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ABSTRACT 21 

Gene expression changes potentially play an important role in adaptive evolution under 22 

human-induced selection pressures but this has been challenging to demonstrate in natural 23 

populations. Fishing exhibits strong selection pressure against large body size, thus 24 

potentially inducing evolutionary changes in life-history and other traits that may be slowly 25 

reversible once fishing ceases. However, there is a lack of convincing examples regarding the 26 

speed and magnitude of fisheries-induced evolution and thus the relevant underlying 27 

molecular-level effects remain elusive. We use wild-origin zebrafish (Danio rerio) as a model 28 

for harvest-induced evolution. We experimentally demonstrate broad-scale gene expression 29 

changes induced by just five generations of size-selective harvesting, and limited genetic 30 

convergence following the cessation of harvesting. We also demonstrate significant allele 31 

frequency changes in genes that were differentially expressed after five generations of size-32 

selective harvesting. We further show that nine generations of captive breeding induced 33 

substantial gene expression changes in control stocks likely due to inadvertent selection in 34 

the captive environment. The large extent and rapid pace of the gene expression changes 35 

caused by both harvest-induced selection and captive breeding emphasizes the need for 36 

evolutionary enlightened management towards sustainable fisheries. 37 

 38 

 39 

 40 

 41 

 42 
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Introduction 43 

Gene expression changes play an important role in adaptive evolution and have been a topic 44 

of great interest in recent years (Manceau et al. 2011; Jones et al. 2012; Papakostas et al. 45 

2014). A number of studies have documented that the role of gene expression changes in 46 

adaptation of phenotypic traits is influenced strongly by just one or few genes with large 47 

effect in a broad range of species (Shapiro et al. 2004; Miller et al. 2007; Manceau et al. 48 

2011). However, the extent to which adaptations in polygenic traits are mediated by gene 49 

expression changes has been studied less intensively (Fraser et al. 2010; McKinney et al. 50 

2015). Because gene expression can be regulated at many steps (from DNA to protein), and 51 

the regulatory networks governing gene expression are complex and modular, gene 52 

expression changes can be more labile than DNA sequence changes (Huminiecki & Wolfe 53 

2004). Therefore, it has been suggested that gene expression changes may be particularly 54 

important for fostering (or constraining) genetic adaptation to strong selection pressures 55 

over short time scales (Jones et al. 2012; Papakostas et al. 2014).  56 

Human activities, such as habitat fragmentation, harvesting and domestication, are affecting 57 

countless animal and plant species around the globe by changing the environment in which 58 

they occur and creating new adaptive landscapes (Palumbi 2001; Sullivan et al. 2017). For 59 

example, wildlife harvesting not only exceeds natural mortality rates (e.g., Jørgensen et al. 60 

2007) but it is also selective in terms of sex, age, size and a range of other phenotypes 61 

(Allendorf & Hard 2009; Arlinghaus et al. 2017; Kuparinen & Festa-Bianchet 2017). A classic 62 

example of selective wildlife harvesting is fishing, where the largest individuals, cohort after 63 

cohort, are selectively removed from the population, often at very high rates. The resulting 64 

selection against large body size is predicted to favor fast life-histories characterized by the 65 
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evolution of earlier maturation at smaller size and higher energy investment into 66 

reproduction, which reduces post-maturation growth (Stearns 1992; Heino et al. 2015). 67 

Despite the accumulating empirical evidence from observational phenotypic data collected 68 

in the wild (Jørgensen et al. 2007), there has been a long controversy on the question of 69 

whether phenotypic changes in time series are truly evolutionary or merely reflect plastic 70 

life-history responses (Browman et al. 2008; Hilborn & Minte-Vera 2008) and what is the 71 

rate of fisheries-induced evolution (Andersen & Brander 2009). Furthermore, the impact of 72 

fisheries-induced selection on gene expression (how many genes and how fast expression 73 

changes) is unknown. This is a major shortcoming for understanding the molecular 74 

mechanisms involved in harvest-induced evolution.  75 

Another question which has been rarely studied empirically, is whether or not populations 76 

can recover from harvest-induced evolutionary changes (e.g., following a fishing 77 

moratorium) and if so, at what pace? Size-selective harvesting can be a more intensive 78 

selection force than natural selection (e.g., predators, competitors; Darimont et al. 2009). 79 

Therefore, populations might not adapt to the cessation of size-selective harvesting as 80 

rapidly as they adapt to the fisheries selection (Conover et al. 2009; Enberg et al. 2009). 81 

Also, intensive selection together with high mortality (and genetic drift) might deplete 82 

population genetic diversity (Pinsky & Palumbi 2014; Marty et al. 2015). This can reduce the 83 

adaptive potential of a population and hamper its recovery (Allendorf et al. 2008). There are 84 

empirical examples of wild fish populations not fully recovering demographically after the 85 

cessation of fishing (Neubauer et al. 2013) potentially due to harvest-induced decline in 86 

genetic variation (Swain et al. 2007), however no studies have examined the recovery 87 

pattern at the molecular level. Understanding the extent and mechanisms of evolutionary 88 
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responses in exploited populations is crucial for the design of management tools aimed at 89 

sustainable exploitation of natural biological resources.  90 

Many fisheries are experiencing over-exploitation and consequently temporary moratoria or 91 

no-take reserves are being established to help fish stocks to replenish. Since a moratorium 92 

can be considered as a rather extreme management practice to facilitate the recovery of an 93 

over-exploited fish stock, supplementary stocking (i.e., the release of hatchery-reared fish to 94 

supplement the natural population) is more commonly applied to restore and conserve wild 95 

populations, particularly in freshwater environments (Lorenzen et al. 2012). However, in 96 

many cases, whether or not hatchery-reared fish actually help population recovery has been 97 

questioned (Ryman & Laikre 1991; Araki et al. 2007). This is mainly because unintentional 98 

selection pressures brought about by artificial breeding and captive rearing can induce 99 

genetic and phenotypic changes that are maladaptive in the natural environment leading to 100 

high post-release mortality and low reproductive success (Araki et al. 2007; Lorenzen et al. 101 

2012; Christie et al. 2014). While the fitness consequences of captive breeding on wild 102 

populations have been demonstrated, much less is known about the molecular basis of 103 

inadvertent selection in captivity (but see Christie et al. 2016). A better understanding of the 104 

broad-scale effects of captive breeding at the gene expression level, and identifying the 105 

genes upon which domestication selection acts could enable more appropriate recovery 106 

programs and management practices for exploited and endangered fish populations.      107 

We studied changes in gene expression at the genome-wide level in experimental fish 108 

populations subjected to five generations of either size-selective (large-harvested fish) or 109 

random (random-harvested fish) harvesting followed by a six generation no-harvest period 110 

simulating a fishing moratorium. We sought to address three questions (Fig. 1): i) how 111 
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rapidly and to what extent do experimental fish populations respond to size-selective 112 

exploitation at the gene expression level? ii) how do the experimentally exploited fish 113 

populations respond to the cessation of harvesting? and iii) to what extent does 114 

unintentional selection induced by captive breeding result in a response at the gene 115 

expression level?    116 

 117 

Material and methods  118 

Experimental design  119 

We used zebrafish (Danio rerio) caught from the wild (in West Bengal, India in 2006) as a 120 

model species to study transcriptome-wide gene expression changes in response to five 121 

generations of size-selective harvesting (Uusi-Heikkilä et al. 2015), followed by six 122 

generations of no harvesting, and in response to up to 11 generations of captive breeding. 123 

The founder fish were bred randomly for one generation to enable acclimation to captive 124 

conditions and reduce possible parental effects before the selection experiment started. 125 

Briefly, we subjected replicated (two replicates per harvest treatment, each consisted of 450 126 

individuals) wild-origin zebrafish populations to selection for small body size (hereafter 127 

referred to as “large-harvested”, which is the treatment most similar to fisheries), while we 128 

harvested the control lines randomly with respect to body size (“random-harvested”). For 129 

the large-harvested fish we applied a 75% per-generation harvest rate (based on standard 130 

length) and removed the largest 75% of individuals (i.e., 338 individuals) from the 131 

population. This is consistent with intensive lethal capture fisheries (Lewin et al. 2006), thus 132 

the large-harvested fish represented a harvest scheme common in highly exploitive capture 133 
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fisheries. In the random-harvested line, the same proportion (75%) of individuals was 134 

harvested in each generation, but randomly with respect to body size. In both harvest 135 

treatments, the remaining 25% of females and males (i.e., 112 individuals) were used for 136 

reproduction (Uusi-Heikkilä et al. 2015). The harvesting regime was conducted for five 137 

generations (F1 – F5) and then halted for an additional six generations (F6 – F11), hereafter 138 

referred to as the “no-harvest period”. During the no-harvest period, the experimental 139 

populations consisted of 110-120 individuals. As fish were not harvested during this period, 140 

all fish were allowed to reproduce. Large- and random-harvested fish were reared in a 141 

common-garden environment, including similar feeding regimes and rearing densities across 142 

generations
 

(Uusi-Heikkilä et al. 2015), thus the potential for different environmental 143 

conditions to induce differences in gene expression was minimized.  See SI Materials and 144 

Methods: Zebrafish rearing conditions and harvesting for more details about fish rearing, 145 

feeding, harvesting and breeding.   146 

RNA sampling 147 

The liver transcriptomes were characterized for a total of 48 individuals which included four 148 

fish from each treatment replicate sampled in each of three generations: F2- (large- or 149 

random-harvested for two generations), F5- (large- or random-harvested for five 150 

generations) and F11-generations (six generations of no harvesting following five generations 151 

of large or random harvesting). Before the first liver sampling, fish had been reared and 152 

bred in the laboratory for three generations (and harvested for two generations). F2-153 

generation samples were the earliest samples available from the selection experiment that 154 

were suitable for RNA analyses. Liver was chosen as a target organ for analyses because of 155 

its important role in various major physiological processes in fish, such as skeletal and soft 156 
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tissue growth, lipid, protein and carbohydrate metabolism, energy storage, maturation, 157 

reproduction and development (Devlin et al. 2006). Additionally, many hormones and 158 

hormone receptors involved in the regulation of growth and ovarian function (oocyte 159 

growth and ovulation), energy homeostasis and metabolism, immunological functions and 160 

various behaviors, such as aggression, feeding and foraging behavior are synthesized or 161 

expressed in the liver (Bjornsson et al. 2002). Differences in maturation status (i.e., whether 162 

fish are immature, maturing or mature) likely lead to differences in expression level of 163 

maturation-associated genes given the metabolic and hormonal changes in the liver during 164 

maturation (Ng et al. 1986; Soengas et al. 1995). The unusually highly expressed maturation-165 

related genes could lead to significantly lower coverage of other genes and bias the 166 

expression estimates of these genes, thus substantially complicating the detection of 167 

differentially expressed genes of other biological processes. Therefore, the liver sampling 168 

schedule did not follow the age (days post fertilization; DPF) of the experimental fish but 169 

rather aimed for sampling the fish at similar developmental stage. The fish matured, and 170 

consequently were sampled, at different ages in each generation (F2 at age 116 DPF; F5 at 171 

age 69 DPF, and F11 at age 97 DPF). However, there were no significant age differences 172 

between the random- and large-harvested fish within the F2-, F5- or F11-generations (Table 173 

S1). A detailed description of the RNA sequencing can be found in SI Materials and Methods: 174 

Sampling, sequencing and processing the sequence data; RNASeq read alignment.  175 

Gene expression quantification  176 

The effects of size-selective harvesting were assessed by comparing the gene expression 177 

profiles of the large-harvested and random-harvested fish following five generations of 178 

harvesting (Fig. 1). As all treatment replicates had by then likely experienced similar 179 
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(inadvertent) selection pressures associated with captive rearing, the random-harvested 180 

treatment can be considered as a control with respect to size-selective harvesting. To assess 181 

the effect of six generations of no harvesting following five generations of harvesting, we 182 

compared the gene expression profiles of large- and random-harvested treatments at the 183 

F11-generation (Fig. 1). We additionally studied the change in the gene expression profile of 184 

the large-harvested fish by comparing the changes in gene expression from the F2- to F11- 185 

generation to changes from the F2- to F5-generation (Fig. 1). By doing so our aim was to 186 

assess whether there were genes where the expression effects of size-selective harvesting 187 

remained following the six generation no-harvest period.  188 

A second comparison aimed to assess the effects of captive breeding. The random-189 

harvested treatment was not intentionally selected for any obvious phenotypic trait but it 190 

likely adapted to the laboratory environment during the 11 generations of laboratory 191 

rearing in addition to being affected by the effects of genetic drift. Therefore, comparing 192 

differences in gene expression profiles within the random-harvested treatment across 193 

generations (F2 vs F11) can provide an insight into the magnitude of gene expression changes 194 

induced by captive breeding (Fig. 1). To obtain a more conservative estimate of the gene 195 

expression changes induced by captive breeding, changes in gene expression profiles across 196 

generations in large- and random-harvested fish were compared and genes where 197 

expression changed in both harvest treatments were identified (Fig. 1). 198 

Test for gene expression differences  199 

Read count files were analyzed in R using the limma-voom (v2.9.8) linear model as 200 

implemented in the R/Bioconductor package (Anders & Huber 2010). Read counts were 201 

normalized for the analysis using a “remove unwanted variation” (RUVg) normalization 202 
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strategy (Risso et al. 2014). The RUVg approach uses negative control genes that are 203 

assumed to be not differentially expressed among the treatments of interest (Risso et al. 204 

2014). Therefore, to normalize expression levels, comparisons between harvest treatments 205 

in all generations were combined, and the 5,000 least differentially expressed genes were 206 

selected as the normalization gene set. Library sizes were normalized by using the limma-207 

package.   208 

To detect differentially expressed genes between the harvest treatments, treatment 209 

replicates and among generations, a design matrix including all explanatory variables 210 

(harvest treatment, generation, their interaction and treatment replicate) was created. A 211 

linear model was then fitted using the design matrix, and comparisons for main and 212 

interaction effects between harvest treatments and among generations were extracted. All 213 

the explanatory variables were treated as fixed effects. When identifying differentially 214 

expressed genes, the P-value (Benjamini-Hochberg adjusted for multiple testing) threshold 215 

was set to 0.05. In addition, differentially expressed genes were identified using the 216 

empirical false discovery rate (FDR). Differences in absolute fold change (i.e., non-217 

directional) of differentially expressed genes between the harvest treatments and 218 

harvesting periods were tested with a Wilcoxon signed-rank test as the differences were not 219 

normally distributed. To visualize differences in overall gene expression patterns across 220 

generations, we conducted a principal component analysis (PCA) on all transcripts. Three 221 

most important principal components were analyzed separately for each generation using a 222 

linear model with the principal component as a response variable and harvest treatment, 223 

treatment replicate, individual standard length and wet mass as explanatory variables. In 224 

the linear model 225 
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y ~ a + b + c + d  226 

y was the principal component, a was the harvest treatment, b was the treatment replicate, 227 

c was the standard length (mm), and d was the wet mass (g). All explanatory variables were 228 

treated as fixed effects.   229 

We used a hypergeometric test to study explicitly whether differentially expressed genes 230 

overlapped between certain comparisons (e.g., between the harvest treatments across 231 

generations) more than expected by chance. More information about the empirical FDR and 232 

testing for gene expression differences can be found in SI Materials and Methods: Test for 233 

gene expression differences. 234 

Functional enrichment analysis was conducted using the Database for Annotation, 235 

Visualization and Integrated Discovery (DAVID v6.7) to identify gene ontology (GO) terms 236 

that were over-represented in the genes expressed differently between harvest treatments 237 

or between different generations of the same treatment (Huang et al. 2009). Although the 238 

knowledge of overrepresented GO terms is helpful, it may only partially resolve the 239 

molecular mechanisms relevant to the explored genes (Antonov et al. 2009). Therefore, the 240 

functional analysis was extended to study protein-protein interaction (PPI) networks. We 241 

submitted a gene list to Ingenuity Pathway Analysis (IPA) to study the most important 242 

interaction networks of the differentially expressed genes and identify their relevant 243 

upstream regulators. More details of identification of GO terms and gene networks can be 244 

found in SI Materials and Methods: Functional enrichment and gene network analysis. 245 

Gene expression variance  246 
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The variance in expression level for each gene was estimated across the four individuals in 247 

each treatment replicate (inter-individual variance) by using RUVg -normalized and scaled 248 

read counts (Risso et al. 2014). The median of the gene-specific variances across all genes 249 

for each treatment replicate was then calculated. Gene expression variance within each 250 

generation and treatment replicate was bootstrapped 10,000 times with 1,000 random 251 

genes in each bootstrap. After that, the change in the estimated median gene expression 252 

variance from the F2- to F5-generation and from the F5- to F11-generation was calculated. We 253 

further tested whether the difference in gene expression variance was significant within the 254 

harvesting (from F2 to F5) and the no-harvest periods (from F5 to F11) between the harvest 255 

treatments using a paired t-test. 256 

SNP calling and annotation  257 

All individuals were used for single nucleotide polymorphism (SNP) identification and calling. 258 

Only SNPs with a minimum allele frequency of at least 0.1 were included. We used SAMtools 259 

(v.0.1.19) and the corresponding BCFtools to extract SNPs within a coverage range of 10 – 260 

10,000, and filtered out SNPs within 10bp distance from indels. In addition to the default 261 

parameters in SAMtools, additional filtering steps were conducted: removal of potential 262 

indels, SNPs with an overall locus quality of lower than 999 (in SAMtools, a quality of 999 263 

refers to a very good variant quality), and SNPs occurring outside chromosomes 264 

(mitochondrial and unassigned scaffold regions). SNPs where at least 43 (out of 48) 265 

individuals in each generation were successfully genotyped with at least 15X coverage (i.e., 266 

at least 43 individuals had at least 15 reads covering a valid SNP position) were retained. 267 

Following these filtering steps, 58,217 SNPs remained. To visualize differences in allele 268 
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frequency patterns across generations, we conducted a PCA on SNPs retained in the analysis 269 

and with all individuals having a valid genotype (21,181 SNPs; Fig. S1).    270 

Association between gene expression and SNP allele frequency changes 271 

To study the association between gene expression and SNP allele frequency changes in 272 

order to demonstrate a genetic basis for changes in gene expression levels, we first 273 

conducted an expression quantitative locus (eQTL) analysis. eQTLs are regions of the 274 

genome containing DNA sequence variants (e.g., SNPs) that influence the expression level of 275 

one or more genes. To identify SNPs that are located close to genes and then link variation 276 

in expression values to SNP genotypes, we used the MatrixEQTL R package (Shabalin 2012). 277 

We performed linear regression of RUVg –normalized expression values and SNPs with 278 

generation and treatment replicate as covariates (included to account for population 279 

stratification). SNPs with more than four genotypes missing were filtered out and gene 280 

expression values were quantile normalized to fit a standardized normal distribution to 281 

avoid the overdispersion effect resulting from outlier individuals (resulting in excess of false 282 

positives). Although eQTLs for a certain gene can be found in any chromosome (trans-283 

eQTLs), we focused on local (cis) eQTLs which map to the approximate location (i.e., < 1M 284 

bp) of the gene.        285 

We further compared the allele frequency changes (from F2- to F5-generation) between the 286 

large- and random-harvested fish 1) across all 58,217 SNPs, 2) in 14,500 gene-associated 287 

SNPs (one association per SNP extracted by the MatrixEQTL based on the lowest P-value) in 288 

differentially expressed genes and in genes that were not differentially expressed (detected 289 

at the F5-generation), and finally 3) in SNPs assigned as eQTLs and not assigned as eQTLs. 290 

The observed average allele frequency changes were compared to a permuted allele 291 
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frequency change distribution. The permuted distribution consisted of 10,000 mean values, 292 

which were sampled from a dataset where we pooled the allele frequency changes of 1) all 293 

SNPs in random- and large-harvested fish, 2) gene-associated SNPs occurring in differentially 294 

expressed genes and in genes that were not differentially expressed separately for both 295 

harvest treatments, and 3) all SNPs assigned and not assigned as an eQTL separately for 296 

both harvest treatments. 297 

Estimating the contribution of genetic drift  298 

To determine the relative contribution of neutral (drift) and adaptive (selection) processes 299 

during gene expression evolution, the variation in gene expression level explained by the 300 

replicates (drift) and the harvest treatment (selection) were estimated using MANOVA. For 301 

each generation, the amount of variation in gene expression explained by the two models 302 

was compared: one with harvest treatment and treatment replicate as explanatory variables 303 

and one with only treatment replicate as an explanatory variable. The input data for the 304 

MANOVA analysis were the three first principal components, which explained most of the 305 

variation in expression count data between the harvest treatments and generations.  306 

All analyses were conducted in R (version 3.1.3; R Core Team 2016) packages lme4, Base 307 

Stats, limma, RUVnormalize, and MatrixEQTL.   308 

Results 309 

Broad scale differences in gene expression and reduction of gene expression variance after 310 

five generations of size-selective harvesting  311 

Expression differences were detected between the large- and random-harvested treatments 312 

in 509 transcripts (2.80% of all expressed genes) at the F2-generation (Fig. 2A). Three 313 
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generations later, the number of differentially expressed genes had increased by more than 314 

ninefold, with expression differences between large- and random-harvested fish in 4,310 315 

genes (23.7%; Fig. 2A). The absolute fold change of these differentially expressed genes was 316 

significantly higher among large-harvested (1.06 ± 0.02; median ± 95% confidence interval) 317 

than random-harvested fish (0.92 ± 0.01; W=1,0146,000, P < 0.001; Fig. S2A). Fold change 318 

was also significantly higher during the harvesting period (F2 – F5) than during the no-319 

harvest period (0.80 ± 0.01; F5 – F11) among the large-harvested fish (W=1,0567,000, P < 320 

0.001; Fig. S2B). An individual-level PCA revealed that the gene expression differences were 321 

explained by both selection and drift, as variation in principal component 1 (PC1) was 322 

explained by harvest treatment (F = 22.5, P < 0.001), in principal component 2 (PC2) by 323 

harvest treatment (F = 80.1, P < 0.001) and treatment replicate (F = 25.2, P < 0.001), and in 324 

principal component 3 (PC3) by harvest treatment (F = 13.3, P = 0.004). A PCA figure 325 

visualizes that the gene expression profiles of the large-harvested and random-harvested 326 

individuals were not markedly diverged at the F2-generation (Fig. 3A). However, after an 327 

additional three generations of size-selective harvesting (F5-generation), the gene 328 

expression profiles of large- and random-harvested fish had clearly diverged and formed 329 

distinct clusters (Fig. 3B).  330 

The differentially expressed genes between large- and random-harvested individuals at the 331 

F5-generation contributed to various major biological processes, such as translation and 332 

transcription (P < 0.001), lipid and steroid biosynthesis (P = 0.003) and energy metabolism (P 333 

= 0.034; Table S2). The central genes of the three most significant gene networks were 334 

ELAVL1, EBP and MSMO1 (Fig. S3A-C; Table S3A). In addition, five putative upstream 335 

regulators were implicated (Table S3B).   336 
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Reductions in gene expression variance between individuals within harvest treatments were 337 

evident in both size-selective (large-harvested) and non-selective (random-harvested) 338 

harvesting regimes during the harvesting period (Fig. 4A; Fig. S4). The reduction in variance 339 

was particularly clear in one of the replicates of both harvest treatments while in the other 340 

replicate the variance reduction was less substantial (Fig. 4A).  341 

The average allele frequency change during the harvesting period in more than 58,000 SNPs 342 

was significantly (P < 0.001) higher among large-harvested fish (0.140) compared to 343 

random-harvested fish (0.125; Fig. 5A).  The average allele frequency change in gene-344 

associated SNPs was generally higher in differentially expressed genes than in genes that 345 

were not differentially expressed (P < 0.001; Fig. 5B). Although this was the case among 346 

both harvest treatments, the average SNP allele frequency change was higher in large-347 

harvested than in random-harvested fish in both differentially expressed genes (large-348 

harvested 0.174; random-harvested 0.152) and in genes that were not differentially 349 

expressed (large-harvested 0.159; random-harvested 0.128; Fig. 5B). Overall we identified 350 

221 eQTLs in 140 genes. eQTLs were present in 24 differentially expressed genes (out of 351 

4,300). The average allele frequency changes of  SNPs not assigned as eQTLs were well 352 

within the permuted distributions in both harvest treatments (Fig. 5C) but unlike in random-353 

harvested fish (P = 0.721), the average allele frequency change of eQTL SNPs in large-354 

harvested fish (0.177) was significantly higher than in SNPs not assigned as eQTLs (0.140; P < 355 

0.001; Fig. 5C).     356 

Gene expression response to a no-harvest period  357 

After six harvest-free generations that followed five generations of size-selective or non-358 

selective harvesting, differences in gene expression between large- and random-harvested 359 
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fish had eroded to some extent, but there still remained a large number of differentially 360 

expressed genes (3,171 genes, 17.4%; Fig. 2A). Variation in PC 1 was weakly explained by 361 

harvest treatment (F = 3.62, P = 0.078) and treatment replicate (F = 3.77, P = 0.074). 362 

Variation in PC 2 was explained by none of the variables, and in PC 3 by harvest treatment (F 363 

= 45.6, P < 0.001), individual standard length (F = 14.7, P = 0.003) and wet mass (F = 11.9, P = 364 

0.005). A consistent gene expression difference between the transcriptome profiles of 365 

harvest treatments in the F11-generation was not evident in the two first principal 366 

components (Fig. 3C), but it was evident in the third principal component (Fig. 3F). It 367 

appears that the effect of harvest treatment on gene expression differences was weaker 368 

and that the random processes played a more important role following the no-harvest 369 

period (F11) compared to following the harvesting period (F5).  370 

Many of the genes differing between the harvest treatments were enriched for biological 371 

processes related to RNA processing and metabolism (P < 0.001), protein catabolism (P = 372 

0.004), ribosome biogenesis (P = 0.012) and nitrogen compound metabolism (P = 0.016; 373 

Table S4). Central genes of the key networks were HNF1A, ESR1 and MDM2 (Fig. S5A-C; 374 

Table S3C). Also several significant upstream regulators were implicated (Table S3D). Out of 375 

the more than 3,000 differentially expressed genes between the harvest treatments in the 376 

F11-generation only around a quarter (826 genes) were in common with genes differentially 377 

expressed between the large- and random-harvested lines at the F5-generation (P < 0.001; 378 

Fig. 2A). 379 

A more conservative approach to study the effect of no-harvest period on a size-selectively 380 

exploited population is to compare the gene expression profiles of the large-harvested fish 381 

across generations (i.e., from F2 to F11). In that comparison, we identified 3,007 differentially 382 
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expressed genes (Fig. 2B) out of which 1,159 (38.5%) were the same genes that were 383 

affected by size-selection during the harvesting period (P < 0.001). These over 1,000 genes 384 

were largely different compared to the differentially expressed genes shared between the 385 

harvesting and no-harvest period in the random-harvested fish (75 genes in common; P = 386 

0.006). The genes that were differentially expressed in large-harvested fish during the 387 

harvesting period and remained differentially expressed after the no-harvest period were 388 

enriched for biological processes associated with protein transport and localization (P = 389 

0.015), and for genes in the insulin signaling pathway (P = 0.045; Table S5).  390 

Expression variance during the no-harvest period (F5 – F11) had differing patterns of change 391 

for the size-selected and non-selected harvest treatments compared to patterns during the 392 

harvesting period (F2 – F5). Interestingly, gene expression variance decreased by 25% in 393 

large-harvested fish after the cessation of harvesting, but increased by 34% in random-394 

harvested fish (Fig. 4B; Fig. S4).  395 

Genetic drift  396 

In the F5-generation, the MANOVA model with the harvest treatment and the treatment 397 

replicate (full model) as explanatory variables explained substantially more of the variation 398 

(54%) in the three principal components as opposed to a model with only a treatment 399 

replicate as an explanatory variable (reduced model; 28%; Table S6), suggesting that 400 

differences in gene expression were better explained by the effects of both selection and 401 

genetic drift rather than by genetic drift alone.  402 

The effects of captive rearing on gene expression  403 
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To identify gene expression changes potentially induced by captive rearing, we compared 404 

the expression patterns of the random-harvested fish at the F2- and F11-generations, and 405 

identified 4,978 differentially expressed genes (27.4%). These genes contributed to 406 

biological processes such as DNA metabolic processes (P = 0.001), oxidative phosphorylation 407 

(P = 0.029) and protein catabolism (P = 0.029; Table S7). The central genes of the three most 408 

significant networks were CHAF1B, TRIP13 and CYB5R2 (Fig. S6A-C; Table S3E). More than 20 409 

upstream regulators were implicated (Table S3F). Out of the almost 5,000 differentially 410 

expressed genes between the F2- and F11-generations in random-harvested fish, 924 were in 411 

common with those differentially expressed between the F2- and F11-generations in large-412 

harvested fish (P < 0.001; Fig. 2B). Approximately 3% of these genes were associated with 413 

insulin signaling pathway (P = 0.006). 414 

 415 

Discussion 416 

Our experimental approach to understand the molecular consequences of harvest-induced 417 

evolution revealed that broad-scale changes in gene expression and SNP allele frequencies 418 

arose after just five generations of size-selective harvesting. This suggests that size-selective 419 

harvesting can rapidly induce large gene expression changes in exploited populations, and 420 

the extent of such changes cannot be explained by genetic drift alone. A no-harvest period 421 

resulted in the expression divergence of a largely different set of genes indicating that 422 

although selection and drift also occur in the absence of size-selective harvesting, the 423 

targets of these processes are different and ‘recovery’ may be unlikely to occur, even under 424 

a fishing moratorium. Exploited populations, particularly in freshwaters, are often 425 

supplemented with hatchery-reared individuals. Therefore, we also studied the rate and 426 
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magnitude of gene expression changes induced by captive breeding. We demonstrated 427 

substantial gene expression changes in random-harvested fish suggesting that although not 428 

selected for any obvious phenotypic trait, captive breeding and rearing alone might induce 429 

large unintentional genetic changes in fish populations.  430 

Gene expression differences after five generations of size-selective harvesting 431 

After five generations of size-selective harvesting, the number of differentially expressed 432 

genes between large- and random-harvested fish encompassed approximately 24% of all 433 

expressed genes investigated, although relatively few differences (< 3%) were present early 434 

in the selection experiment at the F2-generation. During the harvesting period, the 435 

magnitude of change in differentially expressed genes was also higher among large-436 

harvested than random-harvested fish (Fig. S2A). Such broad-scale gene expression 437 

differences are unusual compared to many earlier studies investigating gene expression 438 

differences under domestication selection. For example, a comparison of brain gene 439 

expression levels between domesticated vs wild dogs, pigs, or rabbits revealed expression 440 

differences in less than 1% of all expressed genes (Roberge et al. 2006; Albert et al. 2012). 441 

Similarly, differences in gene expression between wild and farmed Atlantic salmon (Salmo 442 

salar) subjected to four to seven generations of selection aimed at increasing growth rate 443 

revealed a difference in less than 2% of genes (Roberge et al. 2006; Debes et al. 2012). One 444 

potentially important difference between our study and the domestication studies is the 445 

fact that those studies focused on gene expression changes in the brain, rather than the 446 

liver, and this could have limited the number of genes differing significantly in their 447 

expression (Jobling et al. 2014). A notable exception is a recent study on fish domestication 448 

that demonstrated large expression differences similar to what we found between wild and 449 
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hatchery-reared steelhead trout (Oncorhynchus mykiss) after only one generation of 450 

hatchery rearing (Christie et al. 2016). The authors identified 723 differentially expressed 451 

genes (4.6%) between wild and first-generation hatchery offspring reared in common 452 

environment.  453 

In addition to domestication studies, other artificial selection experiments have 454 

documented divergence in gene expression among differently selected lines. For instance, 455 

foxes (Vulpes vulpes) selected for aggressive or tame behavior in a long-term breeding 456 

experiment differed in their gene expression in 335 genes (Kukekova et al. 2011), and the 457 

fraction of genes that diverged under directional selection on body weight in chicken (Gallus 458 

domesticus) was shown to be on average 13% (Resnyk et al. 2015). Selection for improved 459 

residual feed intake resulted in gene expression differences in less than 4% of all the 460 

expressed genes in beef cattle (Bos taurus; Weber et al. 2016) and in pigs (Sus scrofa; 461 

Vincent et al. 2015), and in 41 genes in chickens with divergent feed efficiency (Yi et al. 462 

2015). While aggression, body weight and feeding behavior are also polygenic traits similar 463 

to body length on which selection was operating on in our study, the larger gene expression 464 

differences we observed due to size-selective harvesting may be partly related to the 465 

differences in tissues sampled (e.g., brain, muscle or intestine vs liver), differences in gene 466 

expression analyses and therefore in sensitivity to detect differentially expressed genes 467 

(microarray vs RNASeq) or to the fact that many of these studies were conducted on 468 

domesticated animals which may have already lost genetic diversity. Nevertheless, our 469 

results demonstrate that size-selective harvesting (and not drift alone) can rapidly induce 470 

gene expression changes on a broader scale than reported in many of the previous 471 

domestication studies or selection experiments conducted on vertebrates. Further research 472 
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is required to identify the specific mechanisms causing the gene expression differences. 473 

However, given the common-garden environment, which minimized environmental 474 

differences between the harvest treatments, along with substantially higher average allele 475 

frequency changes in differentially expressed genes compared to genes that were not 476 

differentially expressed in both harvest treatments (Fig. 5B) and in eQTL SNPs in large-477 

harvested fish compared to SNPs not assigned as eQTLs (Fig. 5C), it is likely that at least 478 

some of the expression differences we report have a genetic basis. 479 

Earlier research investigating the effects of harvesting on life-history traits in the same 480 

selection lines as used in the current study showed that while individuals from large- and 481 

random-harvested treatments had similar pre-maturation growth rates, large-harvested 482 

individuals reached a significantly lower adult body size than random-harvested individuals 483 

(Uusi-Heikkilä et al. 2015), exhibited a lower condition factor (Fig. S7) and a lower age-484 

specific maturation probability (Uusi-Heikkilä et al. 2015). Although the individuals analyzed 485 

in the present study were immature and there were no differences in body size between the 486 

large- and random-harvested fish at the time of sampling (Table S1), gene expression 487 

profiles can nevertheless potentially differ at earlier developmental phases between 488 

zebrafish lines selected for differing growth patterns (Amaral & Johnston 2012), for instance 489 

when fish begin to allocate energy to maturation and post-maturation growth. Indeed, the 490 

differentially expressed genes between large- and random-harvested fish were enriched in 491 

biological processes that are related to energy allocation and growth, albeit at a very 492 

general level. Thus, these differences could relate to differences in adult body size which 493 

have previously been found to evolve in response to size-selective mortality (Uusi-Heikkilä 494 

et al. 2015).  495 
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Protein turnover is a fundamental biological process related to somatic growth (Reeds 496 

1988). We detected a significant proportion of the differentially expressed transcripts 497 

between large- and random-harvested fish to be enriched for processes associated with 498 

protein synthesis and metabolism, such as transcription and translation. Another important 499 

process differing significantly between the harvest treatments was oxidative 500 

phosphorylation, which is the metabolic pathway forming ATP that stores and supplies 501 

energy, for instance for protein and lipid metabolism (Alberts et al. 2002). Harvest 502 

treatments also differed in expression of genes associated with steroid synthesis. Steroid 503 

hormones are associated with many major biological functions in fish, including feeding 504 

behavior, aggression, stress and oocyte maturation (Wingfield et al. 1998; Nagahama & 505 

Yamashita 2008). Steroids are also known to promote growth in fish by enhancing anabolic 506 

processes (Matty 1986). Central genes in key gene networks were associated with 507 

hypoplasia, growth failure and biosynthesis of cholesterol, which serves as a precursor for 508 

the biosynthesis of steroid hormones. Furthermore, genes that were differentially expressed 509 

and up-regulated during the harvesting period in large-harvested fish (Fig. S8) were tightly 510 

associated with maturation (Table S8). It could be speculated that differences between 511 

harvest treatments found earlier in maximum body size, exploration behavior (Uusi-Heikkilä 512 

et al. 2015) and condition factor between the harvest treatments are consistent with the 513 

observed differences in expression of genes that can be broadly associated with feeding, 514 

circadian rhythms, somatic growth and maturation. However, it is good to keep in mind that 515 

while our data represent interesting signals and gene ontology enrichments, follow-up 516 

studies are required to establish more direct links between the gene expression differences 517 

observed here, and the phenotypic differences observed previously (Uusi-Heikkilä et al. 518 

2015). 519 
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Gene expression differences following a no-harvest period 520 

The number of differentially expressed genes between the harvest treatments decreased 521 

during the no-harvest period from 24% to 17% but the differences in gene expression 522 

profiles were still substantial after this period and expression differences remained in genes 523 

that are linked to growth-related processes at the physiological and behavioral level. 524 

Differentially expressed genes detected between the harvest treatments after the no-525 

harvest period were enriched in biological processes that are important in energy release 526 

and cell growth. Among the most highly expressed regulators, hypocretin receptor 2 527 

(HCRTR2) is known to be associated with appetite and feeding behavior (De Lecea et al. 528 

1998).  529 

The genes that were differentially expressed between the harvest treatments at the F11-530 

generation were generally different to those that differed at the F5-generation: only a 531 

quarter (26%) of the differentially expressed genes between the large-harvested and 532 

random-harvested stocks were identical between the harvesting and the no-harvest period. 533 

Thus, the proportion of genes that were affected by size-selective harvesting had decreased 534 

while a new set of genes, likely affected by another selection pressure and/or drift, were 535 

identified. The random-harvested fish were under selection for captive rearing during the 536 

entire experiment while the large-harvested fish experienced an intensive size-selection 537 

pressure for five generations (in addition to selection for captive rearing) and after that, 538 

selection solely for captive rearing that likely began to favor very different characteristics 539 

than size-selection (e.g., large, fecund and aggressive individuals; Roberge et al. 2006; Devlin 540 

et al. 2009). This might suggest that the large-harvested fish were set on a different 541 

evolutionary trajectory. In addition, the magnitude of the expression of differentially 542 
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expressed genes was significantly lower during the no-harvest period than during the 543 

harvesting period among the large-harvested fish (Fig. S2B). Indeed, the lack, or only very 544 

slow recovery, of phenotypes after a phase of intensive harvesting has been repeatedly 545 

demonstrated in individual-based eco-genetic models (Enberg et al. 2009; Dunlop et al. 546 

2015; Marty et al. 2015).  547 

Even after six generations of no harvesting (i.e., at F11), significant differences in expression 548 

levels remained in one third of the genes observed to have differential expression patterns 549 

after the five generation harvesting period. These approximately 1,000 genes were enriched 550 

for biological functions such as protein transport and localization, and insulin signaling 551 

pathway. One could argue that these genes might have been under selection to captive 552 

rearing but this seems unlikely because out of these, only 75 genes were in common with 553 

the genes that were differentially expressed among random-harvested fish in the equivalent 554 

generation-level comparison. Although the differentially expressed genes were mostly 555 

different between the harvesting and no-harvest period, a small group of reproduction- and 556 

maturation-related genes were up-regulated among large-harvested fish during the 557 

harvesting period and down-regulated during the no-harvest period (Fig. S8). Large-558 

harvested fish have been shown to invest a relatively high amount of energy into 559 

reproduction (Uusi-Heikkilä et al. 2015), which could at least partly explain the up-regulation 560 

of these genes during the harvesting period. Selection pressure for reproductive investment 561 

likely relaxed after the harvesting was halted. Admittedly, age could have confounded the 562 

between-generation comparisons as the fish were sampled in each generation at different 563 

age (in days). However, the expression of maturation-related genes might not have been 564 

confounded by the sampling design as fish were always sampled at the same developmental 565 
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stage (i.e., they were all immature). Although expecting the populations to reverse back to 566 

the early-harvest state might not be entirely realistic, at least not in the current laboratory 567 

setting where the fish were under selection for captive rearing, both above mentioned 568 

approaches (i.e., comparison between harvest treatments and generations) generally lead 569 

to the same conclusion: a component of the effects of size-selective harvesting still 570 

remained despite six generations of no harvesting. 571 

The effect of harvesting and a no-harvest period on gene expression variance 572 

During the harvesting period, gene expression variance decreased in both harvest 573 

treatments. This could be due to reduced population sizes but it is possible that also 574 

random-harvested fish were under selection pressure due to high harvest rate or intrinsic 575 

fecundity selection (Uusi-Heikkilä et al. 2015). However, the reduction in gene expression 576 

variance was not entirely consistent within the harvest treatments (i.e., one of the 577 

treatment replicate in both harvest treatments showed less reduced variance) possibly due 578 

to the limited number of biological replicates.  579 

We show not only that gene expression variance was reduced after five generations of size-580 

selective and non-selective harvesting but it continued to decrease among large-harvested 581 

fish during the no-harvest period which mimicked a harvest moratorium. However, among 582 

random-harvested fish gene expression variance increased during the no-harvest period. 583 

This might suggest that the combined effects of selection and drift were stronger in the 584 

large-harvested treatment and/or the response to captive rearing was relaxed in the 585 

random-harvested treatment, but not in the large-harvested line after the cessation of 586 

harvesting. Thus, it is possible that large- and random-harvested fish responded differently 587 

to captive rearing. Further, it has been suggested that adaptive (life-history) evolution can 588 
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be very rapid during early phases of selection but it may also cease rapidly (Reznick et al. 589 

1997). It is plausible that the large-harvested fish experienced two types of selection: first 590 

size-selection favoring small body size and then selection to captive breeding potentially 591 

favoring large body size (Heath et al. 2003; Devlin et al. 2009). These two opposite selection 592 

forces could have decreased gene expression variance in large-harvested fish compared to 593 

the random-harvested fish. Finally, based on the expression (Fig. 3A-C) and SNP PCA figures 594 

(Fig. S1), it appears that during the early selection, the individuals from the different harvest 595 

treatments were already genetically different but their gene expression profiles were not 596 

markedly different. Thus, at the F2-generation they seemed to exhibit strong canalization 597 

which broke down at the F5-generation potentially due to selection, and gene expression 598 

remained decanalized at the F11-generation. Decanalization could uncover hidden gene 599 

expression variance (Chen et al. 2015). If decanalization was stronger among random-600 

harvested fish, this could have led to increased gene expression variance compared to the 601 

large-harvested fish. However, this remains speculative as quantifying decanalization among 602 

harvest treatments was beyond the scope of this study.  603 

Gene expression variation represents a source of variability that can improve fitness in 604 

varying environments and under stressful conditions or varying selection pressures 605 

(Whitehead & Crawford 2006; Papakostas et al. 2014). Although sometimes considered as 606 

costly noise (Wang & Zhang 2011), inter-individual gene expression variation has been 607 

shown to contribute substantially to physiological performance among individuals, thus it 608 

can be biologically relevant (Li et al. 2010). Therefore, loss of gene expression variation 609 

could be detrimental for exploited fish populations because it can reduce adaptive potential 610 

and hamper their recovery. 611 
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Gene expression response to captive rearing 612 

Today, many declining wild populations, especially freshwater fishes, are supplemented 613 

with captive-reared individuals and this can have many detrimental ecological and genetic 614 

effects on existing populations (Laikre et al. 2010; Lorenzen et al. 2012). The genetic and 615 

ecological concerns include direct genetic effects caused by introgression or hybridization, 616 

genetic changes in hatchery stocks brought about by selection and drift, and lowered 617 

survival and reproductive success of hatchery-reared individuals (Araki et al. 2007; Christie 618 

et al. 2014). Introgression of genetic material from captive-reared fish that are maladapted 619 

in the wild may indeed cause negative fitness effects in the wild populations, alter the gene 620 

pools of local stocks and negatively affect population productivity (Chilcote et al. 2011). 621 

Although it is known that hatchery fish may have lower relative reproductive success (Araki 622 

et al. 2007; Christie et al. 2014) and survival rate (Lorenzen et al. 2012) than their wild 623 

counterparts, the systematic functional genetic effects of captive rearing remain unclear 624 

(but see Christie et al. 2016). 625 

We showed that nine generations of rearing and breeding in captivity affected the 626 

expression of a large number of genes. Over 27% of all expressed genes investigated were 627 

differentially expressed between the F2- and F11-generations in random-harvested fish. 628 

However, as the fish at the F2-, F5- and F11-generations were sampled at different ages due 629 

to the fact that age at maturity was evolving during the experiment one cannot rule out the 630 

possibility that age differences could have also contributed to between generation 631 

comparisons within harvest treatments. Most earlier studies that have shown gene 632 

expression changes induced by captive rearing have focused on a relatively small set of 633 

candidate genes (Roberge et al. 2006; Debes et al. 2012), and few studies thus far have 634 
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examined this at a genome-wide level (Christie et al. 2016). Our results demonstrate that 635 

captive rearing affected biological processes that can be broadly related to growth, such as 636 

energy production, protein catabolism, and fatty acid metabolism, despite random-637 

harvested fish were not directly selected for growth or large (or small) body size. Our 638 

findings of the functional genetic effects of captive rearing are broadly in line with salmon 639 

domestication studies (Roberge et al. 2006; Tymchuk et al. 2009; Debes et al. 2012; Christie 640 

et al. 2016), although many of the earlier studies compared wild fish and fish under intense 641 

growth selection and therefore cannot be directly compared to our results.  642 

The key gene networks of the differentially expressed genes were associated with RNA 643 

repair, post-transcriptional modification and cholesterol biosynthesis (Table S3E). Some of 644 

the significant upstream regulators are known to be involved in reproduction through 645 

mediating estrogen and progesterone production, steroidogenesis and cell proliferation 646 

(Table S3F). Thus, adaptation to captive environment may have not only affected growth-647 

related but also maturation-related processes. In fact, we showed that maturation- and 648 

reproduction-related genes were up-regulated among the random-harvested fish (from F5 649 

to F11), and we have shown earlier that the random-harvested fish have a higher age-specific 650 

maturation probability than large-harvested fish
 

(Uusi-Heikkilä et al. 2015). This is in 651 

agreement with other studies showing that fish held in captivity tend to mature later than 652 

their wild conspecifics (Debes & Hutchings 2014). Thus, it is possible that in captivity, traits 653 

under selection are related to body condition (body fat content), growth, and potentially 654 

maturation. Although we do not assess fitness consequences directly in this study, earlier 655 

research has demonstrated the negative fitness consequences for wild populations of 656 

captivity-induced modification of reproductive traits (reviewed in Christie et al. 2014). 657 
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A second approach for identifying genes potentially affected by captive rearing was to 658 

compare the gene expression profile divergence of large-harvested fish between the F2- and 659 

F11-generations to that of random-harvested fish between the same generations. The 660 

comparison of gene expression profiles of F2- and F11-generations in large-harvested fish 661 

revealed 3,000 differentially expressed genes and in random-harvested fish almost 5,000 662 

genes (Fig. 2B). Out of these two sets of differentially expressed genes, only 924 genes were 663 

in common between the two harvest treatments. These roughly 900 genes potentially 664 

include those predominantly affected by selection for captive rearing, although it is possible 665 

that some of the remaining almost 4,000 genes are as well, but have been differently 666 

affected by the alternative selection regimes. A significant proportion of the 900 667 

differentially expressed genes in common between the harvesting treatments were 668 

enriched within insulin signaling pathway. Insulin is tightly associated with growth, thus 669 

indirectly with gonad development. The insulin (and insulin-like growth factor) signaling 670 

pathway has also been shown to play a major role in the control of longevity in vertebrates
 

671 

(van Heemst 2010) and in the balance of the functioning of the immune system. Traits 672 

mediated by the insulin signaling pathway, such as growth, maturation and disease 673 

resistance, are known to be important traits for artificial breeding programs (Gjedrem & 674 

Thodesen 2005).   675 

These results add an important functional genetic element to the genetic concerns of 676 

stocking: the divergent gene expression profiles of captive-reared individuals reported here 677 

and elsewhere (Christie et al. 2016) likely contribute to the reduced fitness of captive-reared 678 

individuals in the wild (Araki et al. 2007), as well as captive-wild hybrids (Christie et al. 679 

2014), which has been shown to reduce population productivity in salmonids (Chilcote et al. 680 
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2011). Therefore, it can be questioned whether hatchery-reared fish should be used 681 

intensively for enhancing wild populations that are still naturally reproducing as 682 

hybridization might have far-reaching consequences in terms of adaptive capacity and 683 

genomic integrity of wild populations without necessarily increasing fisheries yield 684 

(Lorenzen et al. 2012).    685 

Conclusions 686 

We have shown that both size-selective harvesting and captive rearing can induce rapid and 687 

substantial changes in gene expression profiles in experimentally exploited fish populations. 688 

Gene expression profiles did not fully converge after the cessation of harvesting. Our results 689 

thus suggest that the evolutionary response to size-selective harvesting can be broad, rapid 690 

and potentially difficult to reverse. This can be undesirable for fishing because phenotypes 691 

(and genotypes) favored most by natural selection and by fishers (e.g., the large fish) are 692 

removed. It can also be harmful from the evolutionary perspective because of reduced gene 693 

expression variance, thus potentially reduced adaptive potential of the exploited 694 

populations. Reduction in gene expression variance could thus be a factor potentially 695 

contributing to the lack of genetic (and phenotypic) recovery of size-selectively exploited 696 

fish populations in the wild. Hence, our results reinforce the recommendation of applying 697 

evolutionary principles to management and promote management that maintains large and 698 

diverse breeding populations to foster the full range of phenotypes and genotypes that 699 

natural selection can act upon (Schindler et al. 2010). Inadvertent selection due to captive 700 

rearing alone also resulted in large changes in gene expression profiles, suggesting that the 701 

use of hatchery-reared fish for supplementing wild populations might affect the adaptive 702 

capacity and genomic integrity of wild populations. 703 
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 898 

Figure legends 899 

Fig. 1. A conceptual figure of the experimental design and the research questions. The 900 

effects of size-selective harvesting on gene expression were studied by comparing the 901 

expression patterns of large- and random-harvested fish after five generations of harvesting 902 

(red line). The effects of a no-harvest period on gene expression were studied in two ways, 903 
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first by comparing the expression patterns of large- and random-harvested fish after six 904 

generations of no harvesting (dashed orange line) and second, by comparing the overall 905 

expression changes (from F2 to F11: thick solid orange line) to expression changes during the 906 

harvesting period (from F2 to F5: thin solid orange line) among the large-harvested fish. The 907 

effects of captive breeding on gene expression were studied by comparing expression 908 

patterns of the F2- and F11-generations among the random-harvested fish and comparing 909 

the changes in both harvest treatments during the whole experimental period (from F2 to 910 

F11; grey lines).    911 

 912 

Fig. 2. Number of differentially expressed genes between the harvest treatments and 913 

between generations within the harvest treatments. (A) Number of differentially expressed 914 

genes between large- and random-harvested fish in each generation (bold) and genes in 915 

common between generations (italics). (B) Number of differentially expressed genes 916 

between generations within a harvest treatment (bold) and genes that are shared between 917 

harvest-treatments for the same generation comparison (italics).  918 

 919 

Fig. 3.  A principal component analysis (PCA) based on transcript abundances of all 18 192 920 

expressed genes. PC1 and PC2 contrasted in (A) the F2-generation, (B) the F5-generation, 921 

and (C) the F11-generation. PC2 and PC3 contrasted in (D) the F2-generation, (E) the F5-922 

generation, and (F) the F11-generation. Red diamonds represent large-harvested and grey 923 

circles random-harvested treatments. Different shades depict individuals from the two 924 

replicates within both harvest treatments. 925 
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 926 

Fig. 4. Change in gene expression variance during the (A) harvesting (from F2 to F5) and (B) 927 

no-harvest period (from F5 to F11) in both harvest-treatment replicates. There was no 928 

significant difference in gene expression variance between the harvest treatments during 929 

the harvesting period (t = 0.486, P = 0.627). During the no-harvest period the difference in 930 

variance between the harvest treatments was significant (t = -618.1, P < 0.001). Error bars 931 

show the 95% confidence intervals. Different shades of red represent the two replicates 932 

within large-harvested fish and grey within random-harvested fish.  933 

 934 

Fig. 5. The distribution of permuted SNP allele frequency changes compared to those 935 

observed (marked by arrows) in large- and random-harvested fish (from F2- to F5-936 

generation). (A) Across all SNPs, (B) across gene-associated SNPs in differentially expressed 937 

genes (solid arrows) and in genes that are not differentially expressed, referred to as “other 938 

genes” (dashed arrows), and (C) across SNPs assigned as eQTLs (solid arrows) and SNPs not 939 

assigned as eQTLs (dashed arrows). Red bars and arrows represent large-harvested and grey 940 

bars and arrows random-harvested fish. 941 

 942 
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