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EXECUTIVE SUMMARY

Salmon hatcheries have a long history in the management of Pacific salmon by increasing freshwater juvenile 
survival from a relatively small sample of adults that potentially translate to increased adult abundance and 
enhanced fisheries. As such, certain hatcheries are also used as tools to conserve threatened or endangered natural 
populations. Currently, greater than six billion juvenile salmon are released from hatcheries each year around the 
Pacific Rim (Waples et al. 2020). However, the effectiveness of increasing adult salmon abundance (for fisheries 
and/or spawners) varies over time and differs among specific hatcheries. Furthermore, hatchery salmon typically 
have lower performance than wild salmon (based on relative survival of smolts within release years), and there 
are concerns about potential negative impacts of hatchery-produced salmon interacting with naturally reproduc-
ing populations. And recently, epigenetic effects on gene expression, despite similar genetic background amongst 
salmon, have also been implied as a mechanism contributing to the poorer relative survival of some hatchery-pro-
duced salmon (Fraser 2008, Tave and Hutson 2019).

Four ‘omics’ 1 technologies now provide the opportunity to greatly advance the study salmon genetics and perfor-
mance including the potential to improve hatchery performance. For example, existing biomarkers associated with 
important salmon traits (e.g. readiness for smoltification) provide valuable screening information on salmon health 
and condition that may help explain the survival patterns over time and among hatcheries. The recently developed 
technologies for environmental DNA (eDNA) and RNA (eRNA) in water samples are also considered within the scope 
of ‘omics’ described in this report (Cristescu 2019). Although there are reviews of ‘omics’ technology applications for 
fisheries and aquaculture, we are not aware of any such review specific to hatcheries. As such, a review of the four 
‘omics’ technologies and their potential applicability to salmon hatchery research follows.

Broad-sense genomics (expansion of traditional genetics analyses), mainly using parentage-based tagging (PBT), 
covers fishery and escapement contributions (e.g. % hatchery and relative survival of families), other hatchery metrics 
(e.g. % straying and group performance), trait architecture (e.g. heritability), and genetic connections (e.g. hatch-
ery genetic introgression). Narrow-sense genomics (novel analyses not possible before) covers gene biomarkers 
(sub-stock definition, e.g. run timing), trait epigenetic programming (e.g. age-at-maturity), and species distribution 
and abundance (e.g. rough salmon count using eDNA). Transcriptomics covers gene expression biomarkers (e.g. 
smoltification), as well as potential theoretical living and dead components (e.g. live salmon count using eRNA) and 
environmental gene expression (e.g. non-invasive biomarkers using mRNA derived from eRNA). Proteomics and 
metabolomics cover protein expression biomarkers (e.g. egg quality) and metabolite expression biomarkers (e.g. 
disease diagnostics).

Opportunities for biomarker development in association with salmon traits important to hatcheries is common for 
all four technologies. There are also opportunities for hatchery and wild salmon differences or other group differ-
ences within the hatchery setting, i.e. epigenetic programming differences and other expression differences, using 
the four ‘omics’ technologies to examine mechanistic explanations. This review has found that a breeding design 
(i.e. full factorial) with PBT can provide estimates of genetic and maternal effects explaining salmon traits import-
ant to hatcheries, e.g. fishery or escapement contributions. Large genetic effects can be examined further using an 
‘omics’ technology to identify the specific targets increasing offspring quality, e.g. gene biomarkers. PBT is repeatedly 
identified as a useful tool because of the amount of new information that can be provided, especially for the adult 
life stage. The review also identified four knowledge gaps: (1) group performance, (2) offspring quality, (3) health and 
condition biomarkers, and (4) hatchery-wild differences. Filling in the four knowledge gaps using ‘omics’ technolo-
gies can provide guidance on how to improve hatchery performance and assess effects on natural populations.

Genetics and ‘omics’ Technologies Review for Salmon Hatcheries

1.  The term ‘omics’ refers to a field of study in biology ending in -omics, such as genomics, transcriptomics, proteomics, or 
metabolomics. 

Cover photos by: top: Eiko Jones, left, centre and right: Sam James



ii

ACKNOWLEDGMENTS

I would like to thank Ruth Withler, Terry Beacham, Kristi Miller, and Karia Kaukinen from Fisheries and Oceans 
Canada (DFO), as well as Isobel Pearsall and Brian Riddell from the Pacific Salmon Foundation for input on the 
scope of the review. I would also like to thank Shawn Garner from the University of Western Ontario for providing 
the scans of relevant chapters from a quantitative genetics’ methods book, as well as Jeff Meggs from EDI and Cam 
West from DFO (retired manager of Salmon Enhancement Program) for providing comments on an earlier version of 
the review. Funding for this review was provided by the Pacific Salmon Foundation through the BC Salmon Resto-
ration and Innovations Fund.

AUTHORSHIP

This report was prepared by EDI Environmental Dynamics Inc. Staff who contributed to this project include:

Aimee Lee Houde, Ph.D., R.P.Bio. — Primary Author

Certification

Aimee Lee Houde, R.P.Bio. #3130

7 July 2020

Original Stamped Version on File

Genetics and ‘omics’ Technologies Review for Salmon Hatcheries



1

Genetics and ‘omics’ Technologies Review for Salmon Hatcheries

TABLE OF CONTENTS

1. INTRODUCTION  3

  1.1  HATCHERY TYPES  4

  1.2  GENETICS LESSONS-LEARNED  4

  1.3  GENETICS TO GENOMICS  6

  1.4  RISE OF EPIGENETICS  7

  1.5  FOUR ‘OMICS’ TECHNOLOGIES  8

2. BROAD-SENSE GENOMICS  10

  2.1  FISHERY AND ESCAPEMENT CONTRIBUTIONS  10

  2.2  OTHER HATCHERY METRICS   1 1

  2.3  TRAIT ARCHITECTURE  13

  2.4  GENETIC CONNECTION   15

3. NARROW-SENSE GENOMICS  16

  3.1  GENE BIOMARKERS  16

  3.2  TRAIT EPIGENETIC PROGRAMMING  16

  3.3  EPIGENETIC PROGRAMMING DIFFERENCES  17

  3.4  SPECIES DISTRIBUTION AND ABUNDANCE  17

4. TRANSCRIPTOMICS  19

  4.1  GENE EXPRESSION BIOMARKERS  19

  4.2  GENE EXPRESSION DIFFERENCES  21

  4.3  LIVING AND DEAD COMPONENTS  21

  4.4  ENVIRONMENTAL GENE EXPRESSION  21

5. PROTEOMICS  22

  5.1  PROTEIN EXPRESSION BIOMARKERS  22

  5.2  PROTEIN EXPRESSION DIFFERENCES  23

6. METABOLOMICS  24

  6.1  METABOLITE EXPRESSION BIOMARKERS  24

  6.2  METABOLITE EXPRESSION DIFFERENCES  25

7. KNOWLEDGE GAPS  26

  7.1  GROUP PERFORMANCE  26

  7.2  OFFSPRING QUALITY  27

  7.3  HEALTH AND CONDITION BIOMARKERS  28

  7.4  HATCHERY-WILD DIFFERENCES  31

8. SUMMARY AND CONCLUSION  34

  8.1  DELIVERABLES AND KNOWLEDGE GAPS  34

  8.2  CONCLUSION  39

9. LITERATURE CITED  40

10. Glossary  48



2

Genetics and ‘omics’ Technologies Review for Salmon Hatcheries

Table 1. Summary of three hatchery types 4

Table 2. Summary of results for Chinook salmon alevin survival using a full factorial breeding design  13

Table 3. Summary of results for barley varieties yields examining the genotype X environment interaction 14

Table 4.  Summary of deliverables applicable to the different hatchery types across ‘omics’ technologies 36

Table 5. Summary of deliverables applicable to all hatchery types by ‘omics’ technology 37

Figure 1. Genetic quality as either good genes or compatible genes 5

Figure 2. Four ‘omics’ technologies along the gradient of genotype to phenotype 8

Figure 3. Family loading plan for release groups identified by parentage-based tagging 11

Figure 4. Local adaptation genotype × environment (G X E) interaction 14

LIST OF TABLES

LIST OF FIGURES

Photo by: Mitch Miller



3

1. INTRODUCTION
Juvenile salmon2 survival has decreased in the early marine environment for certain populations. Such decreases in 
early marine survival (first few months or even weeks after ocean entry) are strongly associated with decreases in 
salmon productivity (Beamish et al. 2009). In particular, coho salmon (Oncorhynchus kisutch) and Chinook salmon 
(O. tshawytscha) production has decreased in southern British Columbia (BC). For example, early marine survival has 
been < 5% for juvenile coho salmon entering the Strait of Georgia (Beamish et al. 2010). In efforts to increase salmon 
abundance, federally-managed hatcheries are used to produce coho salmon, Chinook salmon, sockeye salmon (O. 

nerka), chum salmon (O. keta), and pink salmon (O. gorbuscha) throughout British Columbia (BC) and Yukon (DFO 
2013). Certain federal hatcheries also produce steelhead trout (O. mykiss, same species as rainbow trout) and cutthroat 
trout (O. clarkii) in partnership with the Province of BC . Overall, greater than six billion juvenile salmon are released 
from hatcheries each year around the Pacific Rim (Waples et al. 2020). Such hatchery programs have generally met 
the objective of increasing adult salmon abundance (Araki and Schmid 2010). However, hatchery performance (e.g. 
contribution to a fishery and escapement or adult returns) changes over time and differs among hatcheries.

Furthermore, controversy exists about the potential negative impacts of hatchery salmon on wild salmon (Lynch and 
O’Hely 2001, Frankham 2008). From an ecological perspective, wild salmon may be impacted by hatchery salmon 
because of increased competition, predation, disease transfer, and parasite loads (Waples et al. 2020). From a 
genetic perspective, population fitness may decrease because of hatchery salmon breeding and interbreeding  
with wild salmon in the natural environment, such that traits that are maladaptive in the natural environment are 
introduced (Araki and Schmid 2010). In Canada, the Wild Salmon Policy states that the conservation of wild salmon, 
their habitats, and their genetic diversity is the highest priority for resource management decision making (DFO 2005). 
Washington state has a similar commitment to conserve the genetic integrity of wild salmon populations (Larson et 

al. 2018) or minimize hatchery salmon impacts to natural populations (Anderson et al. 2020). There is thus a need 
for managing salmon hatcheries in a manner that is consistent with the Wild Salmon Policy. To this end, the salmon 
enhancement program through the use of hatcheries has the objectives of minimizing negative environmental and 
ecological impacts on other fish stocks (MacKinlay et al. 2004).

Hatchery salmon generally have lower survival than wild salmon (Fraser 2008, Christie et al. 2014). For example, 
hatchery salmon survival appears to be about half that of wild salmon based on the rate of abundance decline for 
coho salmon in the Strait of Georgia, i.e. 130,000 vs. 60,000 fish/year (Beamish et al. 2010). Early marine survival is 
linked with smolt status as they transition to saltwater environments, for example, pre-smolts and de-smolts experi-
ence higher mortality rates compared with smolts in salinity challenge trials. Hatchery salmon generally have lower 
seawater tolerance than wild salmon, possibly because the physiological smolt window is altered in the hatchery 
environment (e.g. Shrimpton et al. 1994, Chittenden et al. 2008). Thus, there is a need to improve hatchery salmon 
survival in the natural environment. Indeed, the salmon enhancement program has the objective of optimizing  
hatchery salmon survival (MacKinlay et al. 2004).

Tools to help increase hatchery salmon survival, as well as explain changes in hatchery performance over time or by 
differences among hatcheries would be valuable to managers. Although genetics or genomics technologies have 
been reviewed for fisheries, aquaculture, and biosecurity applications (e.g. Bernatchez et al. 2017), they have not 
been extensively reviewed for use by hatcheries. In particular, the value of genomics technologies appears to be 
underestimated for resource management, e.g. collection of powerful data to inform management (Bernatchez et al. 
2017), and one hurdle may be the need for greater communication of the applications or deliverables to user groups 
(Garner et al. 2016). Yet, a survey of hatchery personnel indicated a general desire to incorporate genetic technologies 
into hatcheries (Fisch et al. 2015).

Here, I provide a review of four ‘omics’ technologies, i.e. genomics, transcriptomics, proteomics, and metabolomics,  
to see how they may be used to achieve hatchery deliverables, e.g. improvements in hatchery performance and 
hatchery salmon health and condition. Focussing on salmonids (i.e. salmon, trout, and char species), I searched the 
scientific literature of the past 10 years with broad key words (i.e. genetics, genomics, transcriptomics, proteomics,  
and metabolomics) and narrow key words (i.e. parentage-based tagging, transcription, gene expression, qPCR, 
eDNA, eRNA, and environmental) using the Web of Science and Google Scholar databases. In the remainder of the 
Introduction below, I provide historical and other background information on different types of hatcheries and their 
objectives, hatchery genetics-lessons learned, the transition from genetics to genomics, the rise of epigenetics, and 
an overview of the four ‘omics’ technologies. A more detailed review of the ‘omics’ technologies and their applications 
to hatcheries is provided in Sections 2 to 6. Furthermore, I provide a detailed section (Section 7) on knowledge gaps, 
highlighting experimental designs using the ‘omics’ technology with the potential to increase our understanding 
of how to best improve hatchery performance. Finally, in the last section (Section 8), I provide summary lists of the 
hatchery deliverables and knowledge gaps.

Genetics and ‘omics’ Technologies Review for Salmon Hatcheries

2.  Throughout this review for simplicity, I refer to salmon, trout, and char species collectively as ‘salmon’.
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1.1 > HATCHERY TYPES

There are three general types of hatchery in operation in BC with differing goals (Table 1); albeit, the three types 
may represent more of a continuum than discrete groups (Fraser 2008).

Table 1. Summary of three hatchery types.

Augmentation Supplementation Captive Breeding

Primary objective Increase salmon abundance 
for commercial and recre-
ational fishing opportunities.

Improve the status of an 
existing population by 
intentional demographic 
integration of hatchery and 
wild salmon.

Prevent imminent extinction. 
Salmon are unable to 
survive in the natural 
environment for at least a 
portion of their life cycle.

Population status Stable. Threatened. Endangered.

Reproduction in  
the natural  
environment

Not a goal per se  
(Araki and Schmid 2010).

A goal. A goal.

Other goals Minimize harvest of wild 
salmon (Bernatchez et al. 
2017).

- Maintain genetic diversity 
and fitness for reintroduction 
into the natural environment.

These three hatchery types possess differences in their underlying genetic goals and information needs. For example, 
there can be family-specific contributions to the fishery and escapement, suggesting a genetic basis (Beacham et 

al. 2019b). Augmentation hatcheries may benefit from understanding the genetic basis of higher contribution to the 
fishery, whereas supplementation and captive breeding hatcheries may benefit from understanding the genetic 
basis of higher contribution to the escapement or reproductive success. Captive breeding hatcheries are typically 
dealing with smaller population sizes than supplemental hatcheries based on population status, i.e. endangered vs. 
threatened. Small populations can lose fitness faster than large populations because of inbreeding depression and 
the loss of genetic diversity (Frankham 2005), such that genetic factors may be more important for captive breeding 
hatcheries than supplemental hatcheries.

1.2 > GENETICS LESSONS-LEARNED

Some foundational population genetic principles have been incorporated into current hatchery operations,  
i.e. using local salmon, avoiding inbreeding depression, and maintaining genetic diversity. However, further 
improvements in hatchery performance may be made if additional genetics lessons-learned were incorporated 
into hatchery operations, such as allowing mate choice (i.e. offspring genetic quality) and greater resemblance  
to the natural rearing environment (i.e. semi-natural rearing techniques).

Non-local hatchery salmon consistently reproduce poorly in the local natural environment, whereas local hatchery 
salmon generally reproduce better (Araki et al. 2008). With non-local hatchery salmon, there is also the risk of 
outbreeding depression from interbreeding with local salmon (Christie et al. 2014). That is, there may be genetic 
incompatibilities or the dilution of locally adapted genes such that the population fitness may decrease. There is 
a similar situation with the straying of hatchery salmon into non-local environments (Bernatchez et al. 2017). Even 
with local salmon in hatcheries, reproductive isolation from the local natural population may decrease fitness; this 
decrease in fitness may be slowed with integration with wild salmon (Frankham 2008). Hatcheries have moved 
towards local and wild integration for the brood stock and have implemented measures to decrease straying to 
improve performance and limit population fitness decreases. That is, local salmon are used in at least 95% of the 
BC hatcheries (MacKinlay et al. 2004).
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Additionally, inbreeding depression and lower genetic diversity may decrease population fitness (Frankham 2005). 
Inbreeding depression is caused by the exposure of two recessive alleles associated with deleterious traits, a 
situation which is more likely to arise from the interbreeding of closely related individuals. Evolutionary potential 
(i.e. ability to adapt to a changing environment) has a positive relationship to measures of genetic diversity, such as 
heritability. Albeit, there are ties between inbreeding depression and genetic diversity, i.e. small populations have a 
higher risk of both inbreeding depression and the loss of genetic diversity than large populations. Hence, inbreeding 
depression may be more likely for captive breeding hatcheries (Fraser 2008). Although hatcheries generally avoid 
small founding populations (MacKinlay et al. 2004), it may also occur in supplementation or augmentation hatcheries 
with few founding individuals. Certain captive breeding hatcheries (e.g. winter-run Chinook salmon in California 
and Inner Bay of Fundy Atlantic salmon, Salmo salar, in Nova Scotia) have moved towards genetic measures of 
relatedness and inbreeding, as well as the utilization of pedigrees to avoid kin breeding (Fraser 2008). Hatcheries 
have also moved towards breeding techniques, such as single pair matings of females and males for large 
hatcheries, to limit the loss of genetic diversity. An earlier science review using genetic tools available at the time 
suggested that most hatcheries maintained genetic diversity (Fraser 2008). However, hatcheries may lose genetic 
diversity with inbreeding, smaller population sizes, higher variance in family size, and lower gene flow (Anderson et 

al. 2020). BC hatcheries use mating procedures to limit the loss of genetic diversity, e.g. matrix spawning for small 
groups (MacKinlay et al. 2004).

The mating procedures used to maintain such genetic diversity may be at the expense of offspring genetic quality 
(Neff et al. 2011). That is, the prevention of natural mate choice may inhibit sexual selection and the corresponding 
genetic benefits, e.g. increased immunity from major histocompatibility complex (MHC) combinations (Fraser 2008, 
Fisch et al. 2015). In more detail, trait genetic architecture has two components: ‘good genes’ and ‘compatible 
genes’ (Figure 1). A good gene contains an allele that increases offspring fitness independent of the genome, such 
that a good gene displays additive genetic variance, which is heritable (Neff and Pitcher 2005). For example, 
males with a good gene will produce offspring with higher fitness than males without the good gene; thus, the 
mate choice of all females should be for the male with the good gene. In contrast, a ‘compatible gene’ contains 
alleles that increases offspring fitness dependent on the genome, i.e. a specific genotype, such that a compatible 
gene displays non-additive genetic variance. For instance, males with compatible genes will produce offspring 
with either higher or lower average fitness dependent on the female pairing; thus, mate choice of each female 
should be for a different male, such that the compatible genes are in the direction of higher offspring fitness. The 
trait genetic architecture of good genes (additive genetic variance) and compatible genes (non-additive genetic 
variance) of salmon offspring can be determined using a full factorial breeding design. By allowing the mating of 
low-quality individuals (‘poor genes’) or the mating of unsuited individuals (‘incompatible genes’) hatcheries may 
be producing offspring with lower fitness that would have been minimized by sexual selection (Neff et al. 2011). 
Although there may be logistical constraints, hatcheries may benefit from enabling mate choice, e.g. allowing 
females to select from multiple males in a spawning channel, to increase offspring genetic quality.

Figure 1.

Genetic quality as either good genes or compatible genes (source Neff and Pitcher 2005).

(a) Good Genes (b) COMPATIBLE Genes
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Regardless of the hatchery efforts to limit population fitness decreases, there remains a debate as to whether the 
boost in population size outweighs any other potential genetic consequence (Lynch and O’Hely 2001, Frankham 
2008). Populations may have detrimental genetic change because of antagonistic selection, i.e. rare alleles that 
are detrimental in the natural environment but are beneficial in the hatchery environment. In other words, in the 
hatchery, there is the absence of predators, as well as the provisioning of food, medical treatment, and mate acqui-
sition, such that hatchery selection can be considered relaxed or maladaptive relative to the natural environment. 
This hatchery selection may be termed domestication selection — any change in the selection regime of a cultured 
population relative to that experienced by the natural population (Waples 1999). Although the genetic effects of 
domestication selection may be offset by natural selection eliminating the hatchery salmon not suited to survive 
in the natural environment, the traits exposed to natural selection during later life stages after release (i.e. smolt to 
adult) may not be the same as the early life stages (i.e. egg to juvenile), such that the mortality experienced after 
release may not fully offset any genetic change to populations. Nonetheless, there are methods to limit the genetic 
changes imposed by the hatchery environment. That is, minimize (1) selection intensity, (2) genetic diversity, (3) 
effective population size, and (4) number of generations (Frankham 2008), as well as (5) equalize family sizes (Fisch 
et al. 2015). There may be logistical constraints to applying some or all these methods in a hatchery. However, the 
method that may have the most benefits is minimizing domestication selection intensity via the use of semi-natural 
rearing techniques, resembling more the natural environment, because of the increases in post-release juvenile 
survival (Maynard et al. 2004, Näslund and Johnsson 2016). Ultimately, there is a general promotion in the literature 
for semi-natural rearing techniques to improve hatchery salmon survival and potentially limit genetic conse-
quences on populations (Lynch and O’Hely 2001, Tave and Hutson 2019).

1.3 > GENETICS TO GENOMICS

The difference between genetics and genomics can be loosely defined by the number of markers: genetics (10s 
to 100s of DNA markers) and genomics (> 1000s of DNA markers). Recently (past 10 years) genomics technologies 
have rapidly replaced traditional genetic markers, e.g. microsatellites (Bernatchez et al. 2017). Albeit, genomics 
can be tied to genetics, e.g. a genomic scan can identify thousands of markers that is then simplified to a smaller 
number of the most powerful markers for addressing a given question. Genomics generally use next generation 
sequencing (NGS) — a rapid and high-volume DNA sequencing technology (McMahon et al. 2014, Garner et al. 
2016, Waples et al. 2020). NGS can identify single-nucleotide polymorphisms (SNPs) — a single DNA base pair that 
is variable. Most SNP markers represent only two variant alleles for a gene (Waples et al. 2020). SNP markers can 
be examined on a SNP array — an analysis platform used to assess SNP genotypes in a high-throughput manner, 
even millions of markers. Also, SNP markers can be examined using genome-resequencing technology. Restriction 
site-associated DNA sequencing (RAD-seq) typically covers a small proportion of the genome (< 10%) such that it is 
economical for 2,000–6,000 SNP genes. Pool-seq can cover a higher proportion of the genome because a pool of 
DNA from individuals is fully sequenced together to identify allele frequencies. As the cost of sequencing decreases, 
soon whole genomes at the individual level (instead of the pool level) may be common. Future projections are that 
genomic technologies will be integrated into resource management (Bernatchez et al. 2017). For example, genom-
ics technologies will be used to monitor important individual and population level processes (Waples et al. 2020).

Photo by: Mitch Miller
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1.4 > RISE OF EPIGENETICS

Despite using local and wild integrated brood stock, hatchery salmon generally have lower reproductive success 
or other fitness-related traits than wild salmon in the natural environment (Fraser 2008, Christie et al. 2014). For a 
captive breeding hatchery, one generation in the hatchery found no decrease in reproductive success of hatchery 
salmon in the wild, but there can be decreases for later closed generations, i.e. ~40% lower reproductive success 
per captive-reared generation (Araki et al. 2007). Overall, for augmentation or supplementation hatcheries using 
local and predominantly wild-origin broodstock, Christie et al. (2014) found that: (1) hatchery salmon had about half 
the reproductive success of wild salmon, (2) the effect was more severe for hatchery males than females, and (3) all 
species were affected by the hatchery environment. The mechanism for decreased hatchery salmon performance 
does not appear to be underlying DNA differences because genomic scans have found few gene differences 
between hatchery and wild salmon (e.g. Mäkinen et al. 2015, Christie et al. 2016, Le Luyer et al. 2017, Gavery et al. 
2018, 2019). For example, using thousands of SNP markers (1751–4733), there were few outlier gene differences 
between hatchery and wild Atlantic salmon even with 10 generations of hatchery rearing (Mäkinen et al. 2015). It 
appears as if detecting genetic signals of the hatchery environment maybe challenging unless the selection inten-
sity is strong, and the traits show simple inheritance patterns.

One branch of genomics with particular relevance to hatcheries that has risen rapidly is epigenetics (i.e. chemical 
tags on DNA). Epigenetic programming differences may be a mechanistic explanation for the decreased hatch-
ery salmon performance despite a similar DNA background as wild salmon (Fraser 2008, Tave and Hutson 2019). 
Epigenetic programming is non-coding changes to DNA that can have profound trait or phenotypic effects and 
may span multiple generations (Best et al. 2018). Specifically, epigenetic programming causes changes in gene 
expression without changing the underlying DNA sequence. Extrinsic (e.g. stressor and nutrition) and intrinsic (e.g. 
nervous, endocrine, immune, and metabolite system) factors can stimulate epigenetic effects (Best et al. 2018).  
The molecular basis of epigenetic programming is gene expression activation or silencing (Jonsson and Jonsson 
2014). Gene expression can be activated by decreased DNA methylation or increased histone modification and 
silenced using the opposite. Another mechanism regulating the abundance and translation of gene expression  
is microRNAs (Best et al. 2018). The nature and extent of epigenetic effects has only recently been explored in 
salmon at the molecular level (Waples et al. 2020).

The environmental differences between hatchery and natural rearing is the likely explanation for epigenetic 
programming differences. Early life stages of salmon appear to be critical periods for development, as well as 
epigenetic programming (reviewed by Jonsson and Jonsson 2014). The epigenetic programming can be mediated 
by conditions experienced by the egg, alevin, fry, or juvenile (i.e. environmental effect) or conditions experienced by 
the parents (i.e. parental effect). Known traits influenced by environmental effects in salmon are social behaviours, 
age-at-maturity, and migration life history. For example, there may be a difference in the juvenile competitive 
abilities between hatchery and wild salmon (Weber and Fausch 2003, Huntingford 2004). Later in the natural 
environment during the spawning period, hatchery males have been found to incur higher wounding and mortal-
ity, as well as lower reproductive success than wild males (Fleming et al. 1997). A lower intensity of female than 
male competition was probably responsible for the lack of differences in performance between hatchery and wild 
females. Furthermore, higher growth rate is associated with the hatchery than natural environment. Younger (parr) 
age-at-maturity is associated with fast initial growth, whereas as later (adult) age-at-maturity is associated with 
slow growth (e.g. Vøllestad et al. 2004). Although there is a precedence for epigenetic programming differences 
between hatchery and wild salmon, the few studies at the molecular level confirming such differences are the 
beginning of a new research initiative that may provide guidance on how to best improve hatchery performance 
(Waples et al. 2020).

Photo by: Eiko Jones
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1.5 > FOUR ‘OMICS’ TECHNOLOGIES

Beyond genomics technologies, there are another three ‘omics’ technologies that cover the genotype to the phenotype 
(Alfaro and Young 2018): transcriptomics, proteomics, and metabolomics (Figure 2).

Genomics aims to sequence DNA and utilize the information provided by a genome that is ideally annotated,  
i.e. the gene function or relationship to a phenotype or salmon trait. 

Transcriptomics aims to sequence messenger RNA (mRNA) or transcripts (coded by DNA) to highlight which genes are 
changing in expression (i.e. upregulated or downregulated) for a given condition, such as a change in the environment.

Proteomics aims to study proteins. In particular, certain proteins are translated from mRNA (previously transcribed 
from DNA), and changes in protein expression can reflect responses to a given condition, such as a change in the 
environment.

Metabolomics is the study of small molecules (< 1 kDa or kilodalton) or metabolites, with enzymes (proteins) involved 
in the regulation and operation of metabolic pathways. In particular, changes in metabolite expression may provide 
the best mechanistic explanations for what is happening at the physiological level.

Currently, research using ‘omics’ technologies is common because of its high-throughput nature, e.g. many markers. 
In addition, the analyses enable comparisons to databases containing functional information for genes, transcripts, 
proteins, and metabolites. The four ‘omics’ technologies can also use non-lethal tissue samples such as fin clips, 
gill, blood, seminal fluid, and ovarian fluid. Altogether, using more than one ‘omics’ technology can provide a wider 
mechanistic vision on salmon physiology in response to a given condition (Forné et al. 2010).

Out of the four ‘omics’ technologies, there are plenty of examples of applications using genomics and transcriptomics 
technologies; however, proteomics and metabolomics technologies are newer and there are fewer examples of 
applications (Alfaro and Young 2018). Furthermore, proteomics and metabolomics technologies have been mostly 
examined for aquaculture (Rodrigues et al. 2012, Alfaro and Young 2018), and have not yet transitioned to fisheries 
or hatcheries. However, proteomics and metabolomics have ties to salmon health (e.g. disease and immunology), 
reproduction (e.g. egg and sperm quality), and other fitness-related traits (Alfaro and Young 2018), which are also 
important to fisheries and hatcheries.

The ‘Omics’ cascade

GENOTYPE

PHENOTYPE

METABOLOMICS

PROTEOMICS

TRANSCRIPTOMICS

What CAN happen

What APPEARS to happen

What MAKES it happen

What IS happening

GENOMICS

Figure 2. 

Four ‘omics’ technologies along the gradient of genotype to phenotype 

(source Alfaro and Young 2018).
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The current salmon research focus on genomics and transcriptomics is interesting considering their poorer ability to 
provide mechanistic explanations relative to proteomics and metabolomics. Proteomics is more mechanistic (closer 
to the phenotype) than genomics and transcriptomics because it incorporates post-translational modifications 
and protein degradation (Rodrigues et al. 2012). Although extrinsic factors (e.g. environmental stressors) can cause 
changes in the transcriptome (i.e. gene expression) and proteome (i.e. protein expression), such changes are ampli-
fied at the metabolome (i.e. metabolite expression), implying that it is the most sensitive of the four ‘omics’ technol-
ogies (Lankadurai et al. 2013, Alfaro and Young 2018). Furthermore, metabolite functions (e.g. biochemical networks) 
are conserved across species such that analytical tools are easily transferable, whereas genes, transcripts, and 
proteins may differ in structure and functions across species such that a reference (e.g. species genome) is needed 
for the analyses (Jones et al. 2013, Alfaro and Young 2018). Nonetheless, there are disadvantages for proteomics and 
metabolomics technologies relative to genomics and transcriptomics technologies. There is no amplification method 
for proteins and metabolites in contrast to DNA and RNA, such that examination of low numbers is problematic (Zhou 
et al. 2012). The metabolome is also highly sensitive to intrinsic factors, i.e. age, diet, diurnal cycle, and reproductive 
cycle (Jones et al. 2013, Alfaro and Young 2018), as well as handling stress or anaesthetics (Young and Alfaro 2018) 
relative to the genome, transcriptome, and proteome. These intrinsic factors may produce noise that make it more 
difficult to detect metabolite expression changes to a given condition. Despite certain disadvantages, research 
using novel proteomics and metabolomics technologies may become common given the tighter mechanistic link to 
salmon physiology.

In the following sections, I provide examples of hatchery deliverables that may improve hatchery performance using 
the molecular information derived from the four ‘omics’ technologies. How the technology works and analytical 
methods, such as reagents and statistical analyses, are not described in detail, as the focus is on highlighting the 
hatchery deliverables. Important considerations are emphasized in bold. Where appropriate, I specify the hatchery 
type, i.e. augmentation, supplementation, or captive breeding, for a deliverable. Given the abundance of salmon 
research using genomics and transcriptomics technologies, there are clear examples of hatchery deliverables. In 
contrast, the proteomics and metabolomics technologies are newer, and most salmon research is described for 
aquaculture. Yet, the aquaculture deliverables may be transferable to hatcheries, e.g. improvements in salmon 
health and condition. In a couple of cases, there are potential hatchery deliverables using environmental RNA,  
which are theoretical as they require further research to demonstrate feasibility.

Photo by: Eiko Jones
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2. BROAD-SENSE GENOMICS

Broad-sense genomics is described as an improvement of traditional genetics analyses (Waples et al. 2020). That is, 
such analyses have higher statistical power because of the higher number of markers, i.e. SNP markers. Examples of 
broad-sense genomics deliverables are population structure, evolutionary history, parentage analysis, hybridization 
and admixture analysis, inbreeding analysis, effective population size, and species identification. For fisheries, the 
most common broad-sense genomics deliverable is the delineation of the spatial extent and structure of populations 
(Bernatchez et al. 2017). For hatcheries, identified broad-sense genomics deliverables are (1) fishery and escapement 
contributions, (2) other hatchery metrics, (3) trait architecture, and (4) genetic connection.

2.1 > FISHERY AND ESCAPEMENT CONTRIBUTIONS

The original incentive for parentage-based tagging (PBT) was the increased demand from fisheries managers for 
precise information on mixed fisheries stock contributions (Steele et al. 2019). Across the Pacific Rim, salmon hatcheries 
cover many stocks, such that the hatchery source can be utilized for examining stock, as well as the direct contribution 
of the hatchery itself to the fishery. For PBT, a tissue sample (typically a fin clip) is collected from all individuals forming 
the hatchery brood stock. The tissue sample is preserved dry on absorptive paper, e.g. Whatman chromatography 
paper that can hold 50–100 samples. The tissue samples of the parents are genotyped using hundreds to thousands 
of SNP markers; the number of SNP markers needed to provide enough resolution increases with the number of 
parents, which can be determined using parentage analysis simulations. Given that there are genotypes for all the 
hatchery parents, the resulting offspring are all genetically tagged, even millions of juveniles upon hatchery release. 
The later captured offspring are assigned back to their parents using another tissue sample, e.g. fin clip, its genotype, 
and a parentage analysis computer programs that can handle hundreds to thousands of markers. The hatchery 
assignment accuracy is near perfect (> 99%) for steelhead trout using > 100 SNP markers (Steele et al. 2013), coho 
salmon using 304 SNP markers (Beacham et al. 2017, 2019a), and Chinook salmon using 321 SNP markers (Beacham 
et al. 2018). Given the large amount of data (e.g. genotypes for many SNP markers and many individuals), a large 
repository or database is needed for handling the information (Steele et al. 2019). Also given the logistics, e.g.  
hatcheries are coast-wide, there is a need for a committee or organization to oversee the PBT sampling program.

Ideally, hatchery and wild salmon should be externally identifiable within the mixed fishery or spawning run (escape-
ment). For example, most juvenile coho salmon in southern BC, Washington, and Oregon receive an adipose fin clip 
before hatchery release (Beacham et al. 2017). Certain hatcheries coast-wide also provide an adipose fin clip to 
juvenile Chinook salmon receiving a coded-wire tag (CWT); however, the CWT tagging rate is approximately 10% of 
hatchery salmon (Beacham et al. 2018). Presently, the main reason for the adipose clipping is mass mark hatchery 
salmon for selective harvest to sustain fishing and decrease fishing pressure on wild (unclipped) salmon. However,  
the mass marking also enables hatchery salmon to be used for PBT analyses (Beacham et al. 2019b). Hatchery 
salmon with a low parentage assignment probability (e.g. < 85%) using PBT can still be assigned to a stock using 
a genetic stock identification (GSI) method, e.g. coho salmon (Beacham et al. 2017, 2019a) and Chinook salmon 
(Beacham et al. 2018, McKinney et al. 2019). Given that PBT can genetically tag all hatchery offspring and has a high 
assignment accuracy, the hatchery and stock information offers coverage that is greater than with the current CWT 
programs (Steele et al. 2013, Beacham et al. 2017, 2018, 2019a). However, there is currently no coast-wide sampling 
protocol to utilize the higher coverage offered by PBT than by CWT.

Overall, PBT can provide an estimation of hatchery contribution and families within hatcheries to fisheries and 

escapement. An example of a hatchery performance deliverable identified using PBT is that Capilano Hatchery  
coho salmon contributed to 30% (1,904 out of 6,409) of hatchery-origin (clipped) coho salmon during the 2017  
Strait of Georgia recreational fishery (Beacham et al. 2019a). An example of a deliverable is that the coho salmon 
parents of the earlier run produced more returning offspring (escapement) in 2016 than the later run, i.e. 3.06 vs. 1.87 
offspring/spawner for Capilano brood stock in 2014 (Beacham et al. 2019b). The offspring/spawner ratio is a measure 
of reproductive success. These deliverables have different implications for different hatchery types. The fishery  
deliverable may have higher relevance to augmentation hatcheries with an objective of maximizing fishing opportu-
nities (Beacham et al. 2019b), whereas the escapement deliverable may have higher relevance to supplementation 
and captive breeding hatcheries with an objective of reproduction in the natural environment (Steele et al. 2013, 
Waples et al. 2020). Other uses of PBT within hatchery populations are described in the following sections, e.g. release 
group performance (section 2.2) and trait architecture (the genetic basis of salmon traits, section 2.3).

Genetics and ‘omics’ Technologies Review for Salmon Hatcheries
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2.2 > OTHER HATCHERY METRICS

Parentage assignment using PBT information, including other SNP genotype information, can also be linked to 
hatchery records for developing other hatchery metrics. Beyond hatchery source, hatchery records on parents and 
their offspring typically include information on species, sex, brood year, and release group (Steele et al. 2013, 2019). 

PBT Information

Hatchery source data can be used for quantifying the amount of straying. Salmon straying is considered unde-
sirable because interbreeding may decrease the fitness of locally adapted populations (Christie et al. 2014, 
Bernatchez et al. 2017). An example of a deliverable is that PBT information identified that early maturing (i.e. jack) 
hatchery coho salmon were straying to non-local rivers for Vancouver Island and southern BC (Beacham et al. 
2018). Another example deliverable from PBT analysis is that 1% (out of 4,447 individuals) of the coho salmon brood 
stock in 2017 for 19 hatcheries was strays, with the highest value (40%) between geographically close (< 1 km) Inch 
Creek and Norrish Creek (Beacham et al. 2019b).

Brood year records can be used for offspring age determination. Specifically, the capture time of the offspring is 
compared to the parental spawning time. May be valuable for revealing salmon age without relying on scale or 
otolith readings. An example of a deliverable is that PBT information confirmed the age of putative ‘jimmy’ and 
‘jack’ male Chinook salmon, i.e. age-1 and age-2, respectively (Beacham et al. 2018).

Release records can be used for evaluating group performance. With careful hatchery planning to not divide a 
family across different groups, the relative performance of each group can be compared using the PBT family 
assignments (Figure 3). The performance measures can be short-term (e.g. juvenile early marine survival) or  
long-term (e.g. adult contribution to the fishery or escapement).

Pedigrees covering several generations can be constructed using parental records and offspring assignments. 
Pedigrees can be used to visualize family sizes (i.e. offspring counts). Equalizing the family sizes, can limit the loss 
of genetic diversity (Fraser 2008) and genetic adaptation to captivity (Fisch et al. 2015). Pedigree relationships 
can also provide expected inbreeding coefficients, i.e. probability that the two alleles are identical by descent 
if offspring are produced, and pairwise relatedness values, i.e. fraction of alleles shared (Wang 2016). Realized 
or accurate versions are described below. For example, the expected inbreeding coefficient (F) for the offspring 
produced using brother/sister mating is 25%, half-brother/half-sister mating 12.5%, and first cousin mating is 6.25%, 
which is related to the predicted decrease in offspring fitness because of inbreeding depression. The expected 
pairwise relatedness (r) value between full siblings is 1/2, between half siblings is 1/4, and between first cousins 
is 1/8. Pedigrees, inbreeding coefficients, and pairwise relatedness may have applications to supplemental and 
captive breeding hatcheries to avoid highly unequal family sizes and inbreeding depression (Fraser 2008).

Figure 3. 

Family loading plan for release groups identified by parentage-based tagging (source Steele et al. 2019). Generally, 

specific families are associated with specific release groups. Given that families (Vat B) are mixed with a different 

release group (Release Group C), another bulk tagging method is necessary (agency wire tag, AWT). Note that AWT 

is equivalent to CWT as every coded-wire tag is specific to an agency.
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SNP Genotype Information

Sex records can be confirmed for brood stock using genetic sex determination. Certain SNP markers are asso-
ciated with sex-linked genetic regions of the genotype, such that sex information can be revealed. These SNP 
markers are often examined for PBT (Steele et al. 2019). Other applications included general sex determination for 
unclear life stages, e.g. juveniles.

The species records can be used for determining the amount of non-target species or inter-species hybridization. 
Inter-species breeding is considered undesirable because of the potential decreased fitness of hybrid salmon, e.g. 
intrinsic outbreeding depression from genetic incompatibilities, such as chromosome rearrangements (Allendorf 
et al. 2001). Furthermore, hybrid salmon are of little conservation value relative to pure species, e.g. Westlope 
cutthroat trout (O. clarkii lewisi) × rainbow trout (O. mykiss) hybrid (Allendorf et al. 2001), which may have relevance 
to supplementation and captive breeding hatcheries dealing with threatened or endangered salmon populations. 
There are SNP genotypes to discern coho salmon, Chinook salmon, sockeye salmon, chum salmon, pink salmon, 
masu salmon (O. masou), rainbow (steelhead) trout, cutthroat trout, and Atlantic salmon (Beacham and Wallace 
2019). Examples of deliverables are the percentage of non-target species in the brood stock and the percentage  
of inter-species hybridization for offspring in the hatchery (Beacham and Wallace 2019).

SNP markers across the genome can be used to provide realized inbreeding coefficients and relatedness values. 
Both metrics generally utilize the proportion of homozygous alleles and are considered more accurate than the 
expected versions above (Wang 2016). For example, the expected relatedness (r) value of 1/2 between full siblings 
is considered an average. That is, there is random sampling of alleles during fertilization, such that certain sibling 
pairs are genetically more similar or more dissimilar. Genomics data can be used to directly measure these genetic 
relationships for pairs of individuals. Given that SNP markers are already used for PBT to provide parentage 
assignments, which may be used to construct pedigrees, the existing SNP genotype information may also be used 
to provide realized inbreeding coefficients and relatedness values between all possible pairs of individuals. As 
described above, supplemental and captive breeding hatcheries may use the genomic data to avoid inbreeding 
depression (Fraser 2008).

Overall, PBT information coupled with hatchery records can provide performance indicator metrics such as straying, 
age determination, or group contributions to the fishery and escapement. Genotypes at specific SNP markers can 
also provide sex determination (same with PBT), as well as hatchery performance metrics for non-target species 
and inter-species hybridization contributions. The parentage assignments and SNP genotypes across the genome 
can be used to construct pedigrees, as well as provide inbreeding coefficients and pairwise relatedness values. 
More broadly, PBT now provides the ability to study (1) the performance of hatchery salmon, including individuals 
and families and (2) the environmental effect of different hatchery culture practices using groups.

Photo by: Mitch Miller
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2.3 > TRAIT ARCHITECTURE

Similarities between parents and offspring as well as among siblings imply that certain salmon traits have a 
genetic basis. For example, coho salmon PBT results in British Columbia have highlighted a similar return timing 
between parents and offspring for Chilliwack River, i.e. 62% returning in the same month (Beacham et al. 2019b). 
PBT results also indicated family level (sibling) associations, for traits such as fishery contribution and escapement 
contribution (Beacham et al. 2019b). Determining whether a given salmon trait has a heritable component is 
important to assessing evolutionary potential, as the response to selection (e.g. fishing or climate change) has a 
direct relationship to the amount of additive genetic variance or narrow-sense heritability (Falconer and Mackay 
2009). Trait architecture, i.e. genetic and environmental contributions, provide a greater scope on the factors 
explaining a given salmon trait. More broadly, salmon traits can also be influenced by genotype × environment 
interactions and genetic correlations.

Salmon trait architecture, including heritability, is best measured using a full factorial mating design. That is, 
females and males are mated in all possible combinations with the offspring reared in a common environment 
(Lynch and Walsh 1998). PBT can then be used for identifying the family relationships. The minimum full factorial 
design is a block of two females by two males (2 X 2); albeit, to achieve sufficient statistical power, more parents, 
e.g. 5 X 5, and/or more blocks, e.g. several 2 X 2 blocks, may be needed, which can be estimated using power 
analyses (Houde and Pitcher 2016). Beyond an estimate of additive genetic variance (i.e. heritability), the offspring 
trait variance can be partitioned into estimates of non-additive genetic variance (i.e. dominance and epistasis3) 
and maternal variance (Table 2). The latter two can also influence evolutionary potential under certain circum-
stances. Non-additive genetic variance can be converted to additive genetic variance, such as during a population 
bottleneck (Carson 1990). Maternal effects (genetic and environmental) can modify the rate and direction of a 
change in response to selection based on the correlation between maternal and offspring traits and the phenotypic 
plasticity4 of female traits (Mousseau and Fox 1998, Räsänen and Kruuk 2007). Furthermore, the relative amount of 
additive and non-additive genetic variance can reveal mate choice for ‘good genes’ or ‘compatible genes’, respec-
tively (Neff and Pitcher 2005). An example of a deliverable from this sort of analysis is that the trait of emergent fry 
body size was explained by an average 5% additive genetic variance, 14% non-additive genetic variance, and 24%  
maternal variance across two populations of Atlantic salmon populations using a block of 5 X 5 per population 
(Houde et al. 2013, 2015). The small additive genetic effects suggest that this trait may not evolve rapidly in response 
to selection pressures. The higher non-additive than additive genetic effects imply mate choice for ‘compatible 
genes’, such that this trait is influenced more by the suitability of female-male pairing rather than male quality per se.

Table 2. Summary of results for Chinook salmon alevin survival using a full factorial breeding design  

(source Houde and Pitcher 2016).

 Effect Variance Phenotype Architecture Variance Phenotype

Dam 0.788 17.8% Maternal 0.622 14.1%

Sire 0.166 3.8% Additive 0.664 15.0%

Dam X Sire 0.167 3.8% Non-additive 0.668 15.1%

Residual 3.294

Total 4.415

3.  Dominance is an allele that increases offspring fitness when in a specific genotype at the same gene. Epistasis is an allele that 
increases offspring fitness dependent on the genotype at another gene.  

4. Ability of genotypes to produce different phenotypes when exposed to different environmental conditions

Note: A random effects model, similar to two-way analysis of variance (ANOVA), contained random effects for dam, 
sire, and dam × sire interaction. Maternal variance is the dam variance minus the sire variance. Additive genetic  
variance is four times the sire variance. Non-additive genetic variance is four times the Dam X Sire variance.  
Phenotype is the percentage out of trait total variance. Data source is Pitcher and Neff (2007). Calculations source  
is Lynch and Walsh (1998).



The offspring trait variance can be partitioned into estimates of genetic variance, environmental variance, and  
G X E interaction variance (Table 3). PBT can be used for family assignments within and across environments, 
opening doors for further studies on the extent of G X E interactions. The studies can include different natural  
environments (vs. laboratory environments), providing the most relevant information of the quality of a gene  
or genotype for hatchery salmon (Neff and Pitcher 2005).
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Few studies have examined genotype × environment (G X E) interactions, i.e. the fitness of a gene or genotype  
in more than one environment. A familiar example of a G X E interaction in salmon is local adaption, i.e. local  
populations have higher fitness in their local than non-local environment (Figure 4). An estimate of the amount of  
a G X E effects can be provided with independent families (e.g. single pair matings) with the offspring split across 
the environments (Lynch and Walsh 1998). For example, for hatchery release, the number of individuals for a family 
is divided equally between environments. Independent families can also be represented by the diagonal families  
of the full factorial breeding design (Wellband et al. 2018), such that each dam and each sire is represented once.

Figure 4. 

Local adaptation genotype × environment (G X E) interaction. Population 

A has higher fitness in its local environment 1. Similarly, population B has 

higher fitness in its local environment 2 (source Neff and Pitcher 2005).
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Table 3. Summary of results for barley varieties yields  

examining the genotype × environment interaction  

(source Lynch and Walsh 1998).

 Effect Variance Phenotype

Genotypes 0.0235 8.5%

Environment 0.1510 54.6%

G X E 0.0160 5.8%

Residual 0.0365

Total 0.2770

Note: A random effects model, similar to two-way 
analysis of variance (ANOVA), contained random 
effects for genetic, environment, and genotype X  
environment (G X E) interaction. A mixed-effects 
model can also be used with a fixed effect for environ-
ment and random effects for genetic and G X E (Lynch 
and Walsh 1998); the variance estimate of fixed effects 
can now be extracted from mixed-effects models  
(e.g. Nakagawa and Schielzeth 2013)
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Beyond heritability, often traits can be genetically correlated and may influence breeding selection. Genetic 
correlations between traits may occur because a single gene influences several traits (i.e. pleiotrophy) or a group 
of alleles that tend to be inherited together (i.e. linkage disequilibrium) (Lynch and Walsh 1998). A simple method 
to estimate a genetic correlation is a regression of average parent values for trait 1 and average offspring values 
for trait 2. PBT can be used for assigning offspring to parents, and trait measures can be collected for the parents 
and offspring, e.g. age and body size at maturity. The correlations can be positive, facilitating breeding selection or 
negative, impeding breeding selection. That is, breeding selection for trait 1 could lead to a favourable or unfa-
vorable response for trait 2 based on the direction of the genetic correlation. Genetic correlations have also been 
considered for fishing selection impacts on salmon. For example, simulated Chinook salmon mean age response 
generally depended on the strength of the genetic correlation to length and the fishery selection imposed, e.g. size-
based vs. terminal (Eldridge et al. 2010, Bromaghin et al. 2011). Accurate estimates of genetic correlations between 
salmon traits important to hatcheries is key for predictions of trait responses to breeding or fishing selection.

Overall, examining salmon trait architecture requires multiple matings of females and males, i.e. single pair 
matings do not provide the necessary information, with PBT used for identifying the family relationships. Beyond 
the heritability of a given trait, the architecture estimates can provide information on evolutionary potential and 
mate choice type. PBT can also be used for examining genotype × environment interactions using the natural  
environment and genetic correlations for predictions of trait responses to selection. More broadly, PBT now 
provides the ability to study salmon traits (phenotypes), including the genetic basis using hatchery-produced  
families (genotypes). Ultimately, the information may be useful for hatchery breeding protocols to increase 

offspring genetic quality.

2.4 > GENETIC CONNECTION

Although there may be little genetic (DNA) difference between hatchery and wild salmon within local populations 
(e.g. Le Luyer et al. 2017), genetic differences arising from using non-local hatchery sources can be utilized for 
measuring hatchery genetic introgression into populations. Low genetic introgression may be considered valuable 
to hatcheries because it indicates lower non-local (or stray) salmon genetic influences on populations. Using a 
57,501 SNP array for steelhead trout, 360 outlier SNP markers were identified that differentiated wild and hatchery 
salmon (Larson et al. 2018). The non-local hatchery salmon were mainly form one area of South Puget Sound  
(i.e. Chamber Creek), whereas the populations sampled were from other areas of Puget Sound. Hatchery genetic 
introgression for chum salmon of Prince William Sound, Alaska was measured using 135 SNP markers, archived 
scale samples (1964–1982), contemporary samples (2008–2010), and a sink-source model that could detect 
even weak genetic introgression (Jasper et al. 2013). A temporal shift towards a higher non-local hatchery allele 
frequency in the populations indicated stronger introgression. Interestingly, stronger introgression was associated 
with a similar spawning date between the hatchery salmon and the populations rather than the proximity to the 
hatchery or the intensity of straying. An example deliverable is a stronger hatchery chum salmon introgression 
rate (m) for Wells River, i.e. 0.257 (95% CI: 0.209–0.328) than Constantine Creek, i.e. 0.011 (0.004–0.017) (Jasper et al. 
2013). Such information may have applications to augmentation hatcheries, avoiding hatchery salmon reproduc-
tion in the natural environment, as introgression is a proxy of hatchery salmon genetic influences on wild salmon.

Hatcheries can minimize the genetic divergence between local hatchery and wild salmon. Two brood stock 
management options were compared using 48,528 SNP markers and a calculation of genetic divergence between 
wild and hatchery Chinook salmon (Waters et al. 2015, 2016). The ‘integrated’ option (i.e. wild returning salmon were 
collected for hatchery brood stock every year) displayed little genetic divergence over four generations, whereas 
the ‘segregated’ option (i.e. hatchery-origin returning salmon were collected for brood stock every year) displayed 
such divergence because of genetic drift5. The amount of genetic divergence increased with every generation for 
the segregated option. An example deliverable is lower genetic differentiation (FST) for the integrated option (i.e. 
0.0033) than the segregated option (i.e. 0.0125) during the fourth generation (Waters et al. 2016). Although using all 
wild salmon for the brood stock may not be feasible for hatcheries, different proportions of wild salmon representa-
tion in the hatchery brood stock should be evaluated for their potential to limit genetic divergence. Such information 
may have applications to supplemental and captive breeding hatcheries, with a goal of hatchery salmon breeding 
in the natural environment, as to limit genetic divergence because of domestication selection or genetic drift.

Overall, SNP markers, also available with PBT, can provide very accurate estimates of hatchery genetic interactions 

with natural populations.

5.  Genetic drift is the change in the frequency of an allele because of random sampling every generation.
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3. NARROW-SENSE GENOMICS

Narrow-sense genomics is defined as novel genetic analyses that were not possible before with traditional genetic 
analyses (Waples et al. 2020). Examples of narrow-sense genomics deliverables are linking genotypes and phenotypes 
(e.g. gene biomarkers), genomic signals of adaptation analysis, genomic evolution analysis, admixture/outbreeding 
depression analysis, epigenetic programming analysis, and historical effective population size estimate. Such genomic 
analyses have recently become common because it has taken time to develop the necessary tools to fully understand 
the complexities of the salmon genome. In particular, there is more detailed information now available on the structure 
and function of genes. Furthermore, reference genomes for Pacific salmon, i.e. Chinook salmon (Otsh_v1.0, January 
2018), sockeye salmon (Oner_v1.0, June 2019), and coho salmon (Okis_v2.0, November 2019), have only been recently 
produced because of decreasing DNA sequencing costs. In this section, environmental DNA (i.e. animal release of DNA 
into their environment, eDNA) is considered as a narrow-sense genomics technology given its novelty and growing 
acceptance in resource management (Cristescu 2019). In particular, as of May 2019, there is a new journal Environmental 
DNA dedicated to the study and use of environmental DNA for basic and applied science. For hatcheries, identified 
narrow-sense genomics deliverables are (1) gene biomarkers, (2) trait epigenetic programming, (3) epigenetic 
programming differences, and (4) species distribution and abundance.

3.1 > GENE BIOMARKERS

Certain salmon traits of value to hatcheries are under the control of specific genes that may serve as biomarkers. 
For example, older (adult) rather than younger (parr) age-at-maturity is a valuable salmon trait for hatcheries, likely 
because of their smaller body size from a fisheries context (e.g. Middleton et al. 2019). Genomics technologies can 
be used to identify gene biomarkers for salmon traits (Piccolo 2016). That is, statistical models (genome-wide asso-
ciation methods) on genomics data can identify a small number of SNP markers (linked to genes) that explain the 
most variation for a given salmon trait. Such an approach was used for examining age-at-maturity with 208,704 
SNP markers across 57 populations of Atlantic salmon (Barson et al. 2015). An example of a deliverable is that a gene 
biomarker (vestigial-like family member 3, VGLL3) is associated with age-at-maturity. Interestingly, VGLL3 explained a 
relatively high amount (39%) of the age-at-maturity variation and displayed sex-dependent dominance, i.e. causing 
younger maturation in males but older maturation in females. Another example of a deliverable is a gene biomarker 
(oestrogen in breast cancer-like gene, GREB1L) is associated with spawning run timing for steelhead trout (Hess et al. 
2016). GREB1L explained 46% of the variation in run timing (summer vs. winter). Remarkably the same gene biomarker 
(GREB1L) also separated spring and fall spawning Chinook salmon (Prince et al. 2017). The above studies used 
RAD-seq, a coarse genomics resequencing method that covered 0.5–2% of the steelhead trout genome. Recent studies 
using Pool-seq, a whole genome resequencing method, identified additional gene biomarkers of smaller effect that 
also contributed to run timing for steelhead trout (Micheletti et al. 2018) and Chinook salmon (Narum et al. 2018).

Captive breeding hatcheries may want to conserve certain locally adapted traits. For example, Lahontan cutthroat 
trout (O. clarkii henshawi) reside in desert areas such that they display high thermal tolerance relative to other popu-
lations (Amish et al. 2019). Hatchery brood stock was compared to two control lakes using 4,644 SNP markers. A deliv-
erable was that nine SNP biomarkers explained the variation in thermal tolerance (Amish et al. 2019). Beyond thermal 
tolerance, the identified biomarkers were also associated with other important biological functions including immune 
response, growth, and anaerobic resiliency. Overall, identifying the gene biomarkers underlying valued salmon traits 

may serve as targets for hatchery breeding.

3.2 > TRAIT EPIGENETIC PROGRAMMING

Although specific genes encode particular salmon traits, the expression of these genes can be modified by environ-
mental features that can also influence these traits. For example, younger age-at-maturity is also linked to fast initial 
growth (e.g. Vøllestad et al. 2004), which is typical of hatcheries. Genomics technology can be used for examining 
differences in DNA methylation patterns (linked to gene expression), as an explanation for the trait differences despite 
similar genetic background (Jonsson and Jonsson 2014). Such trait epigenetic programming studies have only been 
possible recently because of the advancements in methods to examine DNA methylation patterns (Gavery et al. 2018). 
Earlier studies used the methylation-sensitive amplified polymorphism (MSAP) method, whereas current studies use 
the reduced-representation bisulfite sequencing (RRBS) technique, because it provides much higher sensitivity and 
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resolution than MSAP for examining DNA methylation patterns. Both methods examine the cytosine-phosphate-guanine 
(CpG) context, the responsive DNA methylation context in vertebrates. An example of a deliverable is that there are 
74 differentially methylated regions (DMR) for the testes, 70 DMR for the brain, and 12 DMR for the liver between 
younger (parr) and older (adult) maturing male Atlantic salmon (Morán and Pérez-Figueroa 2011). The epigenetic 
effects, i.e. gene expression modifications, were directed at the gonads and brain, but not the liver, which is also 
supported by another study that identified gene expression patterns of the testes and brain for predicting younger 
age-at-maturity in male steelhead trout (Middleton et al. 2019).

Trait epigenetic programming studies are just beginning for salmon research and there are currently few examples. 
The two examples above examined salmon of different age-at-maturity within a common environment (Morán 
and Pérez-Figueroa 2011, Middleton et al. 2019). Comparisons of trait epigenetic programming within and between 
environments (e.g. high and low food availability) would provide more information on the environmental influences 
on traits at the molecular level. For example, a study examined epigenetic programming of juvenile steelhead trout 
reared in hatchery tanks with commercial pellets to satiation or a simulated stream with natural invertebrate drift 
for eight months (Gavery et al. 2019). The deliverable was that there were 413 DMR for liver tissue, with the majority 
(251 DMR) hypomethylated (or activated gene expression) for the hatchery-reared group. Indeed, the differences in 
early rearing environment stimulated epigenetic programming differences in salmon of similar genetic background. 
However, this study did not examine the association between the programming and a particular salmon trait.  
Altogether, additional research is needed for identifying rearing environment features that contribute to salmon 

traits, and whether these effects can be managed in the hatchery setting.

3.3 > EPIGENETIC PROGRAMMING DIFFERENCES

Epigenetic programming differences between hatchery and wild salmon have been suggested as an explanation for 
the decreased performance (Fraser 2008, Tave and Hutson 2019). An example of a deliverable is that there are 100 
DMR for white muscle between hatchery and wild juvenile coho salmon (Le Luyer et al. 2017). A functional annotation 
analysis on the results can reveal differences in key biological processes. For instance, hatchery salmon displayed 
hypermethylation (or silenced gene expression) relative to wild salmon for biological processes that may decrease 
juvenile performance. For example, hypermethylation of neuromuscular communication (e.g. Ca2+ levels) which may 
decrease swimming performance. Another example of a deliverable is that there are 85 DMR for red blood cells and 
108 DMR for sperm cells between hatchery and wild returning steelhead trout (Gavery et al. 2018). The DMR were 
almost equally hypermethylated and hypomethylated for red blood cells, whereas the DMR were mostly hyper-
methylated (66 DMR) for sperm cells. The epigenetic effects on the sperm cells could potentially be passed to future 
generations as a transgenerational paternal effect. There are currently few studies examining epigenetic program-
ming differences between hatchery and wild salmon, especially across environments and generations. Additional 

research is needed for identifying rearing environmental features that contribute to epigenetic differences, and 

whether these effects can be managed in the hatchery setting.

3.4 > SPECIES DISTRIBUTION AND ABUNDANCE

Hatcheries may want to examine a salmon species distribution across a landscape. For example, a distribution 
expansion over time may indicate colonization of available habitats by threatened or endangered populations. 
Genomics technologies using environmental DNA (eDNA) can be used for rapid determination of a rare species distri-
bution across large landscapes. At this time eDNA sensitivity is limited to species; however, there may be opportunities 
for strains if there are there are differences in key genotypes, e.g. mitochondrial DNA haplotypes (Adams et al. 2019). 
Currently, DFO researchers are in the initial stages of using eDNA to monitor farmed and wild Atlantic salmon based 
on differences in haplotypes (Baillie et al. 2019).

Water samples are collected across the landscape, filtered, the eDNA extracted from the filter, then the eDNA is quan-
tified for the DNA using a species-specific quantitative polymerase chain reaction (qPCR) assay. The eDNA methods 
can be quite sensitive such that there is a need for field controls and other negative controls to test for contamination 
(Laramie et al. 2015). The eDNA methods are also evolving, e.g. glass fiber filters were better than mixed cellulose 
ester filters at capturing eDNA (Lacoursière-Roussel et al. 2016). An example of a deliverable is that Chinook salmon 
was detected at 93% of the known sites (out of 48 water samples) in August, as well as outside of their known range, 
across the sub-basins of the Upper Columbia River (Laramie et al. 2015). Another study used eDNA to evaluate the 
performance of a landscape habitat quality model for juvenile Chinook salmon. The deliverable was that Chinook salmon 
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was confirmed in 80% and 51% of the sites modelled as high and low habitat quality, respectively (Matter et al. 2018).  
The distribution of a salmon species across a landscape may be important for supplementation and captive breeding 
hatcheries. Locations can be prioritized based on salmon presence for assigning limited hatchery resources, e.g. 
release sites (Matter et al. 2018).

Hatcheries can also examine salmon species abundance non-invasively. Environmental DNA methods using water 
samples can provide rough species abundance estimates without handling individuals. That is, there are positive 
relationships between water eDNA content and salmon count or biomass, e.g. juvenile brook trout (Salvelinus fontinalis) 
(Lacoursière-Roussel et al. 2016), juvenile Chinook salmon (Shelton et al. 2019), and spawning sockeye salmon 
(Tillotson et al. 2018). However, the strength of the abundance relationship is dependent on the environment. For 
example, the abundance relationship was stronger with warmer (14°C) than cooler (7°C) water, possibly because of 
increased salmon eDNA release, e.g. shedding of skin, mucus, feces, and urine, in warmer water (Lacoursière-Roussel 
et al. 2016). Thus, there is a need to for research to examine the abundance relationship for a specific environmental 
condition. Furthermore, there may be spatial and temporal limits to salmon detectability. For instance, tens of metres 
from the salmon for eDNA detection in streams (Tillotson et al. 2018) and estuaries (Shelton et al. 2019). Also, eDNA 
may degrade within 24 hours in stream environments, such that the eDNA content may be reflective of the salmon 
abundance for the day of water sample collection only (Tillotson et al. 2018).

The eDNA examples above used qPCR assays to quantify the DNA of a targeted salmon species in a water sample. 
An alternative approach, i.e. eDNA metabarcoding, can identify ‘all’ species (dependent on the library) in a water 
sample (Deiner et al. 2017). The eDNA is amplified using PCR, sequenced on a high-throughput platform, and then 
DNA sequences are matched to a species library, which may be publicly available. The resulting information can  
then be used for species richness and abundance estimates. An example of a deliverable is an estimate of salmon 
abundance or biomass at a site based on the correlation with water eDNA content. Similar to distribution, a rough 

estimate of population size over time in natural environments may be important for supplementation and captive 
breeding hatcheries. As a cautionary note, a recent DFO review concluded that abundance quantification is more 
relative than exact using current eDNA methods (Baillie et al. 2019).

Photo by: Mitch Miller
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4. TRANSCRIPTOMICS

The previous section on genomics examined the DNA molecule. This section on transcriptomics examines the RNA 
molecule; specifically, the messenger RNA (mRNA) molecule that is transcribed from genes or DNA, and its role in 
gene expression. The previous section also indirectly discussed transcription within epigenetic programming, as DNA 
methylation patterns can influence gene expression. Earlier transcriptomics technologies examined gene expression 
using microarrays — a high-throughput platform involving a glass slide spotted with thousands of target sequences 
(Connon et al. 2018). More recent transcriptomics technologies have examined gene expression using RNA-sequencing 
(RNA-seq) — high-throughput sequencing of RNA covering most of the transcriptome. Expression of specific genes can 
be examined with quantitative polymerase chain reaction (qPCR) — the continuous collection of a fluorescent signal by 
PCR to quantify mRNA or transcripts. A benefit of transcriptomics is that it provides information on the molecular and 
biochemical mechanisms for animal responses to changing environments or stressors (Connon et al. 2018). Although 
not currently in the definition of transcriptomics (in this section) environmental RNA (i.e. animal release of RNA into their 
environment, eRNA) is considered as a transcriptomics technology because of the examination of the RNA molecule 
(also see Cristescu 2019). For hatcheries, identified transcriptomics deliverables are (1) gene expression biomarkers, (2) 
gene expression differences, (3) living and dead components, and (4) environmental gene expression.

4.1 > GENE EXPRESSION BIOMARKERS

Gene expression may change in response to intrinsic (e.g. developmental) or extrinsic (e.g. environmental) factors. 
For example, specific genes can change expression in response to a certain stressor, such that they are biomarkers 
(Connon et al. 2018). Recently, there are high-throughput platforms for examining many gene expression biomarkers 
across many individuals. In particular, the Fluidigm BioMarkTM platform can examine 96 gene expression biomarkers 
by 96 samples at once; the types of biomarkers and samples examined are customizable. Currently, there is a focus 
on examining gene expression in salmon using gill tissue because it can be collected non-lethally. The ultimate vision 
using this platform is the ‘Salmon Fit-Chip’, containing customizable gene expression biomarkers to assess the physio-
logical health and condition of many individuals (Houde et al. 2019a).

Gill gene expression biomarkers for smoltification have been developed using several groups of Pacific salmon 
(Houde et al. 2019b). Specifically, gene expression panels (top 10 biomarkers) for smoltification were identified for 
each of coho salmon, sockeye salmon, ocean-type Chinook salmon, and stream-type Chinook salmon, as well as 
across these four groups, as a generalized salmon. The gene expression patterns for ocean-type Chinook salmon 
smoltification were compared to a companion study using seawater challenges on pre-smolt, smolt, and de-smolt 
groups to produce a seawater tolerance model. The deliverable was the classification of individuals as seawater 
intolerant (i.e. pre-smolt or de-smolt) or seawater tolerant (i.e. smolt) using gill samples collected over time. Although 
smoltification can be measured using changes in gill Na+/K+-ATPase activity or plasma hormones, the gill gene 
expression biomarkers appeared to be a more sensitive indicator of smoltification and seawater preparedness than 
Na+/K+-ATPase activity (Houde et al. 2019a). Hatcheries may use the smoltification biomarkers for refining juvenile 

release strategies, e.g. releasing the juveniles when they are majority smolt classification. Furthermore, given the 
general lower seawater tolerance of hatchery than wild salmon (e.g. Shrimpton et al. 1994, Chittenden et al. 2008), 
with additional research, the smoltification biomarkers may help identify features in the hatchery environment that 
alter the physiological smoltification window.
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Other gill gene expression biomarkers have been developed for responses to specific environmental stressors. Specifically, 
a gene expression panel (eight biomarkers) for thermal stress was identified across sockeye salmon and pink salmon 
(Akbarzadeh et al. 2018). This study examined the candidate gene expression biomarkers under a single stressor condi-
tion (i.e. temperature), whereas a follow up study examined multi-stressor conditions (i.e. combinations of temperature, 
salinity, and dissolved oxygen). Gene expression panels were identified using Chinook salmon specific to thermal stress  
(10 biomarkers) and salinity stress (11 biomarkers), but not hypoxic stress  (Houde et al. 2019a). Beyond environmental 
stressor specificity, the temperature and salinity biomarkers were also robust across mortality status (i.e. live vs. moribund 
or dead) and smolt status (pre-smolt, smolt, and de-smolt). The deliverable was high classification (> 98% correct) of 
individuals for responses to freshwater vs. salinity (brackish water or seawater) and three temperatures (10, 14, and 18°C).  
Recently, gene expression biomarkers for hypoxic stress have been developed using additional research with RNA-seq 
(Akbarzadeh et al., in prep). Although environmental monitoring may indicate the potential effects of stressors, examining 
the individual salmon can assess the direct physiological impact. Supplementation and captive breeding hatcheries,  
dealing with threatened or endangered salmon populations exposed to environmental stressors, may benefit from 
physiological impact evaluations at the individual or salmon level. Indeed, thermal and hypoxic stress gene expression 
biomarkers are being examined in the context of endangered Cultus Lake sockeye salmon, for which there is egg incubation 
and juvenile rearing support at Inch Creek Hatchery.

More broadly, there are gill gene expression biomarkers associated with imminent mortality or a general stress response. 
Ten gene expression biomarkers were linked to the imminent mortality of juvenile sockeye salmon during smolt migra-
tion (Jeffries et al. 2014). Although the juvenile salmon that eventually died generally also had infectious haematopoietic 
necrosis virus (IHNV) loads, the gene expression (10 biomarkers) pattern was a better predictor of imminent mortality 
than IHNV load. There were several gene expression biomarkers associated with differences between live and moribund 
adult sockeye salmon during the spawning run (Jeffries et al. 2012). Similarly, a gene expression panel (seven biomarkers) 
was associated with differences between live and moribund or dead juvenile Chinook salmon (Houde et al. 2019a). The 
deliverable was the classification of individuals as live or distressed (moribund or dead). However, these biomarkers had 
links to the secondary stress response, i.e. heat shock protein, metabolite, and immune functions, after the primary release 
of hormones, and there was variability among the live individuals along the primary biomarker axis. Potentially a weaker 
response for certain biomarkers may indicate a general stress response in live salmon, whereas a stronger response may 
indicate imminent mortality. Hatcheries may use these gene expression biomarkers for optimizing practices to minimize 

stress for salmon.

Gene expression biomarkers can also be examined with microbe loads simultaneously on the same Fluidigm BioMarkTM 
platform. Load assays for 46 microbes (bacteria, viruses, and microparasites), suspected or known to cause disease in 
salmon, were evaluated using salmon tissue, i.e. DNA and RNA molecules and pools of several tissues (Miller et al. 2016). 
The load assay limit of detection was under 40 microbe copies, but most load assays had a limit of detection of under 10 
microbe copies. The load assays also had high specificity (> 98%) to the target microbe and high repeatability (average 
96% between two technicians). An example of a deliverable is that Chinook salmon smolts in Cowichan Hatchery had 
lower microbe prevalence, load, and diversity than wild salmon in Cowichan River (Thakur et al. 2018). Later in seawater, 
the microbe profiles were similar between hatchery and wild salmon in seawater, implying that both groups were suscep-
tible to the microbes in a common environment. Regardless, the presence of a microbe does not necessarily mean that 
the salmon is in a diseased state, i.e. the salmon could be a carrier. Recently, gene expression biomarkers were developed 
to differentiate salmon in an active disease state from a latent (carrier) state, as well as between viral and bacterial 
disease states, i.e. viral disease development (VDD) biomarkers (Miller et al. 2017). Specifically, a VDD gene expression 
panel (11 biomarkers) was identified across RNA-viral species, several salmon species, and several tissues. The deliverable 
was the classification of individuals as an active disease state or latent state. Paired with the microbe load assays, individuals 
in an active disease state but with low microbe loads may warrant further investigation. Hatcheries may use these 

microbe load assays and VDD biomarkers to identify and mitigate exposure to infectious agents.

In summary, gene expression biomarkers have been developed for smoltification, thermal stress, salinity stress, hypoxic 
stress, general stress, imminent mortality, and viral disease development. Microbe load assays can also be examined on 
the same platform. There is a focus on gill tissue because it can be collected non-lethally. There are also plans for devel-
oping additional gene expression biomarkers for toxicant, starvation/fasting, and domestication selection. The ultimate 
objective is the production of the ‘Salmon Fit-Chip’, with customizable gene expression biomarkers to examine the 
physiological condition of hundreds of salmon at once. Hatcheries may use the gene expression biomarkers to determine 
environmental requirements and critical thresholds, e.g. stress responses (Connon et al. 2018). The biomarkers or microbe 
assays can also provide valuable predictive screening information, e.g. health and condition, of hatchery salmon prior 
to release (Connon et al. 2018), which may be used to explain changes in hatchery performance over time or differences 
among hatcheries. Furthermore, paired with biotelemetry studies (e.g. acoustic tags), hatcheries may use the biomarkers 
or microbe assays to provide insights on the physiological links to salmon survival, e.g. juvenile sockeye salmon during 
smolt migration (Jeffries et al. 2014, Stevenson et al. 2019).
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4.2 > GENE EXPRESSION DIFFERENCES
Physiological differences between hatchery and wild salmon may be revealed using gene expression. Examinations of 
early life stages have identified gene expression differences using a transcriptome scan, with potential links to differences 
in the rearing environment. An example of a deliverable is that there are 723 differentially expressed genes for steelhead 
trout using RNA-seq on the whole swim-up fry (Christie et al. 2016). Key biological processes that differed were wound 
healing (possibly because the hatchery environment may have a higher incidence of abraded fins than the natural 
environment) and immunity (possibly because of high immune stimulation from crowding in the hatchery environment). 
Another example of a deliverable is that there are 808 differentially expressed genes between hatchery (flat) and natural 
(gravel) rearing substrate for the head tissue of emergent fry Atlantic salmon using a microarray containing ~44,000 
probes (Evans et al. 2015). Biological processes that differed were broadly muscle, heart, and limb development. In  
particular, there was the upregulation of a growth-related gene, i.e. tissue inhibitor of matrix metalloproteinase 2, as  
a potential explanation for the heavier body mass on natural relative to hatchery rearing substrate.

Given that transcriptomics provides greater mechanistic information than genomics (Alfaro and Young 2018), gene 
expression differences between hatchery and wild salmon may help better explain the decreased hatchery salmon 
performance than gene or epigenetic programming differences. However, additional research using transcriptomics 

technologies is needed for providing more mechanistic explanations for hatchery-wild differences and for different 

groups within the hatchery setting.

4.3 > LIVING AND DEAD COMPONENTS
Hatcheries may want to quantify the living and dead components of a salmon species across a landscape. Particularly, 
during the spawning run where there may both live and dead individuals. This may be achieved using transcriptomics 
technologies for environmental RNA (eRNA). RNA represents the living component, whereas DNA represents both the living 
and dead components of the community (Zaiko et al. 2018). An example of a deliverable is a proxy of the metabolic 
activity (live component) of communities, i.e. RNA:DNA ratio (Xu et al. 2017). It was recently also highlighted that the 
detection of both species-specific RNA and DNA may help resolve some of the eDNA methods false positives (i.e. detection 
of a species not present, e.g. contamination, natural transport to site) and false negatives (i.e. species undetected when 
present, e.g. dilution, natural transport away from site) (Cristescu 2019). Similar to the eDNA methods, water samples are 
collected across the landscape, filtered, then the eRNA extracted from the filter. In contrast to the eDNA methods, as far as 
I am aware, salmon species-specific qPCR assays to quantify the RNA do not currently exist, such that they would need 
to be developed. Yet, similar to the eDNA metabarcoding technique, RNA may be identified to species and quantified by 
matching the sequences to a species library, which may be publicly available.

Tillotson et al. (2018) examined eDNA as an estimate of the abundance of live an dead sockeye salmon seperately during 
the spawning period. Interestingly, dead individuals appeared to release more eDNA than live individuals, such that there 
was a weaker relationship between water eDNA content and the abundance of live individuals (Tillotson et al. 2018). 
Conceivably, the relationship may be stronger between eRNA content and the abundance of live individuals. Albeit, similar 
to eDNA, there is a need for research to examine whether such an eRNA relationship exists and under different environ-
mental conditions. Given that RNA and DNA sequences can be species-specific, supplementation and captive breeding 
hatcheries dealing with threatened or endangered salmon populations may use eRNA paired with eDNA methods (e.g. 
live and dead individuals may be counted throughout the spawning period to assess the spawning time using the live/
dead ratio. eDNA and eRNA method may provide rough estimates of the abundance of dead and live individuals, as well 
as estimate the live/dead ratio for spawning time).

4.4 > ENVIRONMENTAL GENE EXPRESSION
Hatcheries may want to examine gene expression without handling the salmon. Given that eRNA may contain messenger 
RNA (mRNA), there is the prospect of examining gene expression using water samples (Cristescu 2019). Generally, eRNA 
methods have been less developed because of the perception that RNA is much less persistent in the environment than 
DNA (Cristescu 2019). However, the RNA released by organisms into their environment can remain for sufficient time in 
some cases, e.g. protected within extracellular vesicles (RNA carriers) that leave with bodily fluids. If tissue gene expression 
is proportional to the representation of the underlying mRNA in the water (i.e. biological representation), then eRNA meth-
ods would be a non-invasive approach to the examination of biomarkers for a group of salmon. As far as I am aware, 
there are no examples of gene expression studies using eRNA methods. Certainly, it would be advantageous to apply the 
existing gene expression biomarkers (above) on the eRNA content of water samples to limit the stress impacts on salmon 
from handling, as well as assess health and condition without capture or interruption of behaviour. A potential deliverable 
is estimating the seawater tolerance of juvenile salmon (as a group) within a tank using water samples collected over 
time and the smoltification gene expression biomarkers. If feasible, the use of eRNA methods to examine gene expression 
would be an entirely new research field (Cristescu 2019). Additional research is needed on technological feasibility and 
biological representation.
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5. PROTEOMICS

The previous sections on genomics and transcriptomics examined DNA and RNA molecules, respectively. This section 
on proteomics examines proteins, specifically the entire protein pool of a tissue (Tomanek 2011). Proteins are generally 
translated from mRNA or transcripts. Briefly for proteomics, the proteins of a tissue sample are digested to peptides 
using proteases and then the peptides may be separated using a gel (Tomanek 2011, Zhou et al. 2012). Peptides are 
then identified and quantified using mass spectrometry and aligned to a database. Recently, mass spectrometry 
with ion mobility of peptides has increased the coverage of proteins by 40% relative to without ion mobility (Gombar 
et al. 2017). Similar to genomics and transcriptomics, proteomics requires reference sequence information for the 
database alignments, i.e. arranging the sequences of DNA, RNA, or protein to identify regions of similarity. (Rodrigues 
et al. 2012). A benefit of proteomics is that it incorporates post-translational modifications and protein degradation to 
provide information closer to the phenotype than transcriptomics (Rodrigues et al. 2012). Albeit, there is variability in the 
strength of the relationship between proteomics and transcriptomics. That is, the correlation can indeed be poor  
(r < 0.5) such that proteomics may provide better information than transcriptomics (Feder and Walser 2005, Maier et al. 
2009); however, the correlation can also be moderate (0.5 < r < 0.7) such that transcriptomics or proteomics generally 
provide similar information (Schwanhäusser et al. 2011, Kanerva et al. 2014). For hatcheries, identified proteomics  
deliverables are (1) protein expression biomarkers and (2) protein expression differences.

5.1 > PROTEIN EXPRESSION BIOMARKERS

Proteomics research using salmon has generally focussed on improving their physiological health and condition, 
especially for aquaculture (Forné et al. 2010). For example, proteomics examinations of infected salmon have 
provided a better understanding of the molecular mechanisms during disease progression (Tomanek 2011, Rodrigues 
et al. 2012). Such information simultaneously can provide information on the diagnosis of a disease and the devel-
opment of new vaccines or immune stimulating treatments. Similar to gene expression, specific protein expression 
may change in response to certain stressors, e.g. disease, such that they are biomarkers. For instance, the expression 
of certain proteins may increase during cellular stress: (1) chaperones that stabilize other denaturing proteins, (2) 
enzymes that regulate protein turnover, (3) enzymes that sense and repair DNA and RNA damage, (4) enzymes for 
fatty acid and energy metabolism, and (5) enzymes for redox regulation (Tomanek 2011).

Protein expression biomarkers have been identified for certain diseases, as well as microbe antigens that stimulate 
the immune system. Proteomics technologies are used to compare healthy and infected tissues. An example of a 
deliverable is at least four protein expression biomarkers were associated with infectious hematopoietic necrosis 
(IHN) or bacterial kidney disease (BKD) using Atlantic salmon liver and kidney tissue (Booy et al. 2005). Although some 
of the expressed proteins were expected because of their known relationship to acute infection and inflammatory 
responses, there were other expressed proteins associated with unexpected cellular pathways, e.g. protein synthesis 
related to host resistance, that were strong biomarkers for diagnostics and vaccine development. Antigen membrane 
proteins of the bacterium associated with cold-water disease (CWD) were evaluated for an immune system response 
using rainbow trout and proteomics technology (Dumetz et al. 2008). Another example of a deliverable is out of  
the 36 antigen proteins, 25 proteins elicited an immune response, which may serve as targets for salmon vaccines. 
Hatcheries may use existing candidate protein expression biomarkers for salmon disease diagnostics and vaccine 

development. Diagnostic biomarkers and vaccine targets can also be developed for other hatchery disease 

concerns.

Protein expression biomarkers have also been identified for reproductive quality. Proteomics technologies were 
applied to ovarian or seminal fluid in association with reproductive traits or variation among individuals. An example 
of a deliverable is at least eight protein expression biomarkers were associated with egg quality (i.e. post-ovulatory 
ageing) using rainbow trout ovarian fluid (Rime et al. 2004). Interestingly, it was suggested that the leakage of egg 
proteins into the ovarian fluid decreased egg fertility and developmental competence. Similarly, there is 174 proteins 
that differed in expression among 25 female Chinook salmon using ovarian fluid (Johnson et al. 2014). Given that there 
is a strong female by male interaction for sperm performance (i.e. cryptic female choice), it is possible that the protein 
expression variation among females mediates such an interaction. Another example of a deliverable is that there are 
several protein expression biomarkers suspected for sperm performance (e.g. spermatogenesis and motility) using 
Chinook salmon seminal fluid (Gombar et al. 2017). For the last two studies, there was no direct association between 
protein expression and reproductive traits. If there are clear associations between protein expression and a reproduc-
tion trait, then a deliverable is protein expression biomarkers.
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Overall, in contrast to the gene expression biomarkers, protein expression biomarkers have not yet been studied 
across a range of conditions to determine specificity to a certain stressor (e.g. single study vs. meta-analysis) or 
validated using new samples, e.g. a different species. These discovery and validation approaches are important for 
robust biomarker development (e.g. Miller et al. 2017). At this time, there are candidate protein expression biomarkers 
for (1) IHN and BKD using liver and kidney tissue and (2) egg quality using ovarian fluid that may be validated and 
used in hatcheries. Additional research is needed to develop robust protein expression biomarkers for salmon traits 

important to hatcheries.

5.2 > PROTEIN EXPRESSION DIFFERENCES

Better mechanistic explanations for the lower hatchery salmon performance than wild salmon may be explored using 
proteomics over genomics or transcriptomics. Albeit, given the novelty of proteomics technologies, there are currently 
no examples of protein expression differences between hatchery and wild salmon. However, there is one example of 
a comparison between groups displaying a difference in reproductive performance. A proteome scan of the seminal 
fluid of Chinook salmon identified 30 proteins that differed in expression between jack and adult males (Gombar et 

al. 2017). Jacks generally have higher sperm quality than adult males, i.e. relatively larger testes and faster swimming 
sperm in water. Key biological processes that differed were hormone transport, energy metabolism, and proteolysis, 
as potential mechanistic explanations for the sperm quality differences. With further studies comparing groups using 
proteomics, a deliverable is the number of differentially expressed proteins and the key biological processes involved. 
As discussed in previous sections, additional research using proteomics technologies is needed for providing more 

mechanistic explanations for hatchery-wild salmon differences and for different groups within the hatchery setting.

Photo by: Sam James
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6. METABOLOMICS

The previous sections on genomics, transcriptomics, and proteomics examined DNA, RNA, and proteins, respectively. 
This section on metabolomics examines metabolites (e.g. sugars, organic acids, amino acids, vitamins, lipids, and 
nucleotides), specifically the entire metabolite pool of a tissue (Jones et al. 2013, Alfaro and Young 2018). Certain  
metabolic pathways are regulated and operated by enzymes (proteins). Metabolites are the small molecule  
(< 1 kDa) that are the products of metabolism, which may be strongly amplified in response to stressors (Lankadurai  
et al. 2013, Alfaro and Young 2018). Because metabolic processes continue in tissues even after dissection, tissues should 
be preserved quickly (e.g. liquid nitrogen) and stored at or below -80°C to inactivate these processes (Young and 
Alfaro 2018). Non-targeted (all) metabolites or targeted metabolites can be examined (Lankadurai et al. 2013). Briefly, 
nuclear magnetic resonance (NMR) spectroscopy is typically used for non-targeted metabolomics because of its low 
selectivity, but only metabolites in significant quantities are detected (Lankadurai et al. 2013, Young and Alfaro 2018).  
In contrast, mass spectrometry (MS) with separation by chromatography or electrophoresis is typically used for 
targeted metabolomics because of its high selectivity and ability to detect metabolites in low quantities. However,  
both metabolomics technologies can be used for biomarker development, i.e. NMR to screen all metabolites and 
discover candidate biomarkers, followed by validation or monitoring using MS. A benefit of metabolomics is that it may 
provide the most mechanistic information relative to genomics, transcriptomics, and proteomics (Alfaro and Young 
2018). For hatcheries, similar to proteomics, identified deliverables are (1) metabolite expression biomarkers and (2)  
metabolite expression differences.

6.1 > METABOLITE EXPRESSION BIOMARKERS

Similar to proteomics, metabolomics research using salmon has generally focussed on improving their physiological 
health and condition, especially for aquaculture (Alfaro and Young 2018). In particular, metabolomics examinations 
of infected salmon have provided a better understanding of the molecular mechanisms during disease progres-
sion, including early diagnosis (Jones et al. 2013). Metabolomics research may provide mechanistic and functional 
biochemical information that may help solve issues with hatchery performance (Young and Alfaro 2018). Similar to 
gene expression and protein expression, metabolite expression may change in response to certain environmental 
stressors or culture conditions (Alfaro and Young 2018). For example, toxin exposure increases the metabolites of redox 
homeostasis, e.g. glutathione and NADPH (Young and Alfaro 2018).

Metabolite expression biomarkers have been identified for certain salmon diseases. Metabolomics technologies are 
used to compare healthy and infected tissues using NMR. An example of a deliverable is that there are 18 metabolite 
biomarkers for bacteria Aeromonas salmonicida infection using Atlantic salmon blood plasma (Solanky et al. 2005). 
The bacterial infection caused major modifications in lipid metabolism, with minor modification in carbohydrate and 
amino acid metabolism. Another example of a deliverable is 18 metabolite expression biomarkers were associated 
with A. salmonicida infection using Atlantic salmon kidney tissue (Liu et al. 2016). The infection caused absorption 
inhibition of amino acids and disturbed protein and cell metabolism. Beyond existing diagnosis biomarkers for  

A. salmonicida, metabolite expression biomarkers may be developed for other hatchery disease concerns.

Metabolite expression biomarkers have also been identified for salmon health or condition. An example of a deliver-
able is at least nine metabolite expression biomarkers associated with long-term stress were identified using NMR on 
juvenile Atlantic salmon blood plasma (Karakach et al. 2009). Generally, carbohydrates increased with stress, whereas 
lipids decreased. Another example of a deliverable is out of the 137 metabolites monitored using MS on blood plasma, 
27 metabolite expression biomarkers were associated with starvation or fasting of female Atlantic salmon (Cipriano 
et al. 2015). Generally, fatty acid concentrations decreased with fasting, whereas sugar alcohols concentrations 
increased. Albeit, the study used inappetent (lacking appetite) individuals during the spawning run, when the salmon 
may be naturally tolerant of prolonged fasting or starvation than earlier life stages. Another example of a deliverable 
is out of the 95 metabolites monitored using MS on liver tissue, 23 and 9 metabolite expression biomarkers for were 
associated with possible toxin (e.g. copper) exposure for Skeena River female and male sockeye salmon, respectively 
(Benskin et al. 2014). It was suspected that toxin exposure caused endocrine disruption during spawning migration 
into Babine Lake, such that certain females displayed more masculine profiles and certain males displayed more 
feminine profiles. However, the results could also be explained by natural variability of individuals rather than toxin 
exposure per se.
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Overall, similar to the discussion on protein expression biomarkers, metabolite expression biomarkers have not yet 
been studied across conditions for specificity to a certain stressor or validated using new samples. A possible expla-
nation is the novelty of both proteomics and metabolomics technologies such that there are a small number of studies 
for discovery and validation approaches. However, these approaches are important for robust biomarker development, 
as demonstrated for gene expression biomarkers (e.g. Miller et al. 2017), as well as highlighted in the metabolomics 
strategies for aquaculture (i.e. Young and Alfaro 2018). At this time, there are candidate metabolite expression 
biomarkers for (1) A. salmonicida infection using blood plasma or kidney tissue and (2) long-term stress using blood 
plasma that may be validated and used in hatcheries. Additional research is warranted to develop robust metabolite 

expression biomarkers for salmon traits important to hatcheries.

6.2 > METABOLITE EXPRESSION DIFFERENCES

Metabolomics, relative to genomics, transcriptomics, and proteomics, may provide the best mechanistic explanations 
for the lower hatchery salmon performance relative to wild salmon. However, at this time, there are no examples of 
metabolite expression differences between hatchery and wild salmon, likely because of the novelty of metabolomics. 
However, there is one example comparing farmed and wild Atlantic salmon. The deliverable was that there is 187 
differentially expressed metabolites using NMR on lipid extracts of muscle tissue (Aursand et al. 2009). Although there 
was no specific analysis to determine the differences in key biological processes to reveal mechanistic explanations, 
farmed salmon displayed higher concentrations of n-6 fatty acids than wild salmon. This is not surprising given that 
n-6 fatty acids are abundant in the vegetable oils used for farmed salmon diets (i.e. commercial feeds). That is, the 
different diets between farmed and wild salmon was a major confounding factor because of their strong influence 
on the metabolome. Nonetheless, using the top 12 metabolites, another deliverable was high classification (96% 
correct) of individuals as farmed or wild salmon. Similar to previous sections, with further studies comparing hatchery 
and wild salmon, a deliverable is a number of differentially expressed metabolites and the key biological processes 
involved. Additional research using metabolomics technologies, specifically NMR, is needed for providing more 

mechanistic explanations for hatchery-wild differences and for different groups within the hatchery setting.

Photo by: Sam James
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7. KNOWLEDGE GAPS

Beyond describing deliverables using ‘omics’ technologies, the present review also examined the scientific literature on 
hatchery issues to identify knowledge gaps. Filling in the knowledge gaps with studies using ‘omics’ technologies can 
increase the understanding of how to best improve hatchery performance. Here, I highlight key experimental consider-
ations and supporting background information for filling in four knowledge gaps: (1) group performance, (2) offspring 
quality, (3) health and condition biomarkers, and (4) hatchery-wild differences. Key ‘omics’ technologies or main text 
sections are in bold.

7.1 > GROUP PERFORMANCE

There are few examples of relative group performance evaluations using ‘omics’ technologies. Importantly, a clear 
strength of parentage-based tagging (PBT) is the ability to genetically tag all hatchery salmon to the family level with 
the families assigned to specific groups (see Figure 3). Based on increases in hatchery salmon survival, additional 
insight may be achieved examining by group attributes such as (1) ecological smolt window, (2) physiological smolt 
window, and (3) semi-natural rearing. 

  7.1.1 ECOLOGICAL SMOLT WINDOW_______________________________________________________

  Juvenile release group timing can be examined with zooplankton bloom timing during the ‘ecological smolt 
window’ (McCormick et al. 1998, Björnsson et al. 2011). Certain salmon populations have poor survival during 
the early marine period, such that an increase in juvenile survival during this period may translate to increased 
salmon production (Beamish et al. 2009, 2010). For example, there were lower juvenile captures in the estuary 
near Discovery Passage (juveniles moved farther away from shore) and higher adult male returns (1.5 to 3 times) 
for hatchery coho salmon that were released within a week of the zooplankton bloom (> 1,000 zooplankton/m3) 
than salmon released earlier or later (Chittenden et al. 2010). Hatcheries may release multiple groups of juvenile 
salmon progressively during the spring, with each group tagged for monitoring purposes according to their PBT 
family. The movement and performance of the release groups can be examined for associations with features of 
the local zooplankton bloom, e.g. timing.

 7.1.2 PHYSIOLOGICAL SMOLT WINDOW ___________________________________________________

  Another important consideration for juvenile release timing strategies is smolt status during the ‘physiological 
smolt window’ (McCormick et al. 1998, Björnsson et al. 2011). That is, juvenile survival in seawater is dependent  
on smolt status. For instance, juvenile mortality is higher for pre-smolt (16%, 21 of 128 fish) or de-smolt (13%, 25  
of 192 fish) than smolt (1%, 1 of 96 fish) Chinook salmon after six days of 10°C or 14°C seawater (28 or 29 PSU) 
exposure using a controlled set-up (Houde et al. 2019a). Interestingly, juvenile mortality was low (< 1%, 4 of 416 
fish) for the same duration and temperature in brackish water (20 PSU) across smolt status. This salinity was likely 
similar to that internally of the fish, such that the energy expenditure in brackish water may be less than seawater 
for maintaining homeostasis. Similar to low food periods, pre-smolt and de-smolt salmon may be exposed to 
increased predation, as they remain in freshwater or brackish water estuary habitats longer. In other words, 
there is a positive relationship between the time to seawater entry (or estuary exit) and smolt status (Stich et al. 
2015, 2016). Furthermore, hatchery salmon also generally have lower seawater tolerance than wild salmon (e.g. 
Shrimpton et al. 1994, Chittenden et al. 2008). Thus, to limit juvenile mortality after release, hatcheries can classify 
the smolt status using weekly gill samples and the smoltification gene expression biomarkers, such that juveniles 
are released as majority smolt. However, the optimum for juvenile survival consists of overlapping ecological 
and physiological smolt windows (McCormick et al. 1998, Björnsson et al. 2011). Using the multiple groups tagged 
by separate PBT families (above) for the zooplankton bloom, hatcheries may align juvenile smoltification with 
the targeted release date. For example, smoltification can be advanced by increasing water temperature in the 
hatchery environment (McCormick et al. 1998, Björnsson et al. 2011).
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 7.1.3 SEMI-NATURAL REARING ____________________________________________________________

  There has been a general promotion of the idea that the more the hatchery environment resembles the natural 
environment, the better for juvenile salmon survival (Lynch and O’Hely 2001, Tave and Hutson 2019). For example, 
semi-natural rearing techniques associated with increased post-release juvenile survival are: (1) cobble substrates 
(e.g. embedded in concrete pavers), (2) in-water structure (e.g. plastic crates), (3) overhead cover (e.g. camou-
flage net), and (4) anti-predator training (e.g. visual, acoustic, or chemical cues) (Maynard et al. 2004, Näslund 
and Johnsson 2016). Other juvenile performance improvements are associated with additional techniques: (5) 
supplementing diets with live food (i.e. increasing in prey hunting ability) and (6) exercise current velocities (i.e. 
increased swimming performance). Although the semi-natural rearing techniques are associated with increased 
performance at the juvenile level, they have not been evaluated at the adult level (Maynard et al. 2004), possibly 
because of logistical constraints that may now be alleviated with use of PBT for tracking groups. Hatcheries may 
release different groups of juvenile salmon reared using traditional hatchery and combinations of semi-natural 
rearing techniques, with each group tagged by separate PBT families. Another group that can be compared 
is natural or wild juvenile salmon as a benchmark for performance or as another control for year effects. The 
parents of the natural group may not have been examined with PBT, so another bulk tagging technique for these 
salmon would be necessary.

Overall, using groups tagged by separate PBT families as well as considering smolt status, the ultimate post-release 
performance measures for hatchery salmon are the contribution to the fishery for augmentation hatcheries, and  
the contribution to escapement or reproductive success for supplementation and captive breeding hatcheries.  
Groups that demonstrate higher relative performance may be pursued further by the hatcheries to achieve their 
respective goals.

7.2 > OFFSPRING QUALITY

The hatchery offspring quality may increase by allowing mate choice or the by targeting the specific genes underlying 
important salmon traits. In particular, across a range of taxa, allowing mate choice may increase offspring fitness 
by a median of 36% (Neff et al. 2011). However, there are few examples of the quantitative benefits of mate choice 
in salmon, as well as the trait architecture beyond early life stages, i.e. egg to fry. Examinations of the mate choice 
benefits and trait architecture at later life stages require the breeding of individuals with more than one partner using 
a full factorial breeding design, such that PBT is a useful tool for tagging all offspring and providing assignments back 
to specific families. The salmon trait architecture may also provide the guidance for follow-up studies at the molecular 
level using ‘omics’ technologies to identify specific biomarkers linked to improvements in offspring quality.

 7.2.1 MATE CHOICE BENEFITS _____________________________________________________________

  Mate choice benefits can be measured using spawning channels and a full factorial breeding design. Spawning 
channels containing female and male salmon can facilitate sexual selection via male-male competition and 
female mate choice (Neff et al. 2011). The female’s chosen male can be recorded using behavioural observation 
criteria (Puurtinen et al. 2009). Then, using a full factorial breeding design, the female can be mated with the 
recorded male along with at least one other male. In other words, the concept is to allow mate choice in spawning 
channels, then remove the female and chosen male to artificially produce offspring with the mate choice pair 
and a control pair. For example, using two females by two males (2 X 2), the egg batch of each female is divided 
in half, with the first half fertilized by the chosen male and the remaining half fertilized by the other male. Thus, 
the total of four families is represented by two mate choice families and two non-mate choice families, with each 
family tagged separately by PBT. The resulting offspring survival and fitness-related traits (e.g. body size) can 
be measured for the two mate choice groups using the family assignments. Furthermore, with the full factorial 
breeding design, the amount of additive genetic and non-additive genetic effects explaining the offspring traits 
can be estimated, which can speak to the importance of ‘good genes’ and ‘compatible genes’ for salmon mate 
choice systems (Neff and Pitcher 2005). Several parents (e.g. 5 X 5) and/or blocks (e.g. several 2 X 2 blocks) 
may be needed for sufficient statistical power, which can be determined using a power analysis (Houde and 
Pitcher 2016). If mate choice benefits are sufficiently large (e.g. 33% higher offspring survival for mate choice than 
non-mate choice), then hatcheries may want to consider allowing mate choice to increase offspring quality.
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  7.2.2 TRAIT ARCHITECTURE  ______________________________________________________________

  The full factorial breeding design can also be used for examining trait architecture for more than early life stages. 
In particular, maternal and non-additive genetic effects explain a large amount of variation in salmon traits 
during early life stages, i.e. egg to fry (Houde et al. 2013, 2015, 2016), but it is not clear if the importance of these 
effects continue into later life stages, i.e. smolt to adult. Maternal effects should decrease as maternal investments 
(e.g. egg resources) are utilized, while genetic effects should increase in importance for later life stages traits 
(Wilson and Réale 2006). Conceivably, non-additive genetic effects may remain important for later life stages 
traits with strong ties to fitness, e.g. survival, whereas for traits with weaker ties to fitness, e.g. body size, additive 
genetic effects may be more important (Crnokrak and Roff 1995, Roff and Emerson 2006). If non-additive genetic 
effects do remain important at later life stages, the benefits of mate choice for ‘compatible genes’ may be key 
across the entire life cycle. Given that hatchery performance goals are generally focussed on the adult life stage, 
e.g. contribution to the fishery or escapement and reproductive success, the full factorial breeding design with 
family tagged separately by PBT may provide information on the underlying architecture and mate choice system 
explaining such important traits.

 7.2.3 BROOD STOCK BIOMARKERS ________________________________________________________

  Genetic or maternal effects explaining a large amount of a given salmon trait can direct complementary brood 
stock biomarker approaches. Traits explained by large genetic (additive and/or non-additive) effects may warrant 
further investigation using gene biomarkers to identify the specific genes contributing to higher offspring quality. 
Traits explained by large maternal variance may warrant further investigation using protein expression biomarkers, 
metabolite expression biomarkers, and/or chemical associations to identify the features, i.e. specific proteins, 
small molecules, and/or chemicals, in the egg or ovarian fluid that are contributing to higher offspring quality. 
With information on the specific genes or maternal feature explaining salmon traits, hatcheries may screen brood 
stock with the biomarkers to assess the value of a female (‘beneficial genes’ and maternal), a male (‘beneficial 
genes’), and/or a female-male pair (‘compatible genes’).

Overall, a full factorial breeding design with families tagged by PBT can help fill the knowledge gaps on the quantitative 
benefits of mate choice and trait architecture of later life stages. Using trait architecture as a guide, the corresponding 
biomarker approach may identify specific genes or maternal features that may be beneficial to keep or promote in 
the brood stock. Hatchery offspring quality may be increased by allowing mate choice (if the quantitative benefits are 
large) or by screening potential brood stock with the resulting biomarkers to determine specific matings.

7.3 > HEALTH AND CONDITION BIOMARKERS

Beyond brood stock biomarkers for increasing offspring quality, expression biomarkers can also be produced for 
other aspects of the health and condition of hatchery salmon. Although there are existing gene expression biomarkers 
(i.e. ‘Salmon Fit-Chip’) for smoltification, salinity stress, thermal stress, hypoxic stress, general stress, imminent 
mortality, and viral disease development using primarily gill tissue, there are knowledge gaps for biomarkers of 
other aspects of hatchery salmon health and condition. For instance, reproductive development (egg and sperm) 
and fungal disease development have not been studied for suitable biomarkers. Current expression biomarkers use 
tissue samples, which may be lethally (e.g. liver) or non-lethally (e.g. gill) collected, but both require the handling of 
salmon. There are also knowledge gaps about what tissues and ‘omics’ technologies may be the most appropriate 
for biomarker development. To develop robust biomarkers, discovery and validation are needed (Young and Alfaro 
2018). Biomarkers that would be applicable across various species and environmental conditions could then be 
developed with information from several studies and considering a range of samples to create even more robust and 
useful biomarkers (Connon et al. 2018). Furthermore, the handling of salmon may not be required if relevant tissue 
molecules (i.e. mRNAs, proteins, and metabolites) are excreted into the environment, such that water samples can be 
analyzed for expression biomarkers. However, additional knowledge gaps remain to be overcome, such as how long 
these molecules remain in the water before degrading (i.e. quality) and whether current ‘omics’ technologies have 
adequate sensitivity to detect such molecules in low quantity.
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 7.3.1 CHOICE OF TISSUE AND ‘OMICS’ TECHNOLOGY 

  The identification of expression biomarkers may use different tissues and ‘omics’ technologies, depending on the 
specific salmon health and condition attribute of interest. Ideally, target tissues would be non-lethally collected, 
e.g. blood, gill, ovarian fluid, and seminal fluid. The choice of tissue and corresponding ‘omics’ technology may 
be determined using background information. For example, the blood circulates leukocytes (i.e. white blood cells) 
involved in immune responses, with gills important to pathogen resistance and blood circulation (Bond 1996), 
such that either tissue could be examined for aspects of disease progression or resistance. The initial response to 
external (e.g. pathogen) and intrinsic (e.g. hormone) factors is a change in transcripts or mRNA (Young and Alfaro 
2018), such that gene expression biomarkers may be appropriate for disease response and salmon development. 
Furthermore, ovarian fluid and seminal fluid can have tight links to reproductive success (e.g. egg and fertilization 
quality), with fluid protein and metabolite composition explaining a portion of the success (e.g. Lahnsteiner et al. 
1995, 1998), such that protein expression biomarkers and/or metabolite expression biomarkers may be appro-
priate. Otherwise, more than one tissue or ‘omics’ technology may be examined using an exploratory approach. 
For instance, male reproductive development is associated with testes gene expression (Middleton et al. 2019); 
however, it is unknown if the relevant mRNA is also detectable in seminal fluid, or possibly ovarian fluid for female 
reproductive development. Using more than one ‘omics’ technology, can also provide a higher coverage of mech-
anistic information for salmon physiology (Forné et al. 2010), as well as provide higher coverage for identifying the 
biomarkers with the tightest links to a given aspect of salmon health and condition.

 7.3.2 ROBUST BIOMARKERS _______________________________________________________________

  Discovery and validation approaches are needed for the development of robust biomarkers. Comparison groups 
may be defined by quantified differences in salmon health and condition traits. If these group details are not 
known at the time, tissue samples can be collected and stored (e.g. -80°C freezer) until such details become available. 
Alternatively, salmon health and condition traits that are influenced by time (e.g. reproductive quality) may be 
represented by the collection of tissue samples at regular time intervals. For comparison groups, a base study can 
discover candidate biomarkers using an ‘omics’ screen with a statistical model to identify differences in molecule 
expression, e.g. identify the genes differing in expression across the transcriptome. For time intervals, a base study 
can discover candidate biomarkers using an ‘omics’ screen to correlate or otherwise associate molecules to traits; 
a multivariate simplification technique (e.g. principal component analysis) may be useful in this case. Previous 
research on certain candidate biomarkers were not subsequently validated using new samples, e.g. protein 

expression biomarkers and metabolite expression biomarkers. This biomarker validation process is important for 
decreasing type II errors (i.e. false negative results) and increasing reproducibility, ultimately translating to higher 
sensitivity and specificity (Young and Alfaro 2018).

  Extensions of the discovery and validation approaches can result in the development of even more robust expres-
sion biomarkers. However, the data requirements are higher because a larger number of studies and samples 
are needed. Existing studies are mined or are subjected to a meta-analysis to identify the candidate expression 
biomarkers, i.e. transcripts, proteins, or metabolites, that are shared in response to a given condition (Connon et al. 
2018). The resulting candidate biomarkers are then validated using new samples covering a range of intrinsic  
(e.g. species, age, sexes, or life stages) and extrinsic (e.g. environmental conditions or multiple stressors) factors 
(Young and Alfaro 2018). Such an extended approach was used for developing the robust gene expression 

biomarkers, e.g. viral disease development (Miller et al. 2017) and smoltification (Houde et al. 2019b).

 7.3.3 NON-INVASIVE BIOMARKERS ________________________________________________________

  Considering that hatchery salmon are typically reared in closed or semi-closed tanks, as well as at higher densi-
ties than natural conditions, tissue molecules should be present in sufficient quality and quantity in tank water for 
environmental analyses. It is known that environmental DNA (eDNA) can remain in water for a sufficient amount 
of time (i.e. adequate quality, slow degradation) to allow measurements of species distribution and abundance. 
Environmental RNA (eRNA), including mRNA, conceivably may also remain in water for a sufficient amount of 
time to allow measurements of environmental gene expression (Cristescu 2019). Similar cases can be made for 
environmental proteins and metabolites considering future research beyond eDNA (Seymour 2019). There are also 
examples of ‘omics’ technologies using environmental molecules (i.e. RNA, proteins, and metabolites) for examining 
microbial communities of surface water biofilms or soil samples (e.g. Gotelli et al. 2012, Kido Soule et al. 2015, Zaiko 
et al. 2018). However, using the current ‘omics’ technologies, environmental gene expression, protein expression, 
and metabolite expression per se have not been demonstrated. Regardless of environmental molecule quality 
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or current technological feasibility, environmental molecules are generally in low quantities because of low 
excretion rate or water dilution. Although molecule amplification technology exists for DNA and RNA, it currently 
does not for proteins and metabolites (Zhou et al. 2012). Given that water samples are passed through filters to 
collect the eDNA, an option for other environmental molecules is to increase the volume of water that is sampled. 
Future technological advancements for proteomics and metabolomics are also expected to have increased 
sensitivity (Zhou et al. 2012, Alfaro and Young 2018), enabling measurements of proteins and metabolites in low 
quantity. Certainly, an initial area of investigation for environmental molecules is determining the volume of the 
water sample to be filtered, resulting in the necessary molecule quantity for current ‘omics’ technologies. Given 
the concerns of RNA, protein, and metabolite degradation, another research need is to evaluate molecule quality 
limits for current 'omics' technologies.

  Assuming there are few quantity or quality limitations to using current ‘omics’ technologies on environmental 
molecules, expression biomarkers may be examined for hatchery salmon at the tank level using water samples. 
For example, tank water samples are used for non-invasive stress evaluations of fish using cortisol measurements 
(Ellis et al. 2004) and most recently using ß-D-glucose measurements (Makaras et al. 2020). Yet, biological repre-
sentation of the environmental molecules has not been tested, i.e. does the environmental molecule (i.e. mRNA, 
proteins, and metabolites) representation in a water sample reflect the tissue expression? For eDNA research, 
relationships were detected between water eDNA content and salmon abundance or biomass using correlation 
tests. A similar approach may be used for testing possible relationships between environmental molecules and  
the relevant tissue expression used in the development of the biomarkers. For example, is there a significant  
positive relationship between tank water mRNA content and the average gill gene expression using the  
smoltification biomarkers? If biological representation is supported for environmental molecules, environmental 

gene expression, environmental protein expression, and environmental metabolite expression can decrease the 
handling of salmon for tissue collection used for expression biomarkers; thus, limiting stress responses (Wagner  
et al. 2002). This water sampling approach could be used for assessing reproductive development by decreasing  
the regular handling of salmon (i.e. testing for ripeness) during the spawning period. Relevant expression 
biomarkers for reproductive development would first need to be developed for tissues using the methods 
described in the two earlier sections (7.3.1 and 7.3.2), followed by testing water sample suitability using the  
methods described in this section.

In summary, there are existing gene expression biomarkers that have hatchery deliverables, e.g. smoltification 
biomarkers for smolt status. Other relevant tissue expression biomarkers can be produced for aspects of salmon 
health and condition that are important to hatcheries, e.g. reproductive development. To produce robust expression 

biomarkers, the choice of tissue and ‘omics’ technology, as well as discovery and validation approaches are 
described. Although environmental DNA methods have been demonstrated for technological feasibility and biological 
representation using water samples, environmental molecule (i.e. mRNA, protein, and metabolite) expression using 
biomarkers have not to date. If plausible, environmental molecules in water samples would be a non-invasive 
approach to simultaneously decrease the handling of salmon and obtain measures of health and condition using 
relevant expression biomarkers.

Photo by: Mitch Miller
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7.4 > HATCHERY-WILD DIFFERENCES

The performance of hatchery salmon is generally lower than wild salmon in the natural environment (Fraser 2008, 
Christie et al. 2014). Mechanistic explanations have traditionally been explored using broad-sense genomics, i.e. gene 
differences, which generally revealed that the underlying DNA background between hatchery and wild salmon is 
similar (e.g. Mäkinen et al. 2015, Christie et al. 2016, Le Luyer et al. 2017, Gavery et al. 2018, 2019). Recently, mechanistic 
explanations have been explored using narrow-sense genomics, i.e. epigenetic programming differences, which 
highlighted that DNA methylation patterns differences may produce gene expression differences (e.g. Le Luyer et 

al. 2017, Gavery et al. 2018). Transcriptomics has supported such gene expression differences between hatchery and 
wild salmon (Christie et al. 2016) or between rearing environments, i.e. hatchery vs. semi-natural rearing (Evans et 

al. 2015). Nonetheless, there are knowledge gaps for mechanistic explanations using proteomics and metabolomics, 
which have closer links to salmon traits or phenotypes than genomics and transcriptomics (Rodrigues et al. 2012, 
Alfaro and Young 2018). Furthermore, the evidence for epigenetic programming differences is currently limited to 
early life stages prior to hatchery release. There are knowledge gaps on the amount of epigenetic effects explaining 
traits, as well as the epigenetic timeline after hatchery release (Gavery et al. 2018, 2019). Specifically, are juvenile 
hatchery salmon epigenetic effects persistent (i.e. influence adult traits), reversible (i.e. same as wild salmon if within 
a common environment), or transgenerational? Indeed, epigenetic effects studies for early environmental effects on 
later performance in fishes is currently a poorly developed field (Jonsson and Jonsson 2014). There are also knowledge 
gaps on the epigenetic effects of semi-natural rearing techniques. Given that semi-natural rearing techniques may 
produce more wild-type salmon traits (Maynard et al. 2004, Näslund and Johnsson 2016), conceivably semi-natural 
rearing techniques may decrease the epigenetic differences between hatchery and wild salmon (Tave and Hutson 2019).

 7.4.1 MECHANISTIC EXPLANATIONS ______________________________________________________

  Hatchery and wild salmon differences may be examined using proteomics and metabolomics to explore  
mechanistic explanations for lower hatchery salmon performance. Across the whole proteome and metabolome, 
protein expression differences and metabolite expression differences can be identified. These differences  
can then be subjected to a functional annotation analysis to reveal the key biological processes involved. In 
particular, the key biological processes using metabolomics may provide the best mechanistic explanations for 
the hatchery and wild salmon differences, followed by the results using proteomics (see Young and Alfaro 2018). 
As far as I am aware, there is no study that has examined brain tissue directly for an analysis of hatchery and wild 
salmon differences. Domestication selection typically influences behaviour first (Mayr 1963), there are differences 
between hatchery and wild salmon in behaviour, e.g. aggression, feeding, and anti-predator (Weber and Fausch 
2003, Huntingford 2004), and some of these behavioural differences are linked to post-release juvenile survival 
(Maynard et al. 2004, Näslund and Johnsson 2016). Examining metabolite expression differences and protein 
expression differences for brain tissue may be an important first step. Additional tissues associated with observed 
differences, e.g. liver tissue for metabolic differences, could also be examined to reveal mechanistic explanations 
for hatchery and wild salmon differences.

 7.4.2 TRAIT EPIGENETIC PROGRAMMING _________________________________________________

  Trait differences between hatchery and wild salmon may have an underlying epigenetic programming basis 
stimulated by rearing environment differences. Threshold trait (e.g. run timing) or meristic trait (i.e. age-at-ma-
turity, e.g. jimmy, jack, and adult ages) differences can be examined at the molecular level using trait epigenetic 

programming, highlighting any trait associations to DNA methylation patterns. A functional annotation analysis of 
the associations can reveal the key biological processes involved to provide more information on the mechanistic 
underpinnings for the trait differences. Of note, trait epigenetic effects cannot be quantified using an extension of 
trait architecture methods, i.e. splitting the families across the rearing environments and incorporating environ-
mental variance and genotype X environment variance (Lynch and Walsh 1998). That is, epigenetic effects can 
impact all components explaining the trait, i.e. genetic variance, environmental variance, genotype X environment 
variance, genotype-environment covariance, and residual variance (Banta and Richards 2018), such that exam-
inations at the molecular level are necessary to explain traits. However, it is possible to estimate the amount of 
trait transgenerational or epigenetic variance using a complicated pedigree and analytical model incorporating 
the covariances between (1) parents and offspring, (2) siblings, and (3) uncles and nephews (Tal et al. 2010). This 
type of quantitative genetic analysis may be pursued if it is revealed that transgenerational epigenetic effects are 
problematic for hatchery salmon performance in the natural environment (see below).
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 7.4.3 EPIGENETIC TIMELINE _______________________________________________________________

  Differences in hatchery and wild salmon epigenetic effects may be examined just before release and post-release, 
as well as across generations. Just before release, juvenile epigenetic programming differences can serve as a 
benchmark for rearing environment influences on early life.

  Persistence of epigenetic effects into the adult life stage may be determined using adults compared to the juvenile 
benchmark. Given the similarities between juvenile and adult Atlantic salmon competitive behaviour (Fleming 
et al. 1997), certain behavioural traits may have underlying persistent epigenetic effects for the brain. Ideally,  
the comparison between life stages would be at the individual level, but the lethal collection of certain tissues  
(e.g. brain) may necessitate comparisons at the life stage group level.

  Reversibility of epigenetic effects may be determined using post-release hatchery juveniles compared to wild 
juveniles after a few months in a common environment. Given the similarities between hatchery and wild post-
smolt gene expression in the early marine environment using brain, gill, white muscle, and liver tissues (Houde  
et al. 2019c), certain traits may have reversible epigenetic effects. Albeit, the similarities between hatchery and 
wild salmon may be explained by higher hatchery than wild salmon mortality, such that the surviving hatchery 
salmon more closely resemble wild salmon (see Waples 1999). This caveat may be addressed by minimizing 
mortality, e.g. by using a semi-natural common environment, and by a comparison to the benchmark.

  Transgenerational potential of epigenetic effects can be determined using a comparison of hatchery to wild 
reproductive cells (i.e. egg and sperm), as well as the offspring. Given the epigenetic programming differences 
between hatchery and wild male steelhead trout sperm cells (Gavery et al. 2018), certain traits may have trans-
generational potential. However, the transgenerational potential should be confirmed early in the next generation, 
i.e. fertilized eggs, before the environment can further influence epigenetic programming. Similarly, offspring 
produced using reciprocal hatchery X wild hybrid crosses (i.e. female X male and male X female) may provide 
insights on the epigenetic effects that may integrate into populations. A comparison between hatchery genera-
tional benchmarks at the same juvenile life stage may also highlight if there has been an increase in the number 
of epigenetic programming differences. In particular, transgenerational epigenetic effects have been suggested 
as a mechanism for the continued decrease of hatchery salmon performance in the natural environment with 
every generation (Christie et al. 2014, 2016), such that an increase in the number of epigenetic programming 
differences for hatchery salmon from one generation to the next may support this hypothesis.

 7.4.4 SEMI-NATURAL REARING ___________________________________________________________

  Semi-natural rearing techniques may decrease the epigenetic programming differences between hatchery and 
wild salmon, but this has not been tested empirically. The benchmark for the amount of epigenetic effects can be 
represented by the number of epigenetic programming differences for hatchery juveniles just before release.  
A similar analysis can be done using another rearing environment, i.e. semi-natural vs. wild salmon, at the same 
life stage. If semi-natural rearing techniques decrease the amount of epigenetic effects, then the number of 
differences semi-natural vs. natural should be less than the hatchery vs. wild benchmark. However, early life 
stage epigenetic effects may be reversible or persistent considering later life stages (Jonsson and Jonsson 2014). 
Reversible epigenetic effects are the ideal for hatcheries, i.e. there are few epigenetic programming differences 
after hatchery and wild salmon spend a period of time in the early marine environment. Yet, persistent epigenetic 
effects that influence adult traits in the natural environment, e.g. poor competitive behaviour (Fleming et al. 1997), 
may be undesirable. Furthermore, given that hatchery salmon may breed in the natural environment and/or 
interbreed with wild salmon, transgenerational or epigenetic effects for traits maladaptive in the natural environ-
ment may decrease population fitness (Fraser 2008, Tave and Hutson 2019). Albeit, traits with epigenetic effects 
may not be transgenerational, i.e. not represented in reproductive cells or transferred to offspring (Jonsson and 
Jonsson 2014). Persistence, reversibility, and transgenerational potential of a given trait at later life stages should 
be examined (described above). Semi-natural rearing techniques producing epigenetic programming closer  
to wild salmon may be targeted as an objective by hatcheries to decrease impacts at the adult life stage  
(i.e. persistent epigenetic effects) and on populations (i.e. transgenerational epigenetic effects).
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Overall, mechanistic explanations for differences in performance of hatchery and wild salmon should be explored 
using metabolomics and proteomics because of their closer ties to traits, especially for brain tissue given the 
behavioural observations. Differences in traits between hatchery and wild salmon can also be explored using DNA 
methylation patterns to identify any epigenetic programming associations, which may be due to the differences  
in the rearing environment. Pre-release juvenile epigenetic effects may be examined for reversibility, persistence, 
and transgenerational potential using specific comparisons across life stages (i.e. reversibility: hatchery-wild 
differences as post-release juvenile, and persistence: juvenile vs. adult) and across generations (i.e. transgenera-
tional potential: hatchery-wild differences as adult reproductive cells and offspring as fertilized eggs). Conceivably, 
semi-natural rearing techniques may decrease the amount of epigenetic effects between hatchery and wild 
salmon. Examining the number of epigenetic programming differences with comparisons of hatchery vs. wild salmon 
and semi-natural vs. natural salmon can help fill this knowledge gap. Hatcheries may benefit from the additional 
mechanistic insight explaining the lower performance of hatchery than wild salmon. Recently, juvenile epigenetic 

programming differences because of differences in the rearing environment have been suggested as a potential 
mechanism; however, there are questions on the epigenetic timeline and whether semi-natural rearing techniques 
can decrease the amount of epigenetic effects. In light of minimizing impacts on populations, hatcheries may 
benefit from further insight on transgenerational epigenetic effects, as maladapted traits may be passed to the 
next generation from hatchery salmon breeding in the natural environment or interbreeding with wild salmon.

Photo by: Sam James
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8. SUMMARY AND CONCLUSION

Salmon research has progressed from using genetics to genomics technologies, such that there is an increase in 
statistical power of traditional analyses (i.e. broad-sense genomics) based on the higher number of markers, as well 
as opportunities for novel analyses (i.e. narrow-sense genomics) based on improved technology (e.g. high-throughput 
platforms), references (e.g. quality genomes), and databases (e.g. functional annotation). Beyond genomics, salmon 
research also uses transcriptomics technologies, examining the changes in gene expression. However, aquaculture 
salmon research has progressed further than hatchery salmon research by using newer proteomics and metabolomics 
technologies, with the benefit of closer ties to salmon traits or phenotypes. Furthermore, environmental DNA from water 
samples can be used for assessing species distribution and abundance. There may be opportunities for examining 
other environmental molecules, i.e. mRNA, proteins, and metabolites, in water samples as a non-invasive approach 
for monitoring expression biomarkers to assess the health and condition of hatchery salmon within a tank. Although 
there are reviews of ‘omics’ technology for fisheries and aquaculture, there has been no specific review for hatcheries. 
In this review, I have also highlighted the significant knowledge gaps in our understanding of how to apply these new 
technologies to best improve hatchery salmon performance.

8.1 > DELIVERABLES AND KNOWLEDGE GAPS

Given the current research focus on salmon genomics and transcriptomics technologies, there are several examples 
of hatchery deliverables. A broad-sense genomics tool that shows up repeatedly is parentage-based tagging (PBT), 
because of the amount of new information that can be provided for assessing hatchery performance and addressing 
knowledge gaps. In contrast, the newer proteomics and metabolomics technologies have fewer examples of hatchery 
deliverables so far. There are also potential hatchery deliverables that could be derived using environmental RNA, but 
these are theoretical and require further research to demonstrate feasibility. Knowledge gaps were identified, and 
experiments were described using ‘omics’ technology to gather more information, with the objective of increasing our 
understanding of how to apply these new technologies to best improve hatchery salmon performance. Organized by 
main themes, below are lists of the deliverables and knowledge gaps, with short summaries of the applicable ‘omics’ 
technologies and key considerations. At the end, there is are two tables summarizing the deliverables (1) applicable to 
the different hatchery types and (2) applicable to all hatcheries.

 8.1.1 HATCHERY PERFORMANCE _________________________________________________________

 Deliverables:

 •  Fishery and escapement contributions (section 2.1), e.g. % contribution and offspring/spawner ratio for a fishery 
or escapement. Uses PBT.

 •  Other hatchery metrics (section 2.2), e.g. % contribution and offspring/spawner ratio for straying, age determi-
nation, run timing, and release group strategy. Uses PBT with hatchery records. Sex determination, non-target 
species, and inter-species hybridization are available using SNP genotypes. Pedigree construction, inbreeding 
coefficients, and pairwise relatedness are available using PBT and SNP genotypes across the genome.

 •  Genetic connection (section 2.4), e.g. hatchery genetic introgression rate and hatchery-wild genetic differentiation. 
Uses SNP markers across the genome.

 •  Species distribution and abundance (section 3.4), e.g. % species detection at sites and rough estimate of salmon 
count or biomass. Uses eDNA collected from water samples across the landscape.

 •  Living and dead components (section 4.3), e.g. theoretical % live species detection at sites and rough estimate of 
live salmon count or biomass. Uses eRNA and eDNA collected from water samples across the landscape. Paired 
with eDNA, rough estimate of live/dead ratio for spawning time.

  Knowledge gaps on group performance for hatchery release timing and rearing techniques:

 •  Ecological smolt window (section 7.1.1), e.g. survival of different release timing groups around zooplankton 
blooms. Uses PBT with hatchery planning for the families representing the groups.

 •  Physiological smolt window (section 7.1.2), e.g. pair smolt status with targeted release date. Uses PBT with  
hatchery planning for the families representing the groups, as well as smoltification gene expression biomarkers 
for smolt status. Examined in concert with ecological smolt window.

 •  Semi-natural rearing (section 7.1.3), e.g. survival of traditional hatchery vs. semi-natural rearing groups.  
Uses PBT with hatchery planning for the families representing the groups.
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 8.1.2 OFFSPRING QUALITY ________________________________________________________________

 Deliverables:

 •  Trait architecture (section 2.3), e.g. % genetic and maternal, heritability (% additive genetic), as well as mate 
choice type (i.e. beneficial genes vs. compatible genes). Uses PBT with a full factorial breeding design and trait 
measures. Genotype × environment interactions and genetic correlations are available using PBT and trait 
measures.

 •  Gene biomarkers (section 3.1), e.g. age-at-maturity and run timing prediction, as well as thermal tolerance 
basis. Uses SNP markers across the genome to compare between groups.

 •  Trait epigenetic programming (section 3.2), e.g. precocious parr vs. adult. Uses DNA methylation patterns across 
the genome, such as RRBS technique, to compare between trait groups.

 Knowledge gaps for improving offspring quality:

 •  Mate choice benefits (section 7.2.1), e.g. % higher offspring survival for mate choice than non-mate choice. Uses 
spawning channels with behavioural observation criteria, as well as PBT with a full factorial mating design and 
trait measures.

 •  Trait architecture (section 7.2.2), e.g. contribution to fishery or escapement, smolt to adult traits. Uses trait archi-
tecture method.

 •  Brood stock biomarkers (section 7.2.3), e.g. screen brood stock for female value, male value, and female-male 
pair value. Follow-up to trait architecture results to identify the specific genes, proteins, and metabolites. Uses 
gene biomarker method for large genetic effects. Uses protein expression biomarkers and metabolite expression 
biomarkers methods for large maternal effects.

 8.1.3 HEALTH AND CONDITION BIOMARKERS ____________________________________________

 Deliverables:

 •  Gene expression biomarkers (section 4.1), e.g. smoltification, stress response, and viral disease development. 
Discovery process uses mRNA markers across the transcriptome to compare between groups and identify 
candidate biomarkers. Validation or monitoring process uses qPCR for biomarkers, e.g. ‘Salmon Fit-Chip’.  
Same technology can be used for examining microbe loads.

 •  Protein expression biomarkers (section 5.1), e.g. disease diagnosis, vaccine targets, egg quality, and sperm quality. 
Uses protein markers across the proteome to compare between groups and identify candidate biomarkers.

 •  Metabolite expression biomarkers (section 6.1), e.g. disease diagnosis, long-term stress, starvation or fasting, 
and toxin exposure. Uses metabolite markers across the metabolome to compare between groups and identify 
candidate biomarkers.

 •  Environmental gene expression (section 4.4), e.g. theoretical non-invasive gene expression. Uses the mRNA 
component of eRNA in water samples collected from tank with gene expression biomarkers developed for 
tissues.

 Knowledge gaps on biomarker development for aspects of hatchery salmon health and condition:

 •  Choice of tissue and ‘omics’ technology (section 7.3.1), e.g. reproductive development biomarkers. Uses back-
ground guidance or exploratory approach for the selection of tissues and expression biomarker methods.

 •  Robust biomarkers (section 7.3.2), e.g. across environmental conditions. Discovery process uses ‘omics’ wide 
screen to identify candidate biomarkers; validation process uses new samples. Extension for discovery uses 
meta-analysis to identify candidate biomarkers; extension for validation process uses a range of samples,  
e.g. several species, life stages, and environmental conditions.

 •  Non-invasive biomarkers (section 7.3.3), e.g. expression biomarkers. Uses the environmental mRNA, proteins,  
and metabolites in water samples collected from a tank with expression biomarkers designed for tissues.
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 8.1.4 HATCHERY-WILD DIFFERENCES _____________________________________________________

 Deliverables:

 •  Epigenetic programming differences (section 3.3), e.g. number of DNA methylation differences at genes and 
the key biological processes involved (i.e. mechanistic explanations). Uses DNA methylation patterns across the 
genome to compare between salmon (i.e. hatchery vs. wild) or rearing (i.e. hatchery vs. natural) groups.

 •  Gene expression differences (section 4.2), e.g. number of mRNA differences at genes and the key biological 
processes involved. Uses mRNA markers across the transcriptome to compare groups.

 •  Protein expression differences (section 5.2), e.g. number of protein differences and the key biological processes 
involved. Uses protein markers across the proteome to compare groups.

 •  Metabolite expression differences (section 6.2), e.g. number of metabolite differences and the key biological 
processes involved. Uses metabolite markers across the metabolome to compare groups.

 Knowledge gaps on mechanistic explanations, especially epigenetic effects:

 •  Mechanistic explanations (section 7.4.1), e.g. proteins and metabolites have closer ties to traits or phenotypes. 
Uses protein expression differences and metabolite expression methods.

 •  Trait epigenetic programming (section 7.4.2), e.g. jimmy or jack vs. adult. Uses trait epigenetic programming 
method.

 •  Epigenetic timeline (section 7.4.3), e.g. persistence, reversibility, and/or transgenerational potential of epigenetic 
effects. Uses specific comparisons across life stages (i.e. reversibility: hatchery-wild differences as post-release 
juvenile, and persistence: juvenile vs. adult) and across generations (i.e. transgenerational potential: hatchery- 
wild differences as adult reproductive cells and offspring as fertilized eggs). Uses DNA methylation patterns 
across the genome between groups.

 •  Semi-natural rearing (section 7.4.4), e.g. % decrease of epigenetic effects for semi-natural than traditional 
hatchery. Uses DNA methylation patterns across the genome between hatchery vs. wild salmon and  
semi-natural vs. wild salmon.

Table 4. Summary of deliverables applicable to the different hatchery types across ‘omics’ technologies.

Deliverable Method Utility

Augmentation hatchery

Fishery contributions PBT Hatchery salmon counts to fishery

Genetic introgression SNP markers Hatchery salmon genetic influences on wild salmon

Supplementation and captive breeding hatcheries

Escapement contributions PBT Hatchery salmon counts to escapement

Pedigrees
PBT with several  

generations
Avoid highly unequal family sizes and inbreeding depression. 
Expected inbreeding coefficients and relatedness values

Non-target species  
contributions

SNP genotypes Limit inter-species breeding, brood stock level

Inter-species hybridization 
contributions

SNP genotypes Limit inter-species breeding, offspring level

Realized inbreeding  
coefficients

SNP genotypes Avoid inbreeding depression

Realized relatedness values SNP genotypes Avoid inbreeding depression

Genetic differentiation SNP markers
Limit hatchery-wild genetic divergence because of  
domestication selection or genetic drift

Species distribution
eDNA across  
landscape

Locations can be prioritized based on salmon presence  
for assigning limited hatchery resources
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Species abundance
eDNA with  

surveys
Rough estimate of population size over time in natural  
environments

Thermal stress biomarkers qPCR
Physiological impact evaluations at the individual or  
salmon level

Hypoxic stress biomarkers qPCR
Physiological impact evaluations at the individual or  
salmon level

Salinity stress biomarkers qPCR
Physiological impact evaluations at the individual or  
salmon level

Living/dead species  
distribution (theoretical)

eRNA and eDNA 
across landscape

Locations of live and dead salmon during spawning run

Living/dead species  
abundance (theoretical)

eRNA and eDNA 
with surveys

Rough estimate of live and dead salmon during spawning 
run, live/dead ratio for spawning time

Table 5. Summary of deliverables applicable to all hatchery types by ‘omics’ technology.

Deliverable Method Utility

Broad-sense genomics

Straying PBT Hatchery salmon in non-target locations

Age determination PBT Age confirmation, etc.

Group performance
PBT with  

loading plan
Release group counts to fishery, etc.

Sex determination
SNP genotypes 

(PBT)
Sex confirmation, etc.

Additive genetic variance  
(or heritability)

Full factorial  
breeding with PBT

Breeding protocols/offspring quality, evolutionary potential, 
‘good genes’ mating system

Non-additive genetic 
variance

Full factorial  
breeding with PBT

Breeding protocols/offspring quality, ‘compatible genes’ 
mating system

Maternal variance
Full factorial  

breeding with PBT
Breeding protocols/offspring quality, importance of maternal 
effects

Genotype × environment 
interactions

Single pair  
breeding with PBT

Breeding protocol/offspring quality, gene or genotype quality 
in natural environments

Genetic correlations
Parent-offspring 

with PBT
Breeding protocol/offspring quality, predict trait responses to 
selection, e.g. breeding or fishing

Narrow-sense genomics

Gene biomarkers
SNP markers across 

genome
Identify the gene biomarkers underlying valued salmon  
traits that may serve as targets for hatchery breeding

Trait epigenetic  
programming

RRBS
DNA methylation patterns explaining salmon traits. 
Can these be managed in the hatchery setting? 

Epigenetic programming 
differences

RRBS
DNA methylation differences between hatchery and wild 
salmon or rearing environments. Can these be managed  
in the hatchery setting?
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Transcriptomics

Smoltification biomarkers qPCR
Refining juvenile release strategies, e.g. releasing the juve-
niles when they are majority smolt classification

General stress or imminent 
mortality biomarkers

qPCR Optimize practices to minimize stress for salmon

Viral disease development 
(VDD) biomarkers and 
microbe load assays

qPCR Identify and mitigate exposure to infectious agents

Gene expression biomarkers 
(discovery)

RNA-seq
Identify the biomarkers underlying important salmon traits, 
e.g. reproductive development

Gene expression differences RNA-seq
Differences between hatchery and wild salmon or groups 
within hatchery setting

Environmental gene  
expression (theoretical)

eRNA, qPCR
Biomarkers without handling the salmon, e.g. limit stress 
response

Proteomics

IHN or BKD biomarkers 
(candidate)

Mass spectrometry Disease diagnostics

Antigen proteins Mass spectrometry Vaccine development

Egg quality biomarkers 
(candidate)

Mass spectrometry Reproductive quality of females

Protein expression  
biomarkers (discovery)

Mass spectrometry
Identify the biomarkers underlying important salmon traits, 
e.g. other hatchery disease concerns

Protein expression  
differences

Mass spectrometry
Differences between hatchery and wild salmon or groups 
within hatchery setting

Metabolomics

A. salmonicida infection 
biomarkers (candidate)

MS Disease diagnostics

Long-term stress (candidate) MS Optimize practices to minimize stress for salmon

Metabolite expression 
biomarkers (discovery)

NMR
Identify the biomarkers underlying important salmon traits, 
e.g. other hatchery disease concerns

Metabolite expression 
differences

NMR
Differences between hatchery and wild salmon or groups 
within hatchery setting
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8.2 > CONCLUSION

The different production objectives for hatcheries (augmentation, supplementation, and captive breeding) each 
have different goals, but each can benefit from the use of ‘omics’ technologies. Augmentation hatcheries would 
benefit from an increased understanding of how to improve survival and production but may be limited by the 
impacts to local natural populations. Supplementation hatcheries may have similar goals for survival, less for 
production, but increased interests for genetic diversity within the hatchery and natural populations. Captive  
breeding for restoration of a natural population must increase the numbers of adults and protect the genetic traits 
and diversity within the enhanced production. The use of parentage-based tagging (PBT) families and the goals  
to increase smolt readiness and survival overlaps between the three hatchery production objectives.

An increased understanding of the higher early marine survival of salmon and minimizing negative impacts on 
natural populations are applicable across all hatchery types. In this review, I have promoted that trait architecture, 
using a full factorial breeding design and separate families tagged by PBT, can provide estimates of the under-
lying genetic (i.e. additive and non-additive) and maternal effects for important salmon traits, e.g. contribution to 
fishery or escapement. Large effects may be pursued at the molecular level using ‘omics’ technology for identifying 
specific targets, e.g. genes. PBT can be used for several hatchery performance metrics, e.g. % contribution and 
offspring/spawner ratio, as well as performance by other grouping, e.g. release timing, for fisheries, escapement, 
reproductive success, and early marine survival. The four ‘omics’ technologies can be used for gathering relevant 
information at the molecular level, i.e. genes, mRNA, proteins, and metabolites, for salmon trait associations  
(e.g. biomarkers) and salmon trait differences between groups (e.g. hatchery vs. wild).

Biomarkers may be used as indicators for brood stock values and physiological measures for improving hatchery 
performance via offspring quality and salmon health and condition. The biomarkers can also provide valuable 
predictive screening information of hatchery salmon prior to release, which may be used to explain patterns in 
hatchery performance over time or differences among hatcheries. Comparisons of hatchery and wild salmon  
can reveal the number of differences and the key biological processes involved (i.e. mechanistic explanations). 
Conceivably, hatcheries may minimize the impacts on natural populations by decreasing the amount of hatchery 
-wild epigenetic effects using semi-natural rearing techniques. This can be tested using the number of DNA  
methylation pattern differences between hatchery vs. wild salmon compared to semi-natural vs. natural salmon  
at the life stage just prior to release.

Filling in the four knowledge gaps identified in this review, namely (1) group performance, (2) offspring quality,  
(3) health and condition biomarkers, and (4) hatchery-wild differences, using 'omics' technologies will increase the 
understanding of how to improve hatchery performance and ultimately increase the hatchery salmon contributions 
to fisheries, escapement, and reproductive success. Furthermore, there can be an increase in the understanding  
of how to minimize negative impacts on natural populations, e.g. limit transgenerational epigenetic effects for 
hatchery salmon breeding in the natural environment, as well as for hatchery salmon interbreeding with wild salmon.
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10. Glossary 

Additive genetic variance. Also known as heritability. Genes that have an additive effect on a phenotypic trait. Has 
a positive relationship to evolutionary potential. If additive is greater than non-additive genetic variance, this may 
indicate ‘good genes’. See non-additive genetic variance and trait architecture.

Alignment. Arranging DNA, RNA, or protein sequences to identify regions of similarity.

Alleles. Versions of the same gene with small differences in the underlying DNA sequence. These small differences 
contribute to the genotype.

Amino acid. Structural unit of proteins. They join to form short polymer chains called peptides (e.g. < 10 amino 
acids) or longer chains called either polypeptides (e.g. 10 amino acids) or proteins (e.g. 50 amino acids).

Antagonistic selection. Rare alleles that are detrimental one environment (e.g. natural environment), but beneficial 
in another environment (e.g. hatchery environment).

Augmentation hatchery. Increase salmon abundance for commercial and recreational fishing opportunities.  
Population status is stable. Reproduction in the natural environment is not a goal per se. See supplementation 
hatchery and captive breeding hatchery.

Biomarker [and robust biomarker]. A measurable substance (e.g. gene, gene expression, protein, or metabolite) 
that indicates a biological state. For example, stress response or disease state. Is designated as ‘robust’ if the 
biomarker works across species, life stages, environmental conditions, etc. See biomarker [discovery and valida-
tion].

Biomarker [discovery and validation]. Used to produce robust biomarkers. The discovery approach is a study to 
identify candidate biomarkers, e.g. RNA-seq. An extended discovery approach may include data mining several 
studies. The validation approach is a test of the candidate biomarkers on new samples, e.g. qPCR. An extended 
validation approach may include a wide range of new samples, e.g. species, life histories, sexes, etc.

Captive breeding hatchery. Salmon are unable to survive in the natural environment for at least a portion of their 
life cycle. Prevent imminent extinction; population status is endangered. Reproduction in the natural environment is 
a goal. See augmentation hatchery and supplementation hatchery.

‘Compatible gene’. A gene with alleles that increases offspring fitness dependent on the genome, i.e. a specific 
genotype, representative of non-additive genetic variance. For example, males with compatible genes will produce 
offspring with either higher or lower average fitness dependent on the female pairing; thus, mate choice of each 
female should be for a different male, such that the compatible genes are in the direction of higher offspring fitness 
(i.e. female-male pairing). See ‘good gene’.

Deoxyribonucleic acid (DNA). Hereditary material. A molecule containing a sequence (code) of four bases: adenine 
(A), guanine (G), cytosine (C) and thymine (T), which form base pairs as A-T and C-G. See gene.

Differentially expressed gene (DEG). Used in transcriptomics. Statically different gene expression pattern between 
two groups, e.g. hatchery vs. wild. Linking DEG to gene functions can reveal differences in key biological processes.

Differentially expressed metabolite (DEM). Used in metabolomics. Statically different metabolite expression 
pattern between two groups, e.g. hatchery vs. wild. Linking DEM to metabolite functions can reveal differences in 
key biological processes.

Differentially expressed protein (DEP). Used in proteomics. Statically different protein expression pattern between 
two groups, e.g. hatchery vs. wild. Linking DEP to protein functions can reveal differences in key biological 
processes.

Differentially methylated region (DMR). Used in genomics, specifically epigenetics and epigenetics programming. 
Statically different DNA methylation pattern between two groups, e.g. hatchery vs. wild. Linking the DMR to gene 
functions can reveal differences in key biological processes.

DNA methylation. Has a role in epigenetics and epigenetic programming. Methyl groups are added to the  
underlying DNA sequence of a gene to influence gene expression. Decreased DNA methylation (hypomethylation) 
activates gene expression. Increased DNA methylation (hypermethylation) silences gene expression.

Domestication selection. Any change in the selection regime of a cultured population relative to that experienced 
by the natural population.

Effective population size. The size of an ideal population, meeting genetic assumptions, typically smaller than the 
size of the census population. For example, the census population size of salmon is 100, but may include breeders 
and non-breeders, such that the effective populations size is the number of breeders.
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Environmental DNA (eDNA). Animal release of DNA into their environment. Used for rare species detection and 
rough estimates of population size. Water samples are filtered, the eDNA is extracted from the filter, and subjected 
to a species-specific reaction.

Environmental variance. Non-genetic effect explaining a phenotypic trait. Effect is experienced by multiple  
individuals in a population. For example, low food vs. high food environment on growth rate. See trait architecture.

Environmental gene expression. The mRNA or transcript component of eRNA representing gene expression.  
Theoretical and requires further research to demonstrate feasibility. Conceivably, could be used for examining 
group of salmon gene expression using water samples.

Environmental RNA (eRNA). Animal release of RNA into their environment. RNA represents the living component, 
whereas DNA represents both the living and dead component of the community. There is the perception that RNA  
is much less persistent in the environment than DNA. Theoretical and requires further research to demonstrate 
feasibility. Conceivably, could be used for live/dead ratio, live rare species detection, rough estimates of live  
population size, and environmental gene expression.

Epigenetics. The study of changes in gene expression that do not involve changes in gene or the underlying DNA 
sequence. Involves chemical tags on genes (e.g. DNA methylation) that activate or silence gene expression.

Epigenetic programming. Epigenetic coding, i.e. chemical tags on genes or the underlying DNA, resulting from 
environmental factors, e.g. stress, nutrition, hormones, etc., typically during early life stages, e.g. juvenile. This 
programming may be permanent (i.e. influencing adult traits), reversible (i.e. disappears after some time in a 
common environment), or transgenerational (i.e. passed to the next generation).

Enzyme. A protein that accelerates chemical reactions in the body. Metabolic pathways depend on enzymes to 
conduct individual steps.

Evolutionary potential. The ability to evolve in response to selection, e.g. fishing or climate change. Has a positive 
relationship to the amount of additive genetic variance.

Fitness. Individual survival and reproductive success. Specifically, the ability to survive to reproductive age, find a 
mate, and produce offspring. The more offspring produced, the greater the fitness.

Fluidigm BioMarkTM platform. A transcriptomics technology using qPCR. A high-throughput platform to examine 
96 gene expression biomarkers by 96 samples at once. See ‘Salmon Fit-Chip’.

Full factorial breeding design. Females and males are mated in all possible combinations with the offspring reared 
in a common environment. This design is used for measures of trait architecture, e.g. additive genetic variance, 
non-additive genetic variance, and maternal environmental variance.

Gene. The basic functional unit of heredity. Carries the genetic instructions for development and function. A DNA 
sequence that typically codes for a protein using mRNA or a transcript as an intermediate step. Each gene typically 
has two alleles, one inherited from each parent.

Gene expression. Typically associated with the process of transcription, i.e. the copying of a gene or its underlying 
DNA sequence, to produce messenger RNA (mRNA) or a transcript. Examined in the terms of an increase or a 
decrease in amount of a specific mRNA(s) or transcript(s) because of a condition, e.g. environmental stressor.

Genetic correlation. Genetic association between two traits. May occur because a single gene influences several 
traits (i.e. pleiotrophy) or a group of alleles that tend to be inherited together (i.e. linkage disequilibrium). Positive 
correlations facilitate breeding selection, whereas negative correlations impede breeding selection. That is, breeding 
selection for trait 1 could lead to a favourable or unfavorable response for trait 2 based on the direction of the 
genetic correlation.

Genetic differentiation. A measure of the difference in allele frequencies between two populations. Related 
to genetic divergence between populations. May occur between separate populations (e.g. hatchery vs. wild) 
because of genetic drift or domestication selection. May be reduced with interbreeding between populations.

Genetic diversity. The total number of genetic characteristics in the genetic make-up of a population. The mainte-
nance of genetic diversity is important, as its loss is associated with lower evolutionary potential. Large populations 
are more likely to maintain genetic diversity, whereas small populations are more likely to lose genetic diversity 
because of genetic drift.

Genetic drift. A change in the allele frequency over time because of random sampling every generation.  
For example, a rare allele may be lost in a small population because of chance.

Genetic introgression. Movement of a gene from one population (e.g. hatchery) into the gene pool of another 
population (e.g. wild) by interbreeding. Low genetic introgression may be considered valuable to hatcheries 
because it indicates lower non-local (or stray) salmon genetic influences on natural populations.
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Genetics. A branch of biology concerned with the study of genes and heredity. The difference between genetics 
and genomics can be loosely defined by the number of markers: genetics (10s to 100s of markers) and genomics  
(> 1000s of markers). 

Genome. An organism’s complete set of DNA sequences, including genes.

Genomics. Aims to study the genome, involving the sequencing of genes or DNA. Tissue DNA is extracted using 
protease (breaks down proteins) then alcohol precipitation. Generally, uses next-generation sequencing (NGS) to 
identify single-nucleotide polymorphisms (SNPs). The difference between genetics and genomics can be loosely 
defined by the number of markers: genetics (10s to 100s of markers) and genomics (> 1000s of markers). 

Genotype. The combination of two alleles for a gene. This combination influences the phenotype.

Genotype variance. Genetic effect explaining a trait. See trait architecture.

Genotype × Environment interaction (G × E) variance. Genetic by environment interaction explaining a trait. The 
fitness of a gene or genotype in more than one environment. A familiar example of a G × E interaction in salmon is 
local adaption, i.e. local populations have higher fitness in their home (local) than away (non-local) environment.

‘Good gene’. A gene with an allele that increases offspring fitness independent of the genome, representative of 
additive genetic variance. For example, males with a good gene will produce offspring with higher fitness than 
males without the good gene; thus, the mate choice of all females should be for the male with the good gene  
(i.e. male quality). See ‘compatible gene’.

Hatchery deliverables. Improvements in hatchery performance and hatchery salmon health and condition.

Heritability. See additive genetic variance.

Inbreeding coefficient (F). Probability that two alleles are identical by descent if offspring are produced between 
parents. For example, the expected inbreeding coefficient for the offspring produced using brother/sister mating 
is 25%, half-brother/half-sister mating 12.5%, and first cousin mating is 6.25%, which is related to the predicted 
decrease in offspring fitness be cause of inbreeding depression. See pedigree.

Inbreeding depression. Reduced fitness because of inbreeding or the breeding of related individuals. Offspring 
display two recessive alleles associated with a deleterious trait. The more genetically similar the parents, the more 
likely offspring may possess deleterious traits. 

Key biological process. Processes that are vital for an organism to live, made up of many chemical reactions in  
the body. For example, osmoregulation and metabolism are key biological processes for salmon.

Mass spectrometry (MS). A proteomics and metabolomics technique. Measurements of mass-to-charge ratios.  
For proteomics, ion mobility, i.e. separation based on charge, may be used to increase the coverage of proteins.  
For metabolomics, used with chromatography (i.e. dissolved in liquid then mixture separated on paper) or  
electrophoresis (i.e. separation based on charge using an electric field). High selectivity for metabolites such that 
low quantities are detected.

Maternal environmental variance. Non-genetic maternal investments explaining a phenotypic trait. For example, 
egg resources such as fats and proteins. See trait architecture.

Messenger RNA (mRNA). Focus of transcriptomics. Also known as a transcript. Created during the process of  
transcription, to produce a mirror copy of a gene or DNA, as an intermediate step to producing a protein.  
See gene expression and RNA.

Metabolite. Focus of metabolomics. A product of metabolism, e.g. sugars, organic acids, amino acids, vitamins, 
lipids, and nucleotides. Metabolites are the small molecule (< 1 kDa or kilodalton). See enzyme.

Metabolite expression. Examined in the terms of an increase or a decrease in amount of specific metabolite(s) 
because of a condition, e.g. environmental stressor.

Metabolome. An organism, cell, or tissue’s complete set of metabolites.

Metabolomics. Aims to study the metabolome, to highlight changes in metabolite expression. Although environ-
mental stressors can cause changes in gene expression, and protein expression, such changes are amplified  
for metabolite expression, implying that metabolomics is the most sensitive of the four ‘omics’ technologies.  
Metabolites are preserved quickly, e.g. liquid nitrogen, and stored at or below -80°C. Tissue metabolites are 
extracted using solvents, e.g. methanol with water. Non-targeted metabolomics is all metabolites and typically  
uses nuclear magnetic resonance (NMR) spectroscopy. Targeted metabolomics is a sub-set of metabolites and 
typically uses mass spectrometry (MS).
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Methylation-sensitive amplified polymorphism (MSAP). An epigenetics technique that identifies genomic regions 
with high DNA methylation. DNA sequences are cut using methylation-sensitive restriction enzymes. A sub-set of 
DNA fragments are then amplified using PCR. Amplicons are sequenced using a high-throughput technology,  
i.e. NGS. Used in earlier studies, more recent studies use reduced-representation bisulfate sequencing (RRBS).

Microarray. A transcriptomics technology. A high-throughput platform involving a glass slide spotted with thousands 
of target complimentary mRNA sequences. Used in earlier studies, more recent studies use RNA-sequencing 
(RNA-seq).

Non-additive genetic variance. Genes that have a non-additive effect on a trait, i.e. combined dominance and 
epistasis effects. Dominance is an allele that increases offspring fitness when in a specific genotype at the same 
gene. Epistasis is an allele that increases offspring fitness dependent on the genotype at another gene. If non- 
additive is greater than additive genetic variance, this may indicate ‘compatible genes’. See additive genetic  
variance and trait architecture.

Next generation sequencing (NGS). A genomics technology. Rapid and high-volume DNA sequencing. Bases are 
identified using fluorescent signals (Illumina or Roche) or the release of hydrogen protons (Ion Torrent).

Nuclear magnetic resonance (NMR) spectroscopy. A metabolomics technology. Radio waves excite a sample in a 
magnetic field to reveal nuclear magnetic resonance that is detected by radio receivers. The resonance signature 
can identify the metabolite. Low selectivity for metabolites such that only significant quantities are detected.

‘omics’. A field of study in biology ending in -omics, such as genomics, transcriptomics, proteomics, or metabolomic. 
Omics aims at the collective characterization and quantification of pools of biological molecules that translate into 
the structure, function, and dynamics of an organism or organisms.

Outbreeding depression. Reduced fitness because of the breeding of genetically distant individuals. Offspring may 
display (1) intermediate genotypes that are less fit than either parental form and (2) the breakdown of biochemical 
or physiological compatibility. 

Pedigree. A visualization of parent-offspring and sibling relationships. Can also be used to visualize family sizes  
(i.e. offspring counts). Provides expected inbreeding coefficients and expected relatedness values.

Parentage-based tagging (PBT). A genomics technique using SNP markers to assign offspring back to parents. 
Tissue samples are collected from all individuals forming the hatchery broodstock. Tissue sample DNA is sequenced 
for hundreds to thousands of SNP markers, which provides a genetic tag for each parent. Tissue samples of 
offspring are sequenced for its genetic tag, which is assigned back to parents using a computer program.

Phenotype. The set of observable characteristics of an individual resulting from the genotype, environment, and 
genotype × environment interaction variance. The genotype may be further sub divided to additive genetic and 
non-additive genetic variance. The environment may be further sub divided to maternal environmental variance. 
See trait architecture.

Polymerase chain reaction (PCR). A widely used method to rapidly make millions to billions of copies of a specific 
DNA sequence. Small amounts of DNA sequences are exponentially amplified using cycles of temperature changes, 
primers (bounding the target DNA sequence), and DNA polymerase (enzyme for copying).

Pool-seq. A genomics technology, which re-sequences the genome. DNA is sequenced using a high-throughput 
technology, i.e. NGS. Covers a higher proportion (> 10%) of the genome than RAD-seq because a pool of DNA from 
individuals is fully sequenced together. As the cost of sequencing decreases, soon whole genomes at the individual 
level (instead of the pool level) may be common.

Protein. Focus of proteomics. One or more long chains of amino acids (> 20–30). Composed of peptide sub-units  
(< 20–30 amino acids). See enzyme. 

Protein expression. Examined in the terms of an increase or a decrease in amount of specific protein(s) because of 
a condition, e.g. environmental stressor.

Proteome. An organism, cell, or tissue’s complete set of proteins.

Proteomics. Aims to study the proteome, to highlight changes in protein expression. Proteomics is more mechanistic 
than genomics and transcriptomics because it incorporates protein modifications and degradation. Tissue proteins 
are digested with protease (i.e. broken down) to peptides (i.e. sub-unit of protein). Peptides may be separated 
using a gel prior to mass spectrometry (MS).

Quantitative polymerase chain reaction (qPCR). A transcriptomics and environmental DNA technology. The contin-
uous collection of a fluorescent signal by PCR to quantify DNA. For transcriptomics, RNA is first converted to DNA, 
and is used for examining the expression of specific genes. For environmental DNA, used for examining the amount 
of DNA in a water sample using a species-specific reaction.
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Reduced-representation bisulfate sequencing (RRBS). An epigenetics technique that identifies genomic regions 
with high DNA methylation. DNA sequences are cut using methylation-sensitive restriction enzymes. DNA fragments 
are then bisulfate converted, i.e. turns the unmethylated cytosine to uracil. Converted fragments are amplified using 
PCR. Amplicons are sequenced using a high-throughput technology, i.e. NGS. Used currently, as RRBS has much 
higher sensitivity and resolution than methylation-sensitive amplified polymorphism (MSAP).

Relatedness (r) value. Fraction of alleles shared between individuals. For example, the expected pairwise related-
ness (r) value between full siblings is 1/2, between half siblings is 1/4, and between first cousins is 1/8. See pedigree.

Restriction site-associated DNA sequencing (RAD-seq). A genomics technology, which re-sequences the genome. 
DNA sequences are cut using at least one restriction enzymes. DNA fragments are then sequenced using a 
high-throughput technology, i.e. NGS. Typically covers a small proportion of the genome (< 10%) such that it is 
economical for 2,000–6,000 SNP genes. See pool-seq.

Ribonucleic acid (RNA). Material essential in various biological roles for coding, decoding, regulation, and gene 
expression. A molecule containing a sequence (code) of four bases: adenine (A), guanine (G), cytosine (C) and  
uracil (U), which forms base pairs as A-U and C-G. See messenger RNA (mRNA).

RNA-sequencing (RNA-seq). A transcriptomics technology. RNA is first converted to DNA. Rapid and high-volume 
DNA sequencing using NGS. Can cover most of the transcriptome. 

‘Salmon Fit-Chip’. A transcriptomics technique using the Fluidigm BioMarkTM platform technology. Contains 
customizable gene expression biomarkers to assess the physiological health hand condition of hundreds of salmon 
at once. Current biomarkers include smoltification, general stress response, salinity stress, thermal stress, hypoxic 
stress, and viral disease development (VDD). Microbe loads can also be examined on the same platform.

Sequence. The order of bases in DNA or RNA, as well as the order of amino acids in a protein. This order provides 
the instructions for biological development and function.

Sequencing. The process of determining the base (DNA or RNA) or amino acid (protein) sequence using technology. 
For example, high-throughput sequencing using NGS.

Single-nucleotide polymorphism (SNP). A single DNA base pair that is variable. Commonly used in genomics.  
For example, parentage-based tagging (PBT) uses many SNP marker for parentage assignments. 

Species-specific reaction. An environmental DNA technique using qPCR. Contains primers binding to a 
species-specific region of DNA, typically in the mitochondria (energy production) or ribosome (protein synthesis) 
genes.

Supplementation hatchery. Improve the status of an existing population by intentional demographic integration of 
hatchery and wild salmon. Population status is threatened. Reproduction in the natural environment is a goal. See 
augmentation hatchery and captive breeding hatchery.

Trait architecture. Measure of variance components explaining a phenotypic trait, typically the components are 
presented as the percent explaining a trait. Within a single (common) environment, variance components may 
include additive genetic variance, non-additive genetic variance, and maternal environmental variance. For  
more than one environment, variance components may include genotype variance, environmental variance, and 
genotype X environment (G X E) interaction variance. See full factorial breeding design.

Transcription. Copying of a gene or its underlying DNA sequence, to produce messenger RNA (mRNA) or a  
transcript. The intermediate process between the gene and the protein. See gene expression.

Transcript. See messenger RNA (mRNA). Focus of transcriptomics.

Transcriptome. An organism, cell, or tissue’s complete set of mRNA or transcripts.

Transcriptomics. Aims to sequence mRNA or transcripts, to highlight changes in gene expression. Provides greater 
mechanistic information than genomics. mRNA is preserved quickly, e.g. RNAlater solution, liquid nitrogen, or dry 
ice, and stored at or below -80°C. Tissue mRNA is extracted using an acid solution, e.g. TRIzol. mRNA is typically 
converted to DNA because it is more stable.

Translation. Also known as protein synthesis. The code from mRNA or a transcript is used to build a specific protein. 
See transcription.
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