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Domesticated and growth hormone (GH) transgenic salmon provide an interesting model to
compare effects of selected versus engineered phenotypic change on relative fitness in an
ecological context. Phenotype in domestication is altered via polygenic selection of traits
over multiple generations, whereas in transgenesis is altered by a single locus in one generation. These established and emerging technologies both result in elevated growth rates in
culture, and are associated with similar secondary effects such as increased foraging,
decreased predator avoidance, and similar endocrine and gene expression profiles. As
such, there is concern regarding ecological consequences should fish that have been
genetically altered escape to natural ecosystems. To determine if the type of genetic
change influences fitness components associated with ecological success outside of the
culture environments they were produced for, we examined growth and survival of domesticated, transgenic, and wild-type coho salmon fry under different environmental conditions.
In simple conditions (i.e. culture) with unlimited food, transgenic fish had the greatest
growth, while in naturalized stream tanks (limited natural food, with or without predators)
domesticated fish had greatest growth and survival of the three fish groups. As such, the
largest growth in culture conditions may not translate to the greatest ecological effects in
natural conditions, and shifts in phenotype over multiple rather than one loci may result in
greater success in a wider range of conditions. These differences may arise from very different historical opportunities of transgenic and domesticated strains to select for multiple
growth pathways or counter-select against negative secondary changes arising from elevated capacity for growth, with domesticated fish potentially obtaining or retaining adaptive
responses to multiple environmental conditions not yet acquired in recently generated
transgenic strains.
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Introduction
Artificial selection has been used throughout much of human history to enhance desirable
traits (e.g. growth rate) in animals and plants. During the domestication process, the genetic
shifts imposed on a strain to obtain the desired phenotype are generally not known, and can be
accompanied by other unintentional secondary phenotypic and/or genetic changes. More
recent developments in biotechnology (i.e. transgenesis) can often result in similar phenotypic
changes as domestication, but on a much shorter time frame [1]. For example, selection for fast
growth rate in various fish species increases growth, on average, 12.5% per generation (see [2]),
with 7% per generation in coho salmon (Oncorhynchus kisutch, Walbaum, [3]), whereas insertion of a growth hormone (GH) transgene can result in a many-fold increase in growth rate in
only 1–2 generations (see [4]).
The divergent phenotypes of domesticated and GH transgenic fish from wild type have generated significant concern regarding effects they may have should they enter natural ecosystems [4]. Escape of domesticated salmon from aquaculture facilities have recorded historic and
ongoing impacts to wild populations through competition and hybridization (e.g. [5–8]).
Potential use of transgenic fish for commercial production represents an emerging risk to natural fish populations and ecosystems, but due to current strict regulations regarding transgenic
fish biocontainment, no fully natural studies have been undertaken on potential hazards (i.e.
potential to cause effects to natural ecosystem components) of these fish. Ecological hazards of
transgenic fish in natural ecosystems could potentially be estimated using a comparator with
similar growth capacity–specifically domesticated salmon. However, whether parallel ecological consequences may arise from domestication and GH transgenesis in fish has not yet been
directly compared.
Two fitness factors that can influence persistence in natural ecosystems, and hence allow for
interactions with components of those ecosystems, are growth and survival. Domesticated and
GH transgenic fish are both well established to have inheritable enhanced growth rates in culture conditions. Enhanced growth rates have also been reported in many studies in natural
(domesticated only, [8–11]) and semi-natural environments [12–19], relative to wild-type fish,
although to a lesser degree than observed in culture. However, in some studies, transgenic and
domesticated fish can have equal or lesser growth than wild fish, particularly when food abundance is very low and/or predators are present at time of emergence (transgenic fish, [16, 17,
20, 21]), and in some seasons or life stages seasons (domesticated fish, [8, 11], see [22]).
In addition to elevated growth, domestication and GH transgenesis can result in secondary
behavioural changes that can influence growth, survival, and ecological effects in non-culture
conditions. Both groups of fish are reported in some circumstances to be more aggressive and
bold, have more active foraging behaviour, and reduced predator avoidance behaviour relative
to wild-type fish [9, 12, 13, 15, 23–30]. This can result in growth-enhanced fish being dominant
over wild-type fish in paired contests [9, 31–33], although in some studies wild-type fish were
dominant [12, 33] or had equal dominance [28] over domesticated fish, particularly if wildtype fish had residency advantage. As well, GH transgenic Atlantic salmon (Salmo salar L.)
first-feeding fry did not dominate wild fry, possible due to lack of GH transgene activation
at this stage in this transgenic model [34, 35]. Despite increase in dominance, survival of
domesticated fish is often, but not consistently, lower than that of wild-type fish in naturalized
conditions (e.g. [19], see [22]). This is hypothesized to be due to lower predator avoidance
behaviour, although domesticated Atlantic salmon juveniles did not differ from wild type in
susceptibility to an artificial predator [36], and have been reported to have higher survival than
wild-type fish in conditions of size-selective predation [14]. The reported effects of GH transgenesis in terms of survival in semi-natural conditions are also mixed, where transgenic
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salmonid fry had enhanced survival in one study [16], lower survival when stressful conditions
(i.e. limited food or presence of salmonid predators) were present at time of emergence [20,
21], and equal survival if stressful conditions were introduced later or were not present [16, 17,
20, 21, 37]. As well, dominance in laboratory conditions in salmonids does not necessarily
translate to dominance or increased fitness in natural or unpredictable conditions [38–40], further complicating the determination of ecological consequences of accelerated growth and
aggression.
While the overall patterns of growth and behaviour are similar between GH transgenic and
domesticated fish, it is not fully understood whether the mechanisms that control these phenotypes are similar between the two groups of fish. The scale of engineered genetic change
through transgenesis is generally small (i.e. insertion of a single gene with modified expression)
and secondary phenotypic effects arise primarily from elevated GH expression. In contrast, the
genetic changes brought about by artificial selection involve more genetic loci, and secondary
changes may be due to compensatory or unintentional selection for other traits, as well as secondary effects of the desired phenotypic change. Despite these different mechanisms for accelerated growth, gene expression responses of transgenic and domesticated strains are highly
correlated in laboratory conditions [41], [42], although whether this is a reflection of similar
mechanisms controlling growth, or of similar consequences of accelerated growth, has not
been determined. To determine if type of genetic change influences whole-animal phenotypic
effects important for ecological success, we examined whether accelerated growth under culture conditions produced by two different genetic processes, GH transgenesis and domestication, may be similarly transferable to complex nature-like environments under competition
and predation. For this we examined growth and survival of GH transgenic, domesticated, and
wild-type coho salmon fry reared in semi-natural stream tanks with or without predation, as
well as in standard culture conditions.

Materials and Methods
Experiments took place at Fisheries and Oceans Canada (DFO) Centre for Aquaculture and
Environmental Research (CAER) laboratory, West Vancouver, BC. Approval and permit for
this experiment was granted by the Pacific Region Animal Care Committee (Permit number:
14–011). Growth hormone transgenic (T) coho salmon (Oncorhynchus kisutch Walbaum)
were created by microinjection of a OnMTGH1 transgene construct (GH1 transgene coupled
to a metallothionein-B promoter, both from sockeye salmon) into newly fertilized eggs [43],
and fish used were produced from a single founding individual (M77 strain, [44]). The strain
was created in and backcrossed at each generation to wild-reared coho salmon obtained from
the DFO Chehalis River Hatchery, Agassiz, BC. Transgenic fish were produced by single-pair
crosses of ten males homozygous for the OnMTGH1 gene to ten wild-type Chehalis River
females (see Fig 1 for cross structure and pre-experimental conditions). Wild-type (W) coho
salmon were produced from ten Chehalis River hatchery males single-pair crossed to the same
females used to produce T fish. The Chehalis River strain is a mixed hatchery/wild population
with hatchery production since 1984, and it is expected that ancestors of fish used were a mix
of those with juvenile rearing in hatchery and in natural conditions. T and W fish were fertilized on Jan 31, 2014, and maintained in Heath stacks fed with well water (11.2 ± 0.0°C) until
first feed. Domesticated coho salmon (D) were an all-female group obtained from a stock population (184 females batch-crossed to 50 males) sourced from a local commercial aquaculture
facility (Target Marine Hatcheries, Sechelt, BC). Eggs were fertilized at the commercial facility
on December 12, 2013, and reared as eggs in Heath stacks fed with chilled (3.9 ± 0.1°C) well
water. Domesticated fish were transferred to the laboratory as mixed eyed-eggs/hatching alevin
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Fig 1. Experimental Design. Pre-experimental conditions (crosses and culture conditions), and experimental design comparing wild-type (W), growth
hormone transgenic (T), and commercially obtained domesticated (D) coho salmon (all-female D fish were produced from genotypically female (XX) males)
reared in culture or naturalized stream tanks with or without rainbow trout smolt predators. Rainbow trout smolt predators were introduced at 4 weeks, and
prior to this fish in predator tanks were exposed to a model heron predator attack at random times per day, 5 days per week. ATU = accumulated thermal
units.
doi:10.1371/journal.pone.0148687.g001
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on March 23, 2014, at which point they were maintained in heath stacks until first feed as per T
and W fish above. The D strain was generated in the mid 1980’s (approximately 11 generations
under domestication pressure), and has been used in previous studies comparing physiological
and genetic aspects of domestication including comparison to GH transgenic fish (e.g. [15, 41,
45]). At first feeding (April 14, 2014 for all groups, degree days = 835 for T and W fish, 690 for
D fish), all fish from each genotype were pooled into stock populations. Prior to experimental
setup, fish were transferred to multiple 15 L netted floating culture containers within 2000 L (T
and W) or 200 L (D) tanks supplied with well water and fed sparingly with standard starter salmonid artificial food (Skretting Canada Ltd., Vancouver, BC).
The experiment was initiated on May 1, 2014 and lasted for eleven weeks. Initial weight and
fork length was measured on 30 fish of each group that had been euthanized by an overdose of
anaesthetic (200mg/L MS-222 [Syndel Laboratories, Nanaimo, BC] buffered with 400 mg/L
sodium bicarbonate). For the experiment, fish groups were either reared together in naturalized
stream tanks with or without predators, or reared separately in culture conditions as follows
(see Fig 1). Culture conditions: 80 fish of each group were added to separate 15 L netted floating culture containers within aerated 200 L tanks (two containers of 80 fish per fish genotype,
1 container per 200 L tank). Naturalized stream tanks: Live fish (n = 80) from each of the three
groups were moved to each of 8 different stream tanks (240 fish in total per stream tank). To
distinguish between W and D fish, all W fish or all D fish within a tank, alternating between
stream tanks, were adipose fin clipped. Clipping was performed by lightly anaesthetizing fry
(50 mg/L MS-222 buffered with 100 mg/L sodium bicarbonate), removing the adipose fin, then
allowing fish to recover before moving to the stream tanks. Stream tanks were long, shallow
tanks (4.3 × 0.9 × 0.4 m) containing gravel bottoms and refuge areas (hollow rocks, logs, artificial plants), and covered with translucent plexiglass that allowed for natural lighting and minimized visual interactions between fish and care givers (as per [46]). Four of the stream tanks
were designated as predation risk tanks. These tanks underwent staged predator attacks by a
model great blue heron, once a day at random times per day, 5 days a week, for 4 weeks to
allow for anti-predator behaviour in fish. The predator attacks were staged by lifting one section of the tank lid and plunging the head of a plastic model heron into the tank three times in
rapid succession. Similar model avian attacks have been shown to elicit anti-predator behaviour in salmonids in both laboratory and natural conditions, e.g. [47–49]. Four weeks after
the fish entered the stream tanks, three predatory fish (rainbow trout smolts, 75.3 ± 7.5 g,
20.2 ± 0.7 cm, that had been trained to feed on fry for three weeks prior to stream tank entry)
were introduced to each of the four predator stream tanks.
Water for culture and stream tanks was directly supplied from nearby Cypress Creek. Water
temperature over the experiment followed natural variation and ranged from 5.6–16.7°C (average 11.4 ± 0.3°C). Fish in stream tanks were fed natural food items (frozen bloodworms, mysis
shrimp, and occasionally live juvenile crickets), once a day, 5 days a week, at random times in
the day with food introduced randomly at one of three locations in each stream tank, to imitate
unpredictable food availability potentially found in nature. In addition, natural prey items (e.g.
stone fly, mayfly, and caddis fly larvae) were carried into the tanks through the unfiltered natural creek water supply. Fish in culture tanks were fed 4–6 times a day, 7 days a week, with standard salmonid artificial diets appropriate for the developmental stage (Skretting Canada Ltd.,
Vancouver, BC).
At eleven weeks from the start of the experiment, all fish were removed from the tanks,
euthanized by an overdose of anaesthetic, weight and fork length determined, presence or
absence of clip noted, and fins of all unclipped fish collected for genotyping to assess the presence or absence of the transgene. Crude amplifiable DNA from fin tissue was prepared by heating fin clips in 100 μL 0.01 N sodium hydroxide. The presence of the OnMTGH1 transgene
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was determined using a transgene-specific qPCR assay (see [50]). Fish from culture tanks were
euthanized by an overdose of anaesthetic, enumerated, and weight and fork length of 30 fish
per tank recorded.

Data Analyses
Condition factor was calculated as: (weight in grams) × (fork length in cm)-3 × 100. Statistical
analyses were performed using R V0.98.1103 ([51]). Differences among genotypes in initial
log-weight, fork length, and condition factor were analyzed with the ANOVA function followed by paired t-tests. Generalized linear mixed models were used to test for differences in
variables within culture tanks or semi-natural stream tanks using the lme4 package [52].
Within the culture tanks, genotype was a fixed factor with tank as a random variable [model:
lmer (variable ~ Genotype + (1|Tank)]. Within semi-natural stream tanks, genotype, predation, and their interactions were included as fixed factors, and genotype was crossed with the
random factor stream tank. Log-weight, fork length and condition factor were modelled using
the normal distribution and identity link as [lmer (variable ~ Predator Genotype + (1|Stream/
Genotype)]. Survival was modelled using a binomial distribution and log-link function, adding
the individual observations (i.e. tank) as a random factor to account for overdispersion: [glmer
(survival ~ Predator Genotype + (1|Stream/Genotype) + (1/obs)]. Significance of the model
outputs were evaluated using the Anova() function in the car package with test type 3 [53].
Post-hoc comparisons between genotypes were evaluated using predicted values based on
above models (predict() function in lme4 package) and paired t-tests. Presence of fin clip was
originally included as a fixed factor in the stream tank models, but in all variables was found
to be insignificant (weight: χ2 = 0.269, P = 0.604, length: χ2 = 0.464, P = 0.469, condition factor:
χ2 = 0.026, P = 0.872, survival: χ2 = 0.188, P = 0.665), and was consequently excluded from the
final models. Data are presented as mean ± standard error of the mean, and differences are
considered significant if P < 0.05.

Results
Raw data is given in S1 File. At the start of the experiment, T, D, and W fish did not differ significantly in weight (0.36 ± 0.01, 0.34 ± 0.02, 0.32 ± 0.02 g respectively, F2,87 = 1.812, P = 0.170,
n = 30 fish) or length (3.56 ± 0.03, 3.23 ± 0.05, 3.30 ± 0.03 cm respectively, F2,87 = 2.947,
P = 0.058), although W fish had a lower condition factor than D, but not T fish (0.86 ± 0.03,
0.98 ± 0.02, 0.94 ± 0.02 respectively, F2,87 = 6.609, P = 0.002).
After the growth period, both weight and length within culture conditions were in the order
of T > D > W (P < 0.001 for both, χ2 = 102.7 and 239.4 respectively, Fig 2i and 2ii, Table 1).
Condition factor in culture did not significantly differ between the three genotypes (χ2 = 2.82,
P = 0.245, Fig 2iii, Table 1), nor did survival (χ2 = 0.103 P = 0.950, Fig 2iv, Table 1).
In the stream tanks, there were no significant interactions between genotype and presence
of predators in weight (χ2 = 0.531, P = 0.796), length (χ2 = 1.219, P = 0.544), or condition
factor (χ2 = 0.463, P = 0.931). Genotypes differed in weight (χ2 = 124.0, P < 0.001, Fig 2i),
length (χ2 = 129.0, P < 0.001, Fig 2ii), and condition factor (χ2 = 18.5, P < 0.001, Fig 2iii). For
weight and length, genotype size ranked D > T > W, while D had greater condition factor
than T fish overall (P = 0.042), but not when examined either in the absence or in the presence
of predators (Fig 2iii and Table 1). Predation had a significant influence on weight (χ2 = 16.5,
P < 0.001) and length (χ2 = 18.2, P < 0.001), but did not influence condition factor (χ2 = 1.63,
P = 0.202). Fish were larger in the presence of predators than in their absence (Fig 2).
There was a significant interaction in survival between predation and genotype within the
stream tanks (χ2 = 10.6, P = 0.005). Survival differed among all genotypes in the absence of
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Fig 2. Genotype size, condition factor and survival. i) Log weight, ii) length, iii) condition factor, and iv)
survival of growth hormone transgenic (T), domesticated (D), or wild-type (W) coho salmon fry after rearing in
culture or semi-natural stream tanks without (-) or with (+) rainbow trout smolt predators. Data are given as
means ± standard error of the mean. Letters indicates significant differences between genotypes within
culture (x,y,z) or stream tanks (a,b,c,d,e). * indicates significant effect of predation.
doi:10.1371/journal.pone.0148687.g002

predators (D > T > W, P range 0.006 to < 0.001), while in the presence of predators T did not
differ from W in survival (P = 0.310), with D having higher survival than both T and W
(P = 0.006 and 0.002 respectively, see Fig 2iv and Table 1).

Discussion
The current study demonstrates that different types of anthropogenic-induced genetic change
(i.e. selected versus engineered) used to achieve the same desired trait (i.e. accelerate growth)
may differentially interact with environmental conditions to alter fitness components important in ecological success in fish. In the strains used, specific engineered genetic change (i.e.
GH transgenesis) generated the largest phenotypic alteration (body size) and no effect on survival under conditions that maximize growth and survival (e.g. culture conditions with excess
feed available and a lack of predators). In contrast, in more complex or challenging conditions,
genetic change by domestication resulted in larger effects on body size and better survival than
that observed in transgenic fish. As such, the genotypic change resulting in greatest change in
growth in culture would not necessarily result in greatest growth and survival, and hence
potential for ecological effects, in more natural conditions.

Culture Environment
As expected, both transgenic and domesticated fry modified for greater growth grew to larger
sizes than wild-type fish in culture. In these non-limiting food conditions, GH transgenesis
resulted in greater size than artificial selection, as has been previously observed in these strains
[41, 45]. The greater size in transgenic fish could be due to greater expression of GH and consequent effects on downstream pathways in transgenic versus domesticated individuals [41],
resulting in greater maximum size at age. The domesticated strain used in the current study
has a relatively recent origin (i.e. mid-1980s), and as such, the process of selection may not yet
have maximized growth rate under culture conditions in this strain. As well, differences in
early rearing (i.e. pre-hatch) between domesticated and transgenic fish may have contributed
Table 1. Rank Order and Ratios of Differences Among Genotypes.
Culture
Weight
Length
CF
Survival

Stream -Predator

Stream +Predator

T>D>W

D>T>W

D>T>W

1.97: 1.61: 1

1.60: 1.14: 1

1.58: 1.09: 1

T>D>W

D>T>W

D>T>W

1.29: 1.18: 1

1.16: 1.06: 1

1.15: 1.04: 1

W=D=T

D=W=T

D=W=T

1: 0.97: 0.92

1.04: 1: 0.99

1.03: 1: 0.99

D=T=W

D>T>W

D>T=W

1.03: 1.01: 1

1.22: 1.15: 1

1.41: 1.09: 1

Rank order and relative weight, length, condition factor (CF), and survival of domesticated (D), growth
hormone transgenic (T), and wild-type (W) coho salmon, reared in culture conditions, or in naturalized
stream tanks without (-) or with (+) predators. Ratios of variables are given in relation to wild-type ﬁsh,
and > or < in rank order indicate signiﬁcant differences among ﬁsh groups (P < 0.05).
doi:10.1371/journal.pone.0148687.t001
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in part to differences in size as transgenic fish had greater number of pre-first feeding degree
days than domesticated fish (835 versus 690).

Semi-natural Environment Growth
Effects on body size and survival from transgenesis and domestication were significantly different
in semi-natural stream tanks than culture conditions, where in these complex and limiting conditions, increased intrinsic growth through domestication resulted in greater maintenance of larger
body size and higher survival, while size in the transgenic fish was more similar to that of wild
type (see Fig 2, Table 1). These results are consistent with other studies where domesticated fish
maintained high growth relative to wild-type fish in challenging environments to a greater extent
than studies comparing transgenic and wild-type fish. For example, selection for high growth
rate in Atlantic salmon (domestication) resulted in greater maintenance of growth (i.e. flatter
reaction norms) than wild-type fish during challenging conditions (predation, decreased water
level, high sediment load, [14, 54, 55]). As well, domesticated coho and Atlantic salmon maintained greater size than wild type whether reared in semi-natural or culture conditions [56, 57].
In contrast, growth rates of GH transgenic coho in previous studies were much closer to those of
wild type when reared in semi-natural tanks than in culture conditions [16–18, 20], although
transgenic coho salmon did maintain greater scope for growth than wild type in all but the most
extreme conditions (e.g. [16]). The current results are in contrast to [21] who found GH transgenic rainbow trout fry had greater overwinter growth than domesticated x wild hybrids in a
stream mesocosm. This may be due to wild-type genetic influence on growth in the domesticated-hybrid genome (e.g. [13, 15]), or due to differences in seasonal growth rates between transgenic and domesticated × wild salmonids (e.g. transgenic coho salmon continue growing over
winter in culture, while domesticated and domesticated x wild hybrids may not [58, 59]).
The specific environmental factors that influence differential shifts in growth among the
groups of fish in culture versus semi-natural environments are not known, but may include differences in feed type and abundance, habitat complexity, and fish density. Strain effects were
likely not a strong influence in the current study, as size ratio of domesticated versus wild type
was similar across environments, while transgenic versus wild type was not (see Table 1), even
though transgenic fish, and not domesticated fish, were of the same strain as, and shared
maternal parents with, wild-type fish. As the parental fish used for both T and W fish (Chehalis
River Hatchery strain) likely had mixed hatchery and wild recent ancestory, inadvertant selection for increased fitness in hatchery versus natural conditions as juveniles may have taken
place, and has been reported to decrease survival to predation in steelhead salmon fry [60].
However, the hatchery strain used in the current study displays typical wild juvenile behaviour
in culture (balancing foraging behaviour with predator avoidance, see Supplemental Video in
[4]), indicating wild-type behavioural phenotype is maintained to some extent in this strain.
Differences in genotype size rank order between culture and stream-tank growth rates may
have also been due to genotypes responding differently to being reared seperately (culture
tanks) or together (stream tanks), although [57] found there was no difference in relative
growth rates of D and W Atlantic salmon when reared together or seperately in culture conditions. In hatchery conditions, co-rearing can differentially influence growth of W and/or T fish
relative to rearing alone when food is limiting, indicating strong competitive effects can act to
influence phenotype under some simple conditions [61].

Semi-natural Environment Survival
Domesticated and GH transgenic fry had greater survival than wild-type fry in stream tanks
without predation, with domesticated fish having highest survival of any genotype. This may
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be due to greater foraging and aggressive behaviour observed in growth-enhanced fish [9, 12,
13, 23, 26, 31–33] resulting in a greater proportion of the growth-enhanced fish obtaining adequate food for survival in these limiting conditions, particularly for domesticated fish. This
concurs with other studies that found that domesticated or transgenic fish can negatively
impact fitness of wild or laboratory populations [8, 10, 61, 62]. As well, cannibalism of wildtype fish by growth-enhanced fish may have occurred once size disparity between the groups
was established, as has been observed in similar experiments [13, 61]. In the presence of predators, domesticated fish had highest survival, while transgenic fish had survival similar to wildtype fish (see Fig 2, Table 1). The genotype rank order of survival with predation is contrary to
expected, as both domesticated and transgenic fish are reported in some circumstances to have
greater mortality from predation than wild-type fish [8, 11, 13, 20, 63, 64]. However, transgenic
fish may have higher predator mortality only when predators are present at first feeding [17,
21], or only with specific predator types [16]. Domesticated and, to a lesser extent, transgenic
fish may have established themselves in the semi-natural conditions to a degree that counteracted the low predator avoidance behaviours observed in these strains (e.g. high position in
water column, fast recovery to foraging behaviour after predator strike, [15, 24]). As well, wildtype coho salmon decrease predator avoidance behaviour in competitive and limiting environments [65], and small coho fry are reported to resume foraging sooner than larger fry after a
predator attack [49], which may have increased susceptibility of the smaller wild-type fry to
predation under competition. The high survival rate of domesticated fish in the presence of
predators may have also been due to the size advantage of these fish over transgenic and wildtype fish resulting in decreased relative size-related predation, as has been observed in domesticated Atlantic salmon parr [14]. The larger size of fish under predation pressure may indicate
smaller fish were preferentially preyed upon. However, larger size observed under predation
conditions may also be due to lower numbers of fish resulting in greater food availability for
remaining fish, or a combination of these two processes. These data indicate that domesticated
fish may have increased potential for growth and survival relative to transgenic and wild-type
fish, and have greater potential for ecological consequences, at least in environments similar to
the semi-natural conditions presented here.

Potential Genetic Basis for Genotype × Environment Interactions
The shift in body size and survival order and ratios of transgenic and domesticated fish in different environments (see Table 1) indicate these two genotypes responded to environmental
conditions in different ways (i.e. genotype × environment interactions are present). This may
be due to differences in the genetic basis for accelerated growth and behaviour in the two
groups of fish. Previous studies have identified the GH/IGF-I axis as a mechanism for
enhanced growth in domesticated and GH transgenic salmon [41, 42, 56, 66–68], and a potential mechanism for altered foraging, aggressive, and/or anti-predator behaviours [28, 29, 31, 69,
70]. In wild-type fish, GH expression is primarily in the pituitary gland and, along with downstream factors such as IGF-I, is highly regulated in response to physiological and environmental factors. In the transgenic fish strain utilized, GH is expressed in many tissues in a relatively
unregulated way, although expression of some other growth-related genes (including IGF-I)
were similar to that of wild-type fish when fed a wild-type ration ([45, 68]), suggesting wildtype physiological and/or environmental regulation of non-GH growth-related factors may
exist in these fish. In contrast, increased GH expression in the current strain of domesticated
coho salmon has only been noted in a non-pituitary tissue (muscle) thus far [41], and unlike
wild-type fish, domesticated fry did not decrease plasma IGF-I in response to semi-natural
stream tank rearing and limited-food conditions [56]. This leads to the hypothesis that in

PLOS ONE | DOI:10.1371/journal.pone.0148687 February 5, 2016

10 / 15

Selection & Transgenesis on Ecology of Salmon Fry

transgenic fish, the single genetic change of increased GH results in maximum growth in unlimiting conditions, but wild-type environmental and physiological regulation of other growth
factors can result in growth similar to wild type in challenging conditions. In contrast, domestication may allow for altered environmental and physiological control of multiple growth factor
pathways as well as concurrant counterselection against secondary (pleitropic) effects of
accelerated growth, that could allow for maintainence of growth rate and survival in varied
environmental conditions. In addition, domestication would select for fast growth in culture
conditions which, although different from nature, are nevertheless still dynamic and would
select for maintaining capacity and plasticity to grow under variable environmental conditions.
Due to recent synthesis and continued back-crossing to wild-reared populations, transgenic
fish of the strain examined here would not have had an opportunity for counterselection
against the complex pleiotropic effects of increased GH, or for selection for fast growth in varied environments, which may result in them being less well adapted for fast growth in complex
environments. Direct comparisons of multiple growth pathways in varying environments are
needed to identify the mechanisms influencing differential growth potential of domesticated
and GH transgenic fish.

Conclusions
All three genotypes showed altered relative body size and growth in different environmental
conditions. As size of domesticated fish was less affected by environment than transgenic fish,
this could suggest domesticated fish were less capable of differentially responding in growth to
different environmental conditions than transgenic fish. However, the higher survival of
domesticated fish, with or without predators, indicates that the greater maintenance of high
growth in naturalized conditions was a beneficial phenotype in these environments, rather
than a detrimental lack of plasticity. While transgenic fish had a high growth rate in culture
that was unachievable by domesticated fish, the lower survival and growth of transgenic fish in
complex conditions indicate that the accelerated growth potential of these fish did not constitute an advantage in complex conditions relative to domesticated fish. It should be noted that
significant differences in growth and survival between strains has been noted in domesticated
(e.g. [19]) and transgenic (e.g. [44]) fish, and whether similar results would be obtained in
other strains of domesticated and transgenic salmonids should be addressed. As well, the consequences of multi-generational introgression of the two growth-enhanced genotypes into wild
populations would follow very different functional pathways, as phenotypic expression of
domesticated traits are diluted with repeated crossing with wild type (e.g. [15]), while inheritability of transgenic traits into a wild population follow an all-or-nothing process (i.e. offspring
either inherit the transgene or they do not).
The genetic basis for phenotypic plasticity in growth likely plays an important role in influencing fitness of organisms in nature, and anthropogenic-induced alterations in this capacity
could affect the ability of an introduced strain to persist in and interact with ecosystem components. As such, the present data have implications for the potential of GH transgenic and
domesticated salmon to survive in natural conditions and cause ecological consequences, and
demonstrates that under laboratory conditions at least, assessed ecological consequences of
one type of engineered growth-enhanced fish may not be extrapolated to other growthenhanced fish, or between rearing environments, with reasonable certainty.

Supporting Information
S1 File. Raw size, growth and survival data of genotypes. Individual fish weight and length,
and remaining fish numbers (for survival) used to calculate means ± standard error of the
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means of genotypes within environmental conditions.
(XLS)
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