

BLOC-1 complex (GO:0031083) – protein complex involved in sorting and 

maturation of endosomal organelles. 

 

 

These enrichment results provide a first overview of the potential biological processes, molecular 

functions and cellular components underlying the divergence between the lean and fat lines. While 

they highlight pathways consistent with differences in lipid metabolism, energy storage, and muscle 

biology, they also raise questions about their broader physiological implications. In the following 

discussion, we explore these findings considering previous studies on rainbow trout lines, considering 

both their biological relevance and their possible links with observed phenotypic traits.  
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4. Discussion 

 

a. Management of the genetic diversity in the synthetic line 

i. The genetic erosion 
 

The results that we obtained in this study have shown a slight decrease in genetic diversity in the 

synthetic line of rainbow trout in the INRAE’s PEIMA stock following the two major mortality episodes, 

causing bottlenecks in the last years. Indeed, coefficient of inbreeding tends to be higher in the current 

cohort than in past cohorts of the synthetic line, which means heterozygosity decreased a bit. 

The PCA has shown a genetic differentiation between the current cohort and the past cohorts, 

suggesting a genetic drift and hinting that reintroducing previous genetic material could be a solution 

to gain genetic diversity. 

Inbreeding coefficients were higher in the current cohort than in the past cohorts of the synthetic line 

(see Table 3). This heterozygosity decrease may have been caused by the bottlenecks induced by the 

recent slaughter episodes. Nevertheless, the average level of inbreeding in the current cohort is much 

lower than observed in the selected commercial lines used for French production  (D’Ambrosio et al. 

2019), indicating that the INRAE synthetic line is still an interesting population as a reservoir of genetic 

diversity.  

 

ii. Advantages and limitations of cryopreserved sperm straws 
 

Although the cryopreserved material represents a valuable reservoir of genetic diversity, our 

calculations indicated that its use would result in only a marginal effective gain of 0.86% in genetic 

diversity when employed to produce the next cohort of the synthetic line. Moreover, achieving this 

modest gain would require using cryopreserved samples from 66 out of the 68 individuals, thereby 

depleting a massive part of the stock. Such a strategy would severely limit the resources available for 

future reintroductions of genetic diversity. In the event of another bottleneck in the synthetic line, 

having consumed most of the cryopreserved stock for such a limited benefit could compromise future 

opportunities to restore genetic variability when it might be most urgently needed. 

A further limitation lies in the choice of the metric used to optimize genetic diversity. Relying on the 

mean heterozygosity may not have been optimal; the variance of heterozygosity could represent a 

more informative criterion. Indeed, selecting breeders with homozygosity at multiple loci but carrying 

rare alleles would favor the retention and propagation of these alleles in subsequent generations. This 

approach could ultimately enhance the frequency of rare variants and lead to a more substantial 

increase in genetic diversity over time. 

 

iii. Choice of the constraints used  
 

Two types of constraints were tested, two constraints (C1 and C2) aimed to limit the relationships 

between the cryopreserved sperm and the current cohort and one (C3) was used to limit the 

relatedness of the selected sperm. 
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Results showed that there was no scenario helpful to increase the genetic diversity of the future cohort 

of the synthetic line while limiting the number of past breeders used to half the list of the 68 

cryopreserved sperm.  

Results can also be a hint that the current cryobank diversity may be insufficient for impactful short-

term gains but might be useful for possible coming events.  

Because of this point, and the fact that IBS values between cryopreserved sperm straws can be quite 

low, we could identify the individuals of the current cohort that are very different from the current 

cryoconserved stock. Those candidates could be sampled in order to create a new stock of 

cryopreserved sperm straws.  

 

iv. Alternatives to increase genetic diversity  
 

We may suggest alternative strategies to maintain genetic diversity. 

First, it can be proposed to constitute an additional stock of cryopreserved sperm using the new 

breeders selected in cohort 2023. As we have demonstrated that more than half the cryopreserved 

sperm from cohorts 2010 and 2012 are almost unrelated (IBS probabilities < 0.04) to the fish from 

cohort 2023, a second cryopreserved stock from the new breeders could be useful to reintroduce 

genetic diversity that may be lost in a future crisis. We could recreate a new stock of cryopreserved 

sperm straws periodically.  

Other studies have shown that we could also reintroduce external genetic resources to gain genetic 

diversity (Johnson et al. 2025). Unfortunately, our goals are different. INRAE’s work is not to develop 

a line with all the diversity of the rainbow trout genome, but to keep the genetic diversity of the 

synthetic as close as it originally was. 

We could also increase the number of breeders used for each generation to potentially increase 

effective population size (Ne). The higher the Ne, the lower is the heterozygosity decrease across 

generations (Wang 2005). Higher Ne counters genetic drift reduces the rate of inbreeding and 

maintains genetic diversity. However, managing a high Ne isn’t an easy solution, especially for the 

PEIMA team that has to manage numerous rainbow trout lines  (Lallias et al. 2021; Lagarde et al. 2023; 

Pouil et al. 2023)  and in the context of newly launched experiments and logistical constraints of the 

facility. 

Another limit that we could consider is the narrow sample size. We only had 134 individuals from the 

2023 synthetic cohort that were genotyped, and the stock of cryopreserved sperm straws only counted 

68 different individuals and some of them have already been used previously. While this restricted 

sampling might not fully represent the genetic landscape, it has been estimated in population genetics 

that 30–40 individuals are sufficient to estimate allele frequencies and Ne. Thus, sample size is unlikely 

to bias our main conclusions. 

 

b. Signatures of selection in the fat and lean lines 

i. Candidate genes and functional enrichment 
 

To better understand the biological processes underlying the genetic regions identified, we examined 

the functional enrichment of genes located within the genomic regions detected using ROH and FST. 
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This analysis aimed to highlight pathways that could explain phenotypic differences between the lean 

and fat lines. 

In the lean line, several enriched GO terms converged on mechanisms related to transcriptional 

regulation, post-transcriptional control, and cellular stress responses. Among them, the ligand-

dependent nuclear receptor transcription coactivator activity (GO:0030374) stands out, reflecting the 

role of nuclear hormone receptors in metabolic pathways such as thyroid and steroid signaling. This is 

particularly relevant since nuclear receptor coactivators such as PGC-1α have been shown to reduce 

oxytocin expression and thereby regulate appetite and energy intake in zebrafish (Danio rerio) 

(Blechman et al. 2011). Such a mechanism provides a plausible molecular basis for the more efficient 

feed utilization and lower feed conversion ratio reported in the lean line (Blanc et al. 2025). Another 

important enrichment was the production of miRNAs involved in gene silencing by miRNA 

(GO:0035196), which points to tighter post-transcriptional regulation of gene expression. This is 

consistent with the role of miRNAs in fine-tuning developmental processes, metabolism, and cellular 

plasticity (O’Brien et al. 2018). It also resonates with physiological studies showing that the lean line 

displays improved resource allocation and more efficient growth despite lower lipid deposition (Blanc 

et al. 2025). Finally, enrichment for cytoplasmic stress granule formation (GO:0010494) highlights the 

cellular strategies used to cope with stress, such as oxidative stress, heat shock, or hypoxia, by 

transiently halting translation and storing mRNAs for later use or degradation. This may underpin the 

greater hypoxia tolerance observed in the lean line (Pouil et al. 2024), reinforcing the idea that this line 

has developed mechanisms of stress resilience and metabolic flexibility. Together, these enrichments 

point to a functional profile where the lean line maintains homeostasis under environmental 

challenges through regulatory plasticity and efficient use of available nutrients. 

 

In the fat line, enriched GO terms revealed three major functional themes: hormonal regulation, 

intracellular signaling, and structural adaptation of adipose tissue. At the molecular function level, 

estrogen receptor binding (GO:0030331), steroid dehydrogenase activity (GO:0033764), and 

prostaglandin E receptor activity (GO:0004957) all indicate strong hormonal control of lipid 

metabolism and storage. In fish, estrogen receptors such as esr1, esr2a, and esr2b are known to 

modulate lipid homeostasis (Lu et al. 2017). Similarly, steroid dehydrogenases locally activate or 

inactivate steroid hormones within adipose and muscle tissues, thereby influencing energy partitioning 

and adipocyte differentiation (Aizawa et al. 2007). Prostaglandin signaling, via its receptors, has been 

shown to promote triglyceride accumulation in mice (Cai, Ying, Song 2015), suggesting a potential role 

in energy storage and metabolic inflammation. These hormonal pathways are consistent with 

experimental findings in rainbow trout, where the fat line exhibits higher hepatic expression of 

lipogenic genes, increased fatty acid bioconversion, and greater glycogen storage compared to the lean 

line, without improved glucose utilization (Kamalam et al. 2012). 

At the biological process level, enrichment for activation of MAPKK activity (GO:0000186) suggests 

MAPK pathway modulation, which is known in mice to promote lipid accumulation and adaptation to 

metabolic stress (Ding et al. 2023). This result is consistent with observations that the fat line tends to 

accumulate more lipid throughout development (Quillet et al. 2007; Blanc et al. 2025). Another 

biological process, regulation of focal adhesion assembly (GO:0051893), points to extracellular matrix 

remodeling, a process required for the structural adaptation of adipose tissue during expansion. At the 

cellular component level, enrichments for intrinsic plasma membrane components, contractile actin 
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filament bundles, and actomyosin highlight cytoskeletal and membrane remodeling processes. These 

can modulate adipogenic signaling and provide mechanical adaptation to lipid overload, as shown in 

mice (Ramadori et al. 1990; Jeong, Ko, Park 2007; Chen et al. 2020). Such cytoskeletal remodeling could 

explain experimental findings that selection for muscle lipid content alters flesh quality traits such as 

texture and oxidative stability in trout (Lefevre et al. 2015), since muscle mechanical properties are 

closely linked to actomyosin structure and extracellular matrix composition. Collectively, the 

enrichment profile in the fat line depicts a system strongly oriented towards lipid accumulation and 

storage, with both metabolic and structural adaptations to support this phenotype. 

 

The FST-based comparison between lean and fat lines further highlighted functional differences that 

directly relate to experimentally observed traits. For example, enrichment for opioid receptor activity 

(GO:0004985) is particularly relevant given that differences in feeding behavior have been reported 

between the lines. Blanc et al. (2025) showed that the fat line has a higher feed conversion ratio, 

requiring more feed to produce the same biomass as the lean line. The identification of opioid receptor 

activity, known to regulate appetite and energy balance in mammals (Tabarin et al. 2005), suggests a 

molecular basis for this behavioral difference. Similarly, variation in palmitoyl-CoA hydrolase activity 

(GO:0016290) reflects differences in lipid turnover, consistent with studies in humans showing its role 

in fat tissue composition (Watt et al. 2003). Developmental terms such as regulation of mesodermal 

cell fate specification (GO:0042661) suggest divergence in adipocyte precursor differentiation during 

early ontogeny (Sebo et al. 2018), which matches the experimental observation that the fat line shows 

long-term differences in flesh quality (Lefevre et al. 2015) and body composition (Kamalam et al. 2012). 

Likewise, enrichment for response to steroid hormone (GO:0048545) supports the idea that 

differential hormonal sensitivity contributes to distinct metabolic profiles, as recently suggested in 

mammals (Liang et al. 2023). Finally, enrichment of the BLOC-1 complex (GO:0031083), involved in 

endosomal trafficking of receptors and lipid-related proteins (Di Pietro et al. 2006), may contribute to 

differences in receptor recycling and lipid handling between the two lines. 

 

Altogether, the integration of enrichment analyses with experimental data reinforces the view that the 

two lines represent distinct metabolic strategies shaped by divergent selection on muscle lipid content. 

The lean line relies on stress adaptation, miRNA-mediated post-transcriptional regulation, and efficient 

nutrient utilization, explaining its improved feed efficiency, growth trajectory, and tolerance to 

environmental stress. By contrast, the fat line is characterized by strong hormonal regulation, MAPK 

pathway modulation, adipogenesis, and cytoskeletal remodeling, which sustain higher lipid deposition, 

altered feeding behavior, and modified flesh quality.  

 

In this study, we chose to focus only on GO terms most relevant to the detection of selection 

signatures. However, additional GO terms within the identified regions may also provide valuable 

insights into lipid metabolism, muscle biology, and energy storage, and these may have been 

overlooked. 

 

ii. Thresholds and statistical considerations  
 



27 

 

For the detection of candidate regions, thresholds were applied to filter extreme signals: the top 0.5% 

of SNPs for ROH and the top 0.1% for FST. These stringent criteria reduced the likelihood of false 

positives but may also have excluded regions under moderate selection that remain biologically 

relevant. Relaxing these thresholds could reveal additional candidate regions but would come at the 

cost of specificity. Future analyses should explore how varying thresholds influence the enrichment 

results. 

A further limitation lies in the statistical framework used for GO term selection. When applying 

adjusted p-values, no enriched GO terms reached significance (all > 0.1), reflecting the limited number 

of genes in candidate regions and reduced statistical power. To address this, we relied on the combined 

score, which integrates both statistical significance (p-value) and deviation from expected rank (z-

score). This approach allowed us to highlight potentially meaningful biological signals, even in the 

absence of strict significance. Nonetheless, future studies could systematically compare thresholds 

based on adjusted p-values, z-scores, or combined scores, rather than selecting only the top-ranked 

terms. 

 

iii. Shared regions between approaches 
 

Hopefully, we had three regions that were shared by the two different approaches (FST and ROH) and 

only for the lean line. Those regions were placed on chromosome 7 (from 53,945,579bp to 

54,945,579bp) chromosome 32 (from 25,952,315bp to 27,007,193bp and from 27,656,469bp to 

28,464,650bp). It means that the markers in those regions are in the way of getting fixed for the lean 

line and that it appears that they are different from the one from the fat line.  Unfortunately, after 

collecting the known genes from those regions and processing enrichment, no GO terms were relevant 

from our analyses based on lipid metabolism, muscle biology, and energy storage. 

 

 

 

Taken together, these results highlight both the management challenges of maintaining genetic 

diversity in the synthetic line and the biological insights gained from exploring genomic signatures in 

the fat and lean lines. While the analyses provide consistent evidence for divergent metabolic 

strategies and point to practical recommendations for conservation and the use of cryopreserved 

sperm in breeding programs, they also underline important limitations related to statistical power, 

thresholds, and the feasibility of applying cryoconservation strategies.  
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5. Conclusion 

 

This study investigated the impact of successive mortality events on the genetic diversity of the INRAE 

synthetic rainbow trout line, as well as the genomic basis of divergence between experimental lean 

and fat lines. 

 

Analysis of the 2023 cohort of the synthetic line revealed higher homozygosity compared with the 

2010 and 2012 cohorts, indicating a decline in genetic diversity likely caused by both mortality events 

and genetic drift in this relatively small experimental population. The use of cryopreserved sperm from 

older cohorts was considered as a possible way to restore diversity. However, our results showed that 

this strategy would yield only a very limited gain, insufficient to justify its use given both the cost and 

the scarcity of the available material. It therefore appears more practical to rely on breeders from the 

current cohort to produce the next generation. 

Careful breeding management, as currently implemented, remains essential. Regular monitoring of 

inbreeding and genetic diversity allows informed decisions on whether cryopreserved sperm should 

be reintroduced in response to future bottlenecks. 

Since the present cohort still retains relatively high diversity, this represents an opportunity to 

establish a new cryoconserved stock as insurance against future mortality events. Ideally, such a stock 

should be built from carefully selected individuals to maximize the preservation of rare alleles and 

genetic originality. At present, however, sperm cryopreservation at the facility is performed 

opportunistically during reproduction events, generating a largely random cryobank. Genotyping 

occurs only afterwards, and because individuals in the 2023 cohort are not identified or tagged, it is 

impossible to retrospectively target promising candidates identified through PCA, FROH, or IBS analyses. 

Integrating systematic cryopreservation into the breeding program would therefore help maintain 

long-term genetic diversity and allow rapid recovery following potential bottlenecks. 

 

In parallel with these management considerations, we also explored the genomic divergence between 

the experimental lean and fat lines of rainbow trout. These lines, originally derived from the same 

genetic background but subjected to contrasting selection pressures, provide a unique framework to 

study the genetic basis of lipid metabolism, energy storage, and muscle physiology. 

Our analysis reveals clear differences in genetic diversity between the two lines, reflecting historical 

selection pressures. Interestingly, the analysis also detected 18 hybrids that were excluded from the 

analysis showing limitations in the maintenance of these lines only based on phenotypic information. 

Using ROH and FST approaches, we identified candidate regions potentially under selection, although 

only small regions were shared between the two methods. Several regions overlapped with genes and 

pathways previously implicated in metabolic regulation, adipocyte differentiation, and intracellular 

trafficking, supporting their functional relevance. Others may instead reflect linked selection or 

population-specific drift, and their interpretation must therefore remain cautious. 

 

In conclusion, this study demonstrates the value of combining complementary approaches to detect 

selection signatures while emphasizing the importance of preserving genetic diversity in experimental 

lines. These findings contribute to the understanding of the genetic basis of lean versus fat phenotypes 
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and provide a framework for monitoring and managing genetic variation in breeding programs, 

ensuring both the persistence of desirable traits and the long-term adaptability of the lines. 

 

Nonetheless, some limitations should be acknowledged. The analyses were conducted on relatively 

small experimental populations, and some results may therefore be context-dependent rather than 

universally applicable to aquaculture breeding. In addition, the imperfect separation between the lean 

and fat lines highlights the practical challenges of maintaining experimental lines over the long term. 

Future work integrating larger datasets and focusing on functional validation could help refine these 

findings and assess their relevance for broader breeding applications to produce lines based on their 

fat content to use them for better smoked filets. 
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7. Annexes 

 

Annex I: Formula for the variance of genetic diversity 

 

The variance of heterozygosity of the future cohort could be calculated by this formula: 

 

𝑉𝑎𝑟𝑑𝑖𝑣(𝑁𝑒𝑥𝑡_𝐶𝑜ℎ𝑜𝑟𝑡)

= (1 − 𝑝)2 ∗ 𝑉𝑎𝑟𝑑𝑖𝑣(𝐶𝑢𝑟𝑟𝑒𝑛𝑡_𝐶𝑜ℎ𝑜𝑟𝑡) + 𝑝2 ∗ 𝑉𝑎𝑟𝑑𝑖𝑣(𝐶𝑟𝑦𝑜𝑐𝑜𝑛𝑠𝑒𝑟𝑣𝑒𝑑_𝑆𝑡𝑟𝑎𝑤𝑠) 

 

With: 

p = proportion on cryo-conserved genetic material used for the reproduction of the next cohort in a 

mating plan for 100 males used with equal amount of sperm for each of them to contribute to the next 

generation. 

 

𝑉𝑎𝑟𝑑𝑖𝑣(𝑌) = 𝑉𝑎𝑟(1 − 𝐹𝑅𝑂𝐻𝑖
) 

 

Where:  

- Y is either the genotyped individuals of the current cohort or the cryoconserved straws 

selected 

- n is the number of individuals considered for the cohort 

- 𝐹𝑅𝑂𝐻𝑖
  is the coefficient of inbreeding for the individual 𝑖 and 1 −  𝐹𝑅𝑂𝐻𝑖

  is an indicator of 

heterozygosity 
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Annex II: Gene Ontology (GO) terms significantly enriched in genomic regions identified through Runs of Homozygosity (ROH) analysis in the Lean line of 

rainbow trout 

 

 

GO Molecular Function 2018 

Index Name P-value Adjusted p-value Z-score Combined score 

1 
RNA polymerase II transcription factor activity, sequence-specific 
transcription regulatory region DNA binding (GO:0001133) 0.001203 0.1432 -2.59 17.40 

2 opioid receptor activity (GO:0004985) 0.05424 0.3411 -4.84 14.11 

3 polynucleotide adenylyltransferase activity (GO:0004652) 0.05424 0.3411 -4.55 13.25 

4 translation release factor activity (GO:0003747) 0.05424 0.3411 -4.43 12.90 

5 histone demethylase activity (H3-trimethyl-K4 specific) (GO:0034647) 0.05424 0.3411 -4.15 12.08 

6 
carbon-nitrogen ligase activity, with glutamine as amido-N-donor 
(GO:0016884) 0.07166 0.3411 -4.19 11.03 

7 
ligand-dependent nuclear receptor transcription coactivator activity 
(GO:0030374) 0.00410 0.1626 -2.00 10.99 

8 lysine-acetylated histone binding (GO:0070577) 0.06299 0.3411 -3.92 10.83 

9 RNA polymerase II transcription coactivator activity (GO:0001105) 0.07166 0.3411 -3.90 10.28 

10 retinol dehydrogenase activity (GO:0004745) 0.05424 0.3411 -3.38 9.86 
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GO Biological Process 2018 

Index Name P-value Adjusted p-value Z-score Combined score 

1 production of miRNAs involved in gene silencing by miRNA (GO:0035196) 0.003647 0.3832 -3.03 17.01 

2 anterior lateral line development (GO:0048899) 0.07166 0.3832 -5.67 14.93 

3 negative regulation of histone methylation (GO:0031061) 0.05424 0.3832 -4.88 14.24 

4 spinal cord development (GO:0021510) 0.00719 0.3832 -2.87 14.17 

5 primary neural tube formation (GO:0014020) 0.05424 0.3832 -4.73 13.78 

6 tube closure (GO:0060606) 0.06299 0.3832 -4.93 13.62 

7 protein K11-linked deubiquitination (GO:0035871) 0.05424 0.3832 -4.61 13.42 

8 cerebellar granule cell differentiation (GO:0021707) 0.05424 0.3832 -4.60 13.42 

9 pigment cell development (GO:0070285) 0.06299 0.3832 -4.77 13.20 

10 mRNA polyadenylation (GO:0006378) 0.008256 0.3832 -2.55 12.23 

      

GO Cellular Component 2018 

Index Name P-value Adjusted p-value Z-score Combined score 

1 
mRNA cleavage and polyadenylation specificity factor complex 
(GO:0005847) 0.08025 0.4372 -3.55 8.95 

2 cytoplasmic stress granule (GO:0010494) 0.08025 0.4372 -3.24 8.18 

3 core mediator complex (GO:0070847) 0.07166 0.4372 -3.05 8.05 

4 THO complex part of transcription export complex (GO:0000445) 0.07166 0.4372 -2.82 7.43 

5 BLOC-1 complex (GO:0031083) 0.09720 0.4372 -3.12 7.27 

6 RNA polymerase II transcription factor complex (GO:0090575) 0.005937 0.3206 -1.25 6.42 

7 ESC/E(Z) complex (GO:0035098) 0.1056 0.4372 -2.67 6.00 

8 mitochondrial intermembrane space (GO:0005758) 0.1382 0.4372 -2.66 5.27 

9 chromosomal region (GO:0098687) 0.1302 0.4372 -2.54 5.18 

10 site of double-strand break (GO:0035861) 0.1462 0.4372 -2.62 5.04 
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Annex III: Gene Ontology (GO) terms significantly enriched in genomic regions identified through Runs of Homozygosity (ROH) analysis in the Fat line of 

rainbow trout 

 

 

GO Molecular Function 2018  

Index Name P-value Adjusted p-value Z-score Combined score  

1 estrogen receptor binding (GO:0030331) 0.04893 0.2224 -5.80 17.49  

2 NADPH-hemoprotein reductase activity (GO:0003958) 0.04893 0.2224 -4.72 14.25  

3 mannose binding (GO:0005537) 0.04294 0.2224 -4.33 13.64  

4 GABA receptor activity (GO:0016917) 0.008997 0.2224 -2.41 11.36  

5 GABA-A receptor activity (GO:0004890) 0.008997 0.2224 -2.39 11.24  

6 
steroid dehydrogenase activity, acting on the CH-OH group of donors, 
NAD or NADP as acceptor (GO:0033764) 0.04893 0.2224 -3.42 10.32 

 

7 

oxidoreductase activity, acting on paired donors, with incorporation or 
reduction of molecular oxygen, NAD(P)H as one donor, and incorporation 
of one atom of oxygen (GO:0016709) 0.01142 0.2224 -2.26 10.13 

 

8 prostaglandin E receptor activity (GO:0004957) 0.05487 0.2224 -3.44 9.98  

9 
oxidoreductase activity, acting on NAD(P)H, heme protein as acceptor 
(GO:0016653) 0.07249 0.2224 -3.76 9.86 

 

10 deoxyribonuclease activity (GO:0004536) 0.06078 0.2224 -3.51 9.82  
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GO Biological Process 2018  

Index Name P-value Adjusted p-value Z-score Combined score  

1 activation of MAPKK activity (GO:0000186) 0.002054 0.1089 -4.32 26.73  

2 positive regulation of developmental growth (GO:0048639) 0.002889 0.1089 -3.50 20.47  

3 negative regulation of blood pressure (GO:0045776) 0.03692 0.2346 -5.70 18.79  

4 positive regulation of peptidyl-tyrosine phosphorylation (GO:0050731) 0.003858 0.1089 -3.25 18.06  

5 neuron projection fasciculation (GO:0106030) 0.002889 0.1089 -3.05 17.82  

6 
regulation of intracellular estrogen receptor signaling pathway 
(GO:0033146) 0.03692 0.2346 -5.24 17.28 

 

7 regulation of neuron migration (GO:2001222) 0.03692 0.2346 -5.18 17.09  

8 positive regulation of synapse assembly (GO:0051965) 0.04294 0.2346 -5.30 16.70  

9 regulation of focal adhesion assembly (GO:0051893) 0.04294 0.2346 -5.29 16.64  

10 regulation of peptidyl-tyrosine phosphorylation (GO:0050730) 0.003357 0.1089 -2.81 15.99  

      
 

GO Cellular Component 2018  

Index Name P-value Adjusted p-value Z-score Combined score  

1 stereocilia ankle link (GO:0002141) 0.03692 0.2780 -4.39 14.49  

2 GABA-A receptor complex (GO:1902711) 0.008997 0.2780 -2.95 13.90  

3 microtubule minus-end (GO:0036449) 0.04294 0.2780 -3.69 11.60  

4 
anchored component of external side of plasma membrane 
(GO:0031362) 0.04294 0.2780 -3.45 10.85 

 

5 
intrinsic component of external side of plasma membrane 
(GO:0031233) 0.04294 0.2780 -3.25 10.22 

 

6 contractile actin filament bundle (GO:0097517) 0.04893 0.2780 -3.30 9.95  

7 actomyosin (GO:0042641) 0.05487 0.2780 -3.36 9.75  

8 stress fiber (GO:0001725) 0.04893 0.2780 -2.25 6.80  

9 microtubule end (GO:1990752) 0.07829 0.2780 -2.62 6.67  

10 preribosome, large subunit precursor (GO:0030687) 0.1289 0.3536 -2.52 5.16  
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Annex IV: Gene Ontology (GO) terms significantly enriched in genomic regions identified through FST-based genomic differentiation between Lean and Fat 

lines of rainbow trout 

 

 

GO Molecular Function 2018  

Index Name P-value Adjusted p-value Z-score Combined score  

1 opioid receptor activity (GO:0004985) 0.002050 0.1079 -4.97 30.78  

2 enhancer sequence-specific DNA binding (GO:0001158) 0.001633 0.1079 -2.98 19.12  

3 
RNA polymerase II distal enhancer sequence-specific DNA binding 
(GO:0000980) 0.0008310 0.1079 -2.67 18.92 

 

4 phosphatase activator activity (GO:0019211) 0.005959 0.1883 -2.94 15.06  

5 protein phosphatase activator activity (GO:0072542) 0.007226 0.1903 -2.89 14.25  

6 endodeoxyribonuclease activity (GO:0004520) 0.01337 0.3018 -2.90 12.53  

7 kinase activator activity (GO:0019209) 0.06932 0.3901 -4.54 12.11  

8 protein phosphatase binding (GO:0019903) 0.002800 0.1106 -2.06 12.10  

9 U6 snRNA binding (GO:0017070) 0.08040 0.3901 -4.46 11.25  

10 palmitoyl-CoA hydrolase activity (GO:0016290) 0.06932 0.3901 -4.21 11.24  
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GO Biological Process 2018  

Index Name P-value Adjusted p-value Z-score Combined score  

1 tube closure (GO:0060606) 0.002847 0.3343 -5.11 29.94  

2 primary neural tube formation (GO:0014020) 0.002050 0.3327 -4.83 29.89  

3 neural tube closure (GO:0001843) 0.005959 0.3627 -3.72 19.08  

4 regulation of mesodermal cell fate specification (GO:0042661) 0.004804 0.3343 -3.51 18.74  

5 rhombomere 4 morphogenesis (GO:0021661) 0.06932 0.4269 -6.83 18.22  

6 enteric nervous system development (GO:0048484) 0.0003198 0.1164 -2.06 16.60  

7 response to steroid hormone (GO:0048545) 0.004804 0.3343 -3.02 16.14  

8 L-amino acid transport (GO:0015807) 0.06932 0.4269 -5.53 14.75  

9 microtubule depolymerization (GO:0007019) 0.008604 0.4269 -3.04 14.44  

10 positive regulation of transporter activity (GO:0032411) 0.06932 0.4269 -5.24 13.98  

      
 

GO Cellular Component 2018  

Index Name P-value Adjusted p-value Z-score Combined score  

1 Rad51B-Rad51C-Rad51D-XRCC2 complex (GO:0033063) 0.08040 0.4868 -5.42 13.66  

2 
mitochondrial proton-transporting ATP synthase complex, coupling 
factor F(o) (GO:0000276) 0.08040 0.4868 -3.88 9.79 

 

3 spliceosomal tri-snRNP complex (GO:0097526) 0.04072 0.4868 -2.59 8.30  

4 actin filament (GO:0005884) 0.007586 0.4868 -1.65 8.04  

5 microvillus (GO:0005902) 0.1022 0.4868 -3.52 8.04  

6 
mRNA cleavage and polyadenylation specificity factor complex 
(GO:0005847) 0.1022 0.4868 -3.52 8.02 

 

7 mitochondrial proton-transporting ATP synthase complex (GO:0005753) 0.09134 0.4868 -3.16 7.56  

8 condensed chromosome (GO:0000793) 0.1234 0.4868 -3.59 7.50  

9 U6 snRNP (GO:0005688) 0.09134 0.4868 -3.05 7.30  

10 BLOC-1 complex (GO:0031083) 0.1234 0.4868 -3.09 6.47  
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Annex V: Genes identified in genomic regions highlighted by Runs of Homozygosity (ROH) analysis in 

the lean line of rainbow trout 

 

aadacl4 abcf1 adck5 agr2 alpl 

ANLN APBB2 aqp4 arid1ab arl4ab 

artna asns atf1 atf7b atxn7 

barhl2 bicc2 bloc1s4 brdt bzw2 

C5orf49 cadpsa camk1b ccdc3b cdc42ep4b 

cdh2 chrna9 cited4a cpsf1 ctdp1 

ctps1a dhrs3b dip2bb dipk1ab dtnbp1b 

ece1 edn1 edn2 EEPD1 eif4g3a 

ephb2b ephx4 etf1a eva1bb EVI5 

eya3 faim2b FAM135B fbxw11a FEZF2 

fgf18a foxo6b gadd45ab gfi1ab glcci1a 

glt8d1 glut1a gmeb1 gnl3 gs01 

hivep1 hivep3a hp1bp3 hs3st3b1b HSBP1 

igsf21a irx1b irx4b jarid2b kcng2 

KCNK9 kctd1 kdf1b kdm4aa KHDRBS3 

kif17 klhdc7a lactbl1b larp4ab lin28a 

LPCAT1 lrig2 lrrc38b LRRC3B magi3b 

map7d1b MATCAP2 med10 med8 meox2b 

mrps18b mtf myo1g ndufs6 nedd9 

nek4 NGLY1 nkiras1 nmur3 nr0b2b 

nr1d2b nr1d4b NSUN7 ntf2 ntl 

nudc oprd1a oscp1a pad paqr7a 

pard6gb pbx1b pcdh2ac pcdhb pdik1l 

phactr4a phc2b phf14 ppp1r10 ppp1r8a 

prickle2b psd6 psma8 ptprfa ptprga 

ptprua rab42a RARB rbms2a rpa3 

rpl15 RPL5 scin sdhaf3 sdhaf3 

sdk2b SEPTIN7 serinc2 sf3a3 SH2D5 

sh3bgrl3 si:ch1073-
296d18.1 

si:ch1073-342h5.2 si:ch211-195b13.1 si:ch211-215a10.4 

si:ch211-286o17.1 si:ch73-233f7.1 si:ch73-379j16.2 si:ch73-379j16.2 si:ch73-389b16.2 

si:dkey-202e17.1 si:dkey-202e17.1 si:dkeyp-92c9.2 SLC66A2 smim13 

SNORD69 sostdc1b spcs1 spock1 srgap3 

ST3GAL1 st3gal3a stmn1a SYNPR tac1 

tent4a tent4a tgfbr3 thoc7 thrap3b 

thrb thsd7aa tlr1 tmem170b tmem222b 

top2b tpbga tspan13b txnl4a U4 

U7 U7 ube2ka ube2ql1 ube2ql1 

umad1 Vault Vault yod1 zdhhc18b 

zgc:158258 znf644b    
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Annex VI: Genes identified in genomic regions highlighted by Runs of Homozygosity (ROH) analysis in 

the fat line of rainbow trout 

 

abca2 adamts12 agpat9l ajap1 AKIRIN2 

ANKRD6 AOPEP araf avp b3gnt7l 

bach2b bag4 c7a camsap1b casp8ap2 

cd53 cdk11b CFAP206 cnr1 col27a1b 

coq5 creb3l3l cx52.6 dffb dock8 

dph7 efna5b elmod3 elovl7a epha7 

ercc6l2 fabp1b.1 fancc fbxl17 fbxo21 

fbxo4 fbxw8 fgf10b fgf10b foxd5 

gabrr1 gabrr2b gadd45ga ghra gk 

grk5l hsd17b3 hspb8 HTR1B HTR1E 

htra4 imp4 ipo11 ksr2 lman2lb 

loxhd1b lrrc47 lrrc74b LSM1 lzts3b 

map3k7 MIB2 MIR23B MIR455 MMP23B 

MRPL41 mrps27 NADK NDUFAF2 nf2a 

niban2b nim1k nos1 noxa1 npdc1b 

nsmfb nt5e oxct1a paip1 pgm5 

plcxd3 pnrc1 PTCH1 ptger4a rabl6b 

RFC5 rgs7bpa RIMOC1 rnf165b rnft2 

rngtt SELENOP si:ch1073-459j12.1 si:ch211-241j12.3 si:dkey-1k23.3 

SLC35A1 slc35d2 SLC35E2B smim15 SMIM8 

snx14 SPRING1 srrm4 star stxbp1b 

suds3 SYNCRIP taok3a tbx3b tesca 

tm2d2 tnc traf2a ube2j1 ubiad1 

ubox5 VSIG10 whrnb WSB2 xbp1 

zgc:162952 znf131 znf292b znf366 znf367 

ZSWIM6     

 

  



47 

 

 

Annex VII: Genes identified in genomic regions showing FST-based genomic differentiation between 

fat and lean lines of rainbow trout 

 

aadacl4 ABRAXAS2 acot11b adck5 aldh18a1 

aldh4a1 anxa5a AP1M1 aqp8a.1 arf2b 

arhgap17a arhgef10la arhgef1a arid1aa arid1ab 

arl4d atcaya atp5mc1 atpaf1 axdnd1 

b3gat2 BBS7 BFSP1 bloc1s4 bricd5 

btf3l4 calr3a casc3 ccl25b CCNA2 

CEP170 cers1 cfap20 chd5 cherp 

chst15 chtopa clptm1l comp cpped1 

cpsf1 crygmx crygmxl2 CTBP2 ctdp1 

ctns ddx49 dennd3a dgat1a dhrs3b 

dmc1 dtnbp1b edn2 EHF eif1 

eif1 elovl1b EPS15L1 ercc4 eve1 

FAM163A FAM53B fgfbp1b fgfbp2a foxj1b 

FSTL5 gpn2 gpr26 grb7 grid2ipb 

grnb her2 hgh1 hivep3a hivep3b 

hmx2 hmx3a hoxb13a hoxb1a hoxb2a 

HOXB3 hoxb4a hoxb5a hoxb6a hoxb7a 

hoxb8a hoxb9a HSBP1 igf2bp1 igsf21a 

ikzf5 ints3 jarid2b jtb JUND 

jupb kcnab2a kcng2 kdf1b klf2a 

klhdc7a klhl26 lhx8b loxl5a lpl 

lrrc38b lrriq3 lsm4 matk megf6b 

MIR9-1 mknk1 mlst8 mob3c mrpl54 

mrtfba mrto4 msl1a msrb1b mydgf 

nbr1a ncln neurl2 NKX1-2 noxo1b 

npr1a nr0b2b nr1d1 ntf2 ntl 

nudc ogfrl1 oprd1a oprd1b OTOR 

pamr1 paqr7a paqr7b pard6gb park7 

pcdh15a pcsk2 pdhx pdia8 pex11b 

pgp PGPEP1 phactr4a phactr4b pigv 

plek pole4 prf1.2 prf1.3 prokr1b 

prom1a psme3 ptgfr ptk2aa QDPR 

rab11fip3 rab3ab rab3b rad23ab rapgefl1 

rcc1 rhbdf1b rit1 RNF207 rpl22 

rplp1 RS27 rx1 s100v2 s100v2 

safb scrt1a scxa sema4ab serinc2 

serinc2l sh3bgrl3 shisa9a si:ch1073-
296d18.1 

si:ch1073-
396h14.1 

si:ch211-1a19.3 si:ch211-248l17.3 si:ch73-109i22.2 si:dkey-222b8.1 si:dkey-225f5.4 

si:dkey-240h12.4 si:dkey-27c15.3 si:dkey-89b17.4 si:dkeyp-113d7.1 slc1a2b 

slc1a6 slc44a5b SLC66A2 smap1 snapin 

snx29 sost ssbp3b ssrb ST3GAL1 

st6galnac5b stmn1a stmn1b stx1b syt11a 

tal1 tapt1a tax1bp3 tent5ba tex2l 

tmem106a tmem204 tmem222b TMEM33 tnfaip8l1 

tnni3k tpbga tpm3 tpm4a txnl4a 

U7 ube2z wapla wipf2b xcr1a.1 

ZBTB18 zdhhc18a zdhhc18b zdhhc4 zfr2 

zfyve9b zgc:163057 zgc:6386table3   
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