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Aquaculture and hatchery supplementation of salmonids is a common practice for both commercial and conservation 
purposes.  However, evidence for lower genetic diversity, survival, and reproductive success of captive-reared fish relative 
to wild fish has accumulated in recent years.  Skaala et al. (2004) genotyped microsatellite markers of wild and domesticated 
Atlantic salmon (Salmo salar) and found that domesticated salmon have 40% lower allele richness than wild fish.  McGinnity 
et al. (2003) released micro-tagged smolts of wild, domesticated, and hybrid Atlantic salmon and found that the number of 
mature individuals returning to the river was severely reduced in domesticated and hybrid fish as compared to wild fish.  
Araki et al. (2007) measured relative reproductive success (RRS) of captive-reared steelhead trout (Oncorhynchus mykiss), 
and estimated the effects of domestication reduce subsequent reproductive capabilities by 40% per captive-reared generation.  
Recent studies of reproductive performance using parentage assignment methods provide deeper insights on effects of captive 
rearing on wild populations.  However, RRS varies widely among crosses, years of release, and environmental conditions 
(Kitada et al. 2011), and mechanisms underlying reduced RRS are still unclear (Araki et al. 2008).  We may need different 
approaches to elucidate the mechanism of fitness decline, which would be useful for development of sustainable aquaculture 
and stock enhancement technologies.

The change in reproductive behavior may be caused by changes in the endocrine system and gene expressions.  Roberge 
et al. (2008) observed that over 6% of the cDNA clones exhibited significantly different transcription levels between 
farmed and wild Atlantic salmon.  By directly comparing gene expression in wild-type, domestic, and growth hormone 
(GH) transgenic strains of coho salmon (O. kisutch), Devlin et al. (2009) found that domestication and GH transgenesis are 
modifying similar genetic pathways.  Moreau et al. (2011) reported that wild anadromous males outperformed captive-reared 
transgenic counterparts in reproductive behavior.  Despite recent progress in studies of gene expression between wild and 
captive-reared fish, the systematic molecular mechanisms are still unclear.

To address this issue, we propose a likelihood-based directed graphical modeling of gene expression profile and 
phenotypic traits to get the system-biological ground view of molecular mechanisms.  Correlated gene expression is well 
described by a graph.  It consists of the set of nodes V and the set of edges E that connect the nodes.  The structure of a 
graph is represented by the adjacent matrix that specifies the presence or absence of edges between the nodes (Fig. 1).  
Significant edges can be selected by minimizing the Akaike information criterion (AIC; Akaike 1973).  Because of the 
high dimensionality of microarray data compared with the sample size, it is important to control the signal-to-noise ratio.  
Instead of estimating the interaction among whole genes, we focus on a maximal connected subgraph that includes the 
target phenotypes or the core pathway (Fig. 2).  The chronological order of temporal variation is used as a constraint on the 
direction of the graph.  The maximal connected subgraph may quantify the biological mechanism that generates the diversity 
of the target phenotypes.
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Fig. 1.  Graph structure and adjacent matrix used to illustrate gene expression and phenotypic traits.  Correlated gene expression is 
described by the graph.  The structure of the graph is represented by the adjacent matrix, which specifies the presence or absence of 
edges between nodes.  Row/column of the matrix represents the upstream/downstream direction of the graph structure.  
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Assuming a directed acyclic graph as a first approximation, the likelihood of the expression profile   
given the graph structure (V, E) is .

Here, parent(v) is the set of v’s parental nodes.  Starting with the core subgraph, we expand the graph as far as the 
additional edges have significant mutual information.  We developed a genetic algorithm with the fitness measure of AIC 
to construct the maximal connected subgraph.  It consists of moving an edge (mutation), adding an edge to a terminal node 
(insertion), removing an edge (deletion), and crossover of edges among parent graphs.

We analyzed public data sets of sockeye salmon (O. nerka) (Miller et al. 2009, Accession GSE13657) and Atlantic 
salmon (Jantzen et al. 2011, Accession GSE25938) available from the National Center for Biotechnology Information (NCBI) 
Gene Expression Omnibus (GEO) to estimate the gene expression network.  These data sets reflect the starting and the last 
stages of salmonid life.

Nakamichi et al.

Fig. 2.  Maximal connected subgraph including the core set (red block) and the target trait 
(green dot).  Gradation represents the intensity of the association to the target trait.

Fig. 3.  Gene expression network of maturing sockeye salmon as the fish migrates from the high seas to the spawning grounds.
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The first data set consists of 80 sockeye salmon individuals during the spawning migration.  Samples were captured at 
six stages of their migration, that is, (1) high seas, (2) inland sea, (3) river mouth (salt water), (4) river mouth (fresh water), 
(5) midpoint to the spawning grounds, and (6) upriver spawning grounds.  Expressions of 16,006 genes were measured 
using white muscle tissues.  As an initial core subgraph, we selected 25 genes that are significantly correlated with the stages 
of migration (p < 10-16).  Our method estimated an expression network of 79 genes related to migration behavior (Fig. 3).  
Activity of muscle synthesis and energy metabolism was high for high-seas sockeye salmon.  Upon entering the river mouth, 
osmotic shock induced heat-shock proteins that in turn activate sexual hormone receptors and gonads.  Finally, fish moving 
from the river mouth to the spawning grounds exhibited decrease in activity of both muscle synthesis and energy metabolism.

The second data set consists of 51 individuals of Atlantic salmon in early development after fertilization.  Samples were 
taken at ten developmental stages from 2 to 89 days post-fertilization.  Expressions of 43,689 genes were measured using 
the whole body.  In total, 45 genes were significantly correlated with the developmental stage (p < 10-26).  Starting with the 
subgraph of these genes, our method estimated an expression network of 147 genes working in early development (Fig. 4).  
Soon after fertilization, genes controlling transcription regulation, energy metabolism, and cell growth began to function.  
Because these genes are suggested to have a relation with oncogenes, there was concordant activity in tumor suppression.  
Prior to hatching, genes that generate bone, muscle, and blood were highly activated.  After hatching, the immune system was 
activated in response to exposure to the out-of-egg environment.

Our method may help in understanding the gene network mechanism that is the foundation of complicated traits.  From 
the local structure around the phenotype-node, it is possible to estimate the genes and their direct effects in determining 
phenotype.  By tracing a series of hubs from the phenotype-node towards the center of the graph, it is possible to estimate 
the hierarchical module structure controlling phenotype.  Our method not only gives the association among genes, but also 
provides the directions and effects of cascading gene expression.  
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Fig. 4.  Gene expression network of developing Atlantic salmon from fertilization to the parr stage.
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