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The period of first feeding, when young salmonid fishes emerge from natal
stream beds, is one fraught with predation risk. Experiments conducted in
semi-natural stream mesocosms have shown that growth hormone transgenic
salmonids are at greater risk of predation than their non-transgenic siblings,
due partly to the higher metabolic demands associated with transgenesis,
which force risky foraging behaviours. This raises questions as to whether
there are differences in the swim-performance of transgenic and non-
transgenic fishes surviving predation experiments. We tested this hypothesis
in wild-origin rainbow trout (Oncorhynchus mykiss) that were reared from
first feeding in semi-natural stream mesocosms characterized by complex
hydrodynamics, the presence of predators and oligotrophic conditions.
Using an open-flume raceway, we swam fish and measured their capacity
for burst-swimming against a sustained flow. We found a significant genotype
effect on burst-performance, with transgenic fish sustaining performance
longer than their wild-type siblings, both in predator and predator-
free stream segments. Importantly, this effect occurred before differences in
growth were discernable. We also found that mesocosm-reared fish had
greater burst-performance than fish reared in the controlled hatchery environ-
ment, despite the latter being unexposed to predators and having abundant
food. Our results suggest a potential interaction between predation and
metabolic priming, which leads to greater burst capacity in transgenic trout.

1. Introduction

With the ever-advancing pace of gene technologies, there is a persistent drive to
manipulate the phenotypes of commercially viable plant and animal species to
accelerate food production cycles and increase yield. In many countries, various
transgenic plants have become commonplace in agriculture, justified by the need
to feed the planet’s burgeoning human population [1]. Until recently, no govern-
ment had approved the use of transgenic animals for human consumption, due
mostly to uncertainties concerning the potential effects on human health and
impacts on the environment. However, in 2016 the first federal approvals for
the commercial production and sale of growth hormone (GH) transgenic Atlantic
salmon (Salmo salar) were granted in the USA and Canada. Unlike transgenic
plants, which are usually produced from domesticated strains and show limited
capacity to establish self-sustaining populations in the wild, transgenic fishes are
usually derived from wild-origin progenitors, which can easily breed with wild
conspecifics or hybridize with closely related species. This reality has been an
ongoing source of scientific and social concern, for breaches to containment
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Table 1. Biological characteristics and details concerning the rainbow trout used for burst-swimming trials.

rearing predator number number length
environment family  genotype treatment surviving® swum (mm) + s.d.
core analysis mesocosm A transgenic pred. 8 7 381 + 8.04 0.44 £+ 0.19
noped. 32 ) T HATT 0524025
non-transgenic pred. 34 34 35.2 + 3.27 0.46 + 0.15
noped. 81 13 694511 058402
relative controls mesocosm B non-transgenic pred. 48 5 394 +3.29 0.70 £ 0.16
no pred. 79 5 36.0 + 3.54 0.48 + 0.15
hatchery A transgenic no pred. 74 6 36.5 + 0.84 0.43 + 0.03
hon-transgenic  no pred. 75 7 39+376  040+016
B non-transgenic no pred. 78 15 343 + 2.85 0.38 + 0.12

®Those surviving are from an initial group of 100 fish per experimental group [7]. Most, but not all, fish in each group were swum, as time permitted.

systems could permit transgenic individuals to escape from
culturing facilities into the wild [1]. Although the recent
approvals for transgenic salmon in North America stipulate
that those produced are made sterile via triploidy, which
reduces the risk of introgression if escape should occur, such
methods are not always 100% effective [2], and so legitimate
concerns remain over the impacts that GH-transgenic
salmonids could have on the environment.

Hypothetically, the most probable ways that GH-transgenic
salmonids could find their way into the environment are the
escape of adults and juveniles from contained land-based
production facilities or open-water net pens, and the spawning
of such escapees with wild conspecifics. There have been sev-
eral studies that have assessed these risks using semi-natural
stream mesocosms [3—7]. The period of first feeding, when
salmonid fishes emerge from natal stream beds to begin their
free-swimming life, is one fraught with predation risk. These
studies show that GH-transgenic fishes are highly susceptible
to predation during this life-history phase, as the high metabolic
demands associated with extraordinary growth force risky fora-
ging behaviours (but see [8]). However, whether transgenesis
should confer a deleterious, neutral or beneficial effect to
growth and survival, experiments show that some transgenic
individuals can ultimately avoid predation and survive, and
so the ecological risks posed by transgenic fishes remain.

One trait important for survival and predator avoidance is
burst-swimming capacity. Although it can be defined various
ways [9], burst capacity can be measured as the maximum dur-
ation that a fish can sustain anaerobic swimming [9]. When one
considers the fishes that survive the natural mesocosm preda-
tion experiments referenced above, an important question
arises: do transgenic and non-transgenic fishes that survive
the period of first feeding by avoiding predation possess
intrinsically different burst-swimming capabilities?

In this article, we compared the burst-swimming perform-
ance in a family of juvenile GH-transgenic rainbow trout
(Oncorhynchus mykiss) and their wild-type non-transgenic sib-
lings. Swim tests were performed on fish that survived a first
feeding, predation experiment conducted in replicated, semi-
natural stream mesocosms [7]. Our models examine potential
genotype-by-environment interactions on burst capacity [5].
To put our results into context, we also present burst data
from a second family of trout that were also exposed to preda-
tor treatments in mesocosms, but in the absence of transgenic

siblings as this family was all non-transgenic. Finally, we also
present burst results from fish in both families that were
reared in a controlled, predator-free, hatchery environment.
Our mesocosm results suggest a potential interaction between
predation and metabolic priming, which enhances the
swimming phenotype of transgenic trout.

2. Material and methods

Transgenic strains of rainbow trout were produced via microinjec-
tion of a growth hormone gene construct (OnMTGHL1) into eggs of
wild females [10,11]. After rearing, mature males hemizygous
for the gene construct were crossed with multiple wild females to
produce a population with equal proportions of offspring that
were non-transgenic or hemizygous transgenic. This construct
is known to induce extraordinary growth in this population of
trout [10], but approximately seven and eight weeks after first
feeding—our trout were tested only five weeks post first feeding.
Genotypes were verified using a transgene-specific polymerase
chain reaction assay [12]. These fish are henceforth called wild-
type non-transgenic (NT) or GH-transgenic (T). Trout from a
single genetic family (family A) maximized our ability to identify
transgene effects, thus minimizing background genetic influences.
Although we have not determined the structure of this transgene,
we do know that it is located at a single genomic site based on
Mendelian segregation (50 : 50).

In a study reported elsewhere [7], fry from family A were
exposed to a 25 day stream mesocosm predation experiment. At
the end of this experiment, the T- and NT-survivors from repli-
cated predator and predator-free stream segments were assessed
for burst-swimming capacity using an open-flume raceway.
Similarly, T- and NT-siblings of these trout were reared simul-
taneously in controlled hatchery tanks, without predators and
with food provided ad libitum. Burst capacity of these hatchery
fish was also assessed. Additionally, a second family of trout
(family B, all-NT) were also swum. Family B trout were subjected
to a parallel experimental mesocosm treatment, simultaneously, as
for those in family A, but rather than a 50T : 50NT ratio all fish were
NT. Table 1 provides details about all of the fish used in our swim
trials. The main analysis is of the genotype and predation effects on
family A in the mesocosm. Family A’s hatchery-reared siblings
and mesocosm-reared NT-fish from family B are both used as
points of reference against which genotype and treatment effects
can be interpreted in family A.

The swimming area of the flume measured 100 x 17 x 4 cm
[9]. Mesh grates were placed at the front and rear to keep fish
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Figure 1. Boxplots showing the burst-swimming performance of GH-transgenic (T) and non-transgenic (NT) rainbow trout siblings, reared in different environments
and predation regimes. Differing letters indicate statistically significant contrasts within family A, which is the focal group in which gene-by-predation interactions
were examined (see Results). Burst results from a second family of all-NT-fish are also presented for comparison, as are results from hatchery-reared fish from both

families.

within the flume. Two honeycomb flow-straighteners were used to
ensure laminar flow. Unfiltered water was supplied from a wild
stream, which was partially diverted into the facility (12-19
September 2010). Water velocity during trials was maintained at
67 cm's~ ! [9]. Each swim trial was recorded with a wide-angle
video camera.

For each swim trial, fish were haphazardly selected from
either the family A mesocosm, the family B mesocosm (all-NT)
or the hatchery (families A and B). Individuals were placed at
a starting position 30 cm downstream from the flume’s front.
After a 30 min acclimation period, in which the fish held posi-
tion against a moderate current of 15cms ', the current was
increased to 67 cms ' to induce burst-swimming. We timed
burst duration until the fish fatigued. Fatigue was defined as
reduced swimming speed and fallback to the most downstream
end of the flume. Individuals were tested once. They were then
anaesthetized, weighed (40.01 g), measured (nearest millimetre)
and fin-clipped for molecular genotyping (PCR [7]).

A linear mixed model (Ime4 package, R Project) was used
to compare the burst capacity in the core group of fish from
family A, where genotype, treatment and stream segment were
fixed-effects, body length a covariate and tank nested within
treatment a random effect. Linear regression was used to show
the relationship between fish length and burst capacity.

3. Results

A total of 114 trout were assessed for burst capacity (table 1).
In family A, there was a significant genotype effect, such that
burst duration was higher in the T mesocosm-reared fish rela-
tive to their NT-siblings, irrespective of predator treatment
and after controlling for variation in body length (figure 1;
n =176, genotype t,= —2131, p=0.0317, treatment t;=
0.182, p=0.979, genotype x treatment t;= —0.761, p=
0.449, length fq =5.273, p < 0.001). Burst capacities of the
all-NT family B fish, and fish from both families reared in
the hatchery, are presented as points of reference (i.e. relative
controls) to aid the interpretation of the genotype effect in
family A (figure 1).

Although there was no length difference between T and
NT-fish (ANOVA by genotype, rearing environment and
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Figure 2. Relationship between body length and burst-swimming capacity in
GH-transgenic (T) and non-transgenic (NT) rainbow trout, reared in different
environments and predation regimes.

family: n=114; F =2.129, p = 0.082), there were significant
positive relationships between individual length and burst
capacity (figure 2).

4. Discussion

The ability of young fishes to invoke anaerobic metabolism and
fast predator-avoidance behaviours is important to fitness. Our
results show that despite the higher susceptibility of GH-
transgenic trout [7] and other salmonids [3-5] to predation,
predation can nevertheless allow some dominant phenotypes
to emerge, via enhanced burst-swimming capacities. This is
illustrated in figure 1, in which the transgenic trout from
family A show greater burst capacity compared to their NT-
siblings, irrespective of predator treatment. Importantly, these
differences emerged at a developmental stage before a signi-
ficant growth effect could be detected between T- and
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NT-salmonids. This suggests two things. Firstly, in the absence
of predation, food limitation itself seems to have deleterious
effects on the survival of T-fish (table 1), presumably because
T-fish cannot satisfy the basic metabolic demands of transgen-
esis. However, in this case, the survivors may have benefited
from GH-metabolic priming, which enhanced swimming abil-
ity to increase the likelihood of prey-capture in a naturally
oligotrophic environment. Coupled with their greater food-
conversion efficiencies and motivation to acquire food
resources [11], this would explain how some T-trout persisted
when most were dying. Secondly, under predation pressure,
T-fish also suffered high mortality (table 1), from exposure via
risky foraging behaviours, but here too, survivors had greater
burst capacities. In this context, predation was probably the
selecting agent, although it is possible that metabolic priming
could have contributed to this. The NT-fish from both treat-
ments had lower burst capacities, as predation and
metabolically driven mortality was differentially directed
towards their T-siblings living alongside them, and so there
was less selection for burst capacity in the NT-fish. By contrast,
results from the all-NT family B show that burst capacity was
enhanced to a level similar to the T-fish in family A (figure 1).
Here, predation appears to have been the stronger selective
agent, as GH-metabolic priming would not have occurred in
the NT-fish. Collectively, our results suggest that both preda-
tion and metabolic priming can affect the swimming
performance of rainbow trout, in a context-dependent manner.

Finally, our results also show very clearly how rearing
environment influences swimming phenotype, as all fish
reared in the static hatchery environment, free from preda-
tion and with abundant food, had much lower capacity for
burst-swimming (figure 1).

Our results have important implications for ecological
risk assessment. Although other studies have found reduced
swimming capabilities in juvenile T-fishes [13], as well as
reduced survival in complex stream environments, this
does not mean that the ecological impacts of transgenic
fishes born in nature are negligible as individuals would be
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