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Abstract Fluorescent protein (FP) transgenesis is used
in the ornamental aquarium trade to produce new colour
morphs in tropical fish. Understanding whether such
genetic modification could alter ability to survive tem-
perate waters, or interactions with native fish, should
such fish be released to natural systems is critical in
developing policy on their commercial use. We exam-
ined the competitive foraging ability and cold tolerance
of unrelated pet-trade sourced adult green FP transgenic
tetra and non-transgenic white tetra (Gymnocorymbus
ternetzi), as well as white non-transgenic and green FP
transgenic juvenile progeny of these groups. FP
transgenesis did not affect the foraging success or ag-
gressive behaviour in either adult or juvenile fish, indi-
cating FP transgenesis may not influence potential haz-
ards through this pathway. During a cold temperature
tolerance trial, adult green tetras had greatly diminished
cold tolerance relative to unrelated adult white fish,
while sibling juvenile offspring of these groups had
intermediate cold tolerance between adult fish groups
that were not affected by FP transgenesis. This data
suggests background genetics, rearing history and/or life
stage may play larger roles in cold tolerance than FP
transgenesis in this species. Unexpectedly, both adult

and juvenile white tetras were 3.8 times more likely to
take refuge in shelters when temperature declined than
green tetras. These data indicate FP transgenic fish may
pose equal or lesser risk than non-transgenic fish, should
they be released to natural environments. Results also
demonstrate that unrelated pet-trade sourced fish may
not always be appropriate models for examining effects
of FP transgenesis.
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Introduction

Genetically modified tropical fish with fluorescent protein
(FP) transgenes are used to produce unique colours for the
ornamental pet-trade. Such fish are available in various
species and colours in some countries (e.g. Taiwan, USA,
and Canada). In Canada, commercial use of genetically
modified fish is regulated under the Canadian Environ-
mental Protection Act (CEPA) New Substances Notifica-
tion Regulations (Organisms) [NSNR(O)]. Environmental
risk assessments conducted to guide regulatory decisions
on commercial use of genetically modified tetras
(Gymnocorymbus ternetzi Boulenger, 1895) under CEPA
noted there was limited data on the effects of FP
transgenesis on behaviour and/or physiology in tropical
fish (DFO 2018, 2019). This resulted in uncertainty in
conclusions on potential for the geneticallymodified tetras
to pose hazards to the environment should the fish be
released to natural water systems (DFO 2018, 2019).
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When conducting risk assessments associated with
use of transgenic fish, effects of both the intended phe-
notype (e.g. fluorescent colouration) and any off-target
effects must be considered. For some genetic modifica-
tions, off-target effects can be strong and greatly influ-
ence potential for the genetically modified organism to
pose risk to natural environments (e.g. growth hormone
transgenic salmonids can have greatly altered appetite
and competitive behaviour, with potential for negative
consequences to wild populations, Devlin et al. 2004;
Devlin et al. 2015). In contrast, FP transgenesis is con-
sidered a “neutral” marker, where the only phenotypic
effect expected is targeted fluorescent colouration (see
Stewart 2006). However, when examined, there have
been some behavioural and physiological effects of FP
transgenesis in fish (see below). There have been off-
target reports in other models as well. For example,
enhanced green FP (eGFP) transgenesis altered meta-
bolic pathways in mice (Li et al. 2013), and there are
some reports of eGFP altering gene expression in cell
lines (Badrian and Bogoyevitch 2007; Baens et al. 2006;
Coumans et al. 2014; Mak et al. 2007).

The effect of FP transgenesis on behaviour in fish has
been primarily restricted to effects of a red FP (RFP) in
zebrafish (Danio rerio), and reported effects are often
conflicting. Howard et al. (2015) reported non-
transgenic male zebrafish were aggressively superior
to related RFP transgenic zebrafish and sired more
young. In another study, related RFP and non-
transgenic zebrafish females were reported to prefer to
associate with RFP relative to non-transgenic males in
mating but not shoaling contests, although this did not
influence mating success in this study (Owen et al.
2012). In contrast, Snekser et al. (2006) reported non-
transgenic zebrafish did not have a preference for asso-
ciating with non-transgenic or unrelated RFP fish in a
shoaling or mating context. In terms of trophic interac-
tions, RFP zebrafish were reported to be more preyed
upon (Hill et al. 2011), less preyed upon (Jha 2010), and
equally preyed upon (Cortemeglia and Beitinger 2006b)
than unrelated non-transgenic zebrafish. The different
results among these experiments may be due to differ-
ences in rearing history or genetic backgrounds of the
unrelated strains and/or experimental design (e.g. type
of predator and environmental complexity). There have
been no studies on effects of FP transgenesis on ability
to compete for food in tropical fish. Fluorescent protein
transgenesis could theoretically alter foraging if produc-
tion of FP places increased metabolic demand in fish or

if presence of FP, particularly in the sense organs (e.g.
vision), interferes with foraging ability.

The most examined off-target effect of FP
transgenesis in fish is its effect on cold tolerance as this
is a critical factor in determining the potential for a
tropical fish to establish and spread as an exotic in
temperate climates. RFP transgenic zebrafish have been
reported to be less tolerant of extreme temperatures than
unrelated non-transgenic zebrafish (Cortemeglia and
Beitinger 2005, 2006a), while only one of three research
lines of eGFP zebrafish had diminished cold tolerance
than the progenitor non-transgenic strain when all were
reared in equal conditions (Leggatt et al. 2018a). Of the
six commercially available colours of FP transgenic
tetras, GloFish LLC (WI, USA) reported five of the
six lines had significantly diminished cold tolerance
relative to non-transgenic sibling fish (see DFO 2018,
2019). Available studies do indicate that diminished
cold tolerance is a common, but not universal, off-
target effect of FP transgenesis in tropical fish, although
the effect of background genetics and rearing history is
unknown in several studies.

The current study examines whether FP transgenesis
affects competitive behaviour and cold tolerance in the
tetra (G. ternetzi), in a line currently approved for com-
mercial use in the USA and Canada due to its lack or
limited potential to survive in temperate climates (see
DFO 2018; USFWS 2017). The study also examines
whether similar conclusions would be drawn if unrelat-
ed genetically modified and non-transgenic fish sourced
from the pet-trade were used compared to offspring of
these fish (i.e. would background genetics and/or rear-
ing history effect the results of the experiment). This will
help guide future studies and risk assessments of FP
transgenic tropical fish as different species and lines
enter the market.

Materials and methods

Fish

All experiments were conducted under approval of the
Pacific Region Animal Care Committee (AUP18-014)
following guidelines established by the Canadian Coun-
cil on Animal Care (Ottawa, ON, Canada). Young adult
GloFish® Electric Green® Tetras (GloFish LLC, here-
after called green tetras) and white tetras (both colour
variants of the black tetra G. ternetzi, either genetically
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modified or from selective breeding of a naturally oc-
curring phenotype, respectively) were obtained from a
local aquarium distributor (Surrey, British Columbia,
Canada). Fish were reared in 76 L static aquaria with
waterfall-type filters maintained at approximately 27 °C
and enriched with gravel, 4 inch PVC pipe shelters, and
plastic plants. Fish were fed a mix of tropical fish flakes
and frozen bloodworms two times per day. After 3
months acclimation, when fish were confirmed to have
breeding activity and eggs were found in the gravel, fish
were bred in small groups (one green female and two
white males in 1 L tank) and in large groups (ten green
and ten white fish of mixed sex in 37 L tank) in static
breeding tanks with false floors to prevent adults eating
fertilized eggs. Both methods were used as there was
limited success with small groups. Embryos and early
juveniles were reared in aerated static tanks containing
E 2 E m b r y o M e d i a ( h t t p : / / z e b r a f i s h .
org/documents/protocols.php) in a 27 °C incubator
until large enough to be reared in filtered, heated
aquaria as per adults above. Juveniles were fed a mix
of newly hatched decapsulated brine shrimp, GEMMA
Micro (Skretting, NB, Canada), and Nutrafin Max Baby
(Hagen Inc., QC, Canada) and, when large enough,
frozen calanus shrimp, frozen bloodworms, and
crushed tropical fish flakes. Juvenile offspring of small
crosses produced approximately 50 or 100% green
offspring, indicating green adults were a mix of fish
hemizygous or homozygous for the FP transgene.

Competition trials

For competition trials, pairs of approximately size-
matched fish (one green one white) were placed in static
aerated 3 L (adults) or 2 L (juvenile) Plexiglas tanks
containing a heater, gravel, and plastic plant for refuge.
Pairs of fish were placed in the tanks and allowed to
acclimate for approximately 32 h with feeding. To initi-
ate the trial, fish were fed a single bloodworm, and
which fish ate the bloodworm was recorded. Individual
bloodworms were added continuously in this manner
until either four had been added in a row with no fish
eating them or 20 worms were added, which ever came
first. Behaviour of juveniles was video recorded before,
during, and after feeding, and number of chases 5 min
pre-feed, during feed, and for 5 min post-feed counted
and averaged. Fish were then lightly anaesthetized with
buffered 50 mg/L tricaine methanesulfonate (Syndel
Canada, BC, Canada), and mass and fork length were

recorded. Adult competition trials took place after 5
months rearing in equal conditions, and juvenile com-
petition trials took place 7 months post-fertilization. In
total, 23 pairs of adults and 18 pairs of juveniles were
used in the competition trials.

Cold tolerance trial

For the cold tolerance trial, two 76 L tanks were set up as
described for adults above, and 10 white adult, 10 green
adult, 10 white juvenile, and 10 green juvenile tetras
were added to each tank. Remaining adult and juvenile
fish were reared together in a 37 L tank for controls. Fish
were reared at approximately 20 °C for 2months prior to
start of the trial. Cold tolerance trials were conducted as
per Leggatt (2019). In brief, the two experimental tanks
were connected to in-line chillers, and temperature was
dropped rapidly by 1 °C at approximately 0820 each day
and maintained at this temperature (± 0.5 °C) for 24 h.
Fish were monitored two times a day for activity level,
feeding behaviour, and ability to maintain equilibrium
until fish stopped eating and then monitored four times
per day. Once fish started losing equilibrium, fish were
monitored a minimum of every 15 min during the day.
When temperature was dropped to 11 °C, it was noted
that a number of fish were taking refuge in the 4 inch
pipes. The proportion of each group of fish (adult/juve-
nile, white/green) was recorded approximately every
30 min between 11 °C and 10 °C until large numbers
of fish losing equilibrium prevented further measure-
ments. When a fish lost equilibrium, it was removed and
time and temperature were recorded. Adult fish were
euthanized by 200 mg/L buffe red t r ica ine
methanesulfonate at current tank temperature, and fish
mass and fork length were recorded. Fork length of
juvenile fish was recorded while fish were in a net in
the experimental tank, then juvenile fish were moved to
a recovery tank held a few degrees above the tempera-
ture they lost equilibrium at. Temperature in these tanks
was slowly increased over the day, and then fish were
moved to a 20 °C holding tank. The cold tolerance trial
took place after adult groups had been reared in equal
conditions for 9 months and 5 months post fertilization
for juvenile groups.

Statistical analyses

All statistical analyses were performed using R (R Core
Team 2018) or SigmaPlot (Systat Software Inc., IL,
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USA). Survival (loss of equilibrium) data were analysed
via Log Rank analysis, and all other data were analysed
by Anova and/or linear regression. Proportional data
were logit transformed prior to analysis, and if normality
failed, data were analysed via Kruskal-Wallis Anova on
Ranks. In the cold tolerance trial, temperature at which
50% of individuals lost equilibrium (LD50) for each
group was calculated using the dose.p function in the
MASS package (Venables and Ripley 2002) in R. All
data are given as mean ± standard error of the mean, and
differences were considered significant if p < 0.05.

Results

Mass, length, and condition factor (CF = mass ÷
length3 × 100) of fish used in the competition and cold
tolerance trials are shown in Tables 1 and 2, respectively.
There were no significant differences in size or CF
among colour genotypes within age group for either
trial.

Competition trials

Of the 23 pairs of adults used in the competition trial,
nine pairs did not eat and were excluded from the
analysis. Of the remaining 14 pairs, green adult fish
appeared to be slightly more successful than white fish
in capturing individual worms in competition (see Fig.
1A), but overall green and white adults did not

significantly differ in the percent of offered worms eaten
under competition (Table 1). Neither mass nor length
was a significant covariate in proportion of worms eaten
in the adult trial (p = 0.214 F24,25 = 1.63, and p = 0.179
F24,25 = 1.92, respectively).

Of the 18 pairs of juveniles used in the competition
trial, one pair did not eat and was excluded from the
analysis. Of the remaining 17 juvenile pairs, there was
no clear pattern in genotype success in capturing indi-
vidual worms in competition (see Fig. 1B) and no
significant difference in proportion of worms eaten by
white versus green fish (Table 1). Fish mass was not a
significant covariate (p = 0.426, F30,31 = 0.651) but
length was (p = 0.024, F30,31 = 5.68), although the two
groups did not significantly differ in length overall
(Table 1). Linear regression analysis showed a signifi-
cant positive correlation between proportion of worms
eaten and length for white fish (logit(proportion eaten) =
3.568 × length − 11.08, p = 0.002, F1,15 = 12.46; R2 =
0.454), but a negative correlation for green fish that was
not statistically significantly different from zero
(logit(proportion eaten) = − 0.494 × length + 1.03, p =
0.593, F1,15 = 0.130; R2 = 0.009). There was no differ-
ence in the proportion of chases performed by either
white or green fish (Table 1). Neither mass (p = 0.721,
F30,31 = 01301) nor length (p = 0.350, F30,31 = 0.901)
was a significant covariate in proportion of chases per-
formed. When the proportion of worms was plotted
against the proportion of chases performed, there was
a weak but significant positive relationship for green

Table 1 Mass (g), fork length (cm), condition factor (CF), percent
of offered worms eaten (%), and percent of chases performed (%)
for unrelated adult (n = 14) and sibling juvenile (n = 17) green and
white tetras (Gymnocorymbus ternetzi) used in foraging

competition trials (separate trials for adult and juvenile fish). Data
are given as mean ± standard error of the mean. Proportions were
logit transformed prior to analysis, and differences were consid-
ered significant if p < 0.05

Adult Juvenile

Green White P (F) Green White P (F)

Mass 1.53 ± 0.10 1.69 ± 0.11 0.281
(F1,26 = 1.21)

0.53 ± 0.03 0.52 ± 0.04 0.937
(F1,32 = 0.01)

Length 3.98 ± 0.08 4.05 ± 0.07 0.502
(F1,26 = 0.46)

3.03 ± 0.07 2.96 ± 0.07 0.507
(F1,32 = 0.45)

CF 2.41 ± 0.08 2.51 ± 0.07 0.331
(F1,26 = 0.98)

1.87 ± 0.08 1.95 ± 0.08 0.479
(F1,32 = 0.51)

Percent eaten 39.0 ± 8.4 29.8 ± 5.9 0.380
(F1,26 = 0.80)

40.2 ± 8.1 38.5 ± 7.9 0.957
(F1,32 = 0.03)

Percent chases na na na 50.1 ± 9.0 44.0 ± 9.0 0.636
(F1,32 = 0.23)
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juveniles (proportion eaten = 0.504 × proportion chase +
0.150, p = 0.017, F1,15 = 7.14, R2 = 0.284), but not for
white fish (p = 0.388, F1,15 = 0.790, R2 = 0.275).

Cold tolerance trial

There were no significant differences between experi-
mental tank replicates for the cold trial in any variable
measured, and patterns of survival among fish groups

were similar between tank replicates (see Supplemental
Fig. 1 for temperature and survival curves for two
experimental tanks). Consequently data from the two
experimental tanks was combined.

There was a significant difference among fish groups
for loss of equilibrium rate and LD50 (p < 0.001 for both
measures, see Fig. 2, Table 2), where fish lost equilibri-
um with decreasing temperature in order of adult green
> juvenile green = juvenile white > adult white. When

Table 2 Mass (g), fork length (cm), condition factor (CF), and
temperature (°C) at which 50% of fish lost equilibrium (LD50), for
unrelated adult and sibling juvenile green and white tetras
(Gymnocorymbus ternetzi) during a cold temperature tolerance

trial. Data are given as mean ± standard error of the mean.
Significant differences among fish groups are indicated by letters
(a, b, p < 0.05), n = 20 fish per age/colour

Adult Juvenile

Green White Green White P (F)

Mass 1.64 ± 0.10 1.96 ± 0.14 na na 0.073
F3,76 = 142.3

Length 4.18 ± 0.06a 4.33 ± 0.10a 2.32 ± 0.08b 2.34 ± 0.06b <0.001
F3,76 = 206.5

CF 2.20 ± 0.08 2.36 ± 0.07 na na 0.137
F1,38 = 2.30

LD50 9.88 ± 0.11a 7.95 ± 0.06b 9.04 ± 0.07c 8.95 ± 0.07c <0.001
F3,76 = 102.9

Fig. 1 Number of worms eaten
by green (grey squares) or white
(white circles) unrelated adult (a,
n = 14) and sibling juvenile (b, n =
17) tetras (Gymnocorymbus
ternetzi) in paired competition
trials. Paired green and white fish
were offered individual blood
worms one at a time until either
four worms were added
consecutively without being eaten
or 20 worms were offered,
whichever came first
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temperature at which each fish group lost equilibrium
was plotted as a function of fish size, the only significant
but weak negative correlations were for length in juve-
nile green fish (temperature = − 1.378 × length +
12.264, p = 0.023, F1,18 = 6.705, R2 = 0.256) and CF
in adult green fish (temperature = − 2.147 × CF +
14.554, p = 0.032, F1,18 = 5.43, R2 = 0.232). No differ-
ences were observed in feeding and activity level be-
tween colour genotypes, but adult fish decreased and
stopped eating at higher temperatures than juvenile fish
(see Fig. 2). The proportion of white fish that sought
refuge in 4 inch PVC tubes from 11 to 10 °C was on
average 3.8-fold greater than proportion of green fish
that sought refuge (p < 0.001, F1,56 = 80.8, see Fig. 3),
and proportion of fish in tubes was not affected by age (p
= 0.761, F1,56 = 0.093).

Adult and juvenile fish in the control tank had normal
activity and feeding level throughout the trial, did not
experience loss of equilibrium, and did not take refuge
inside pipe shelters.

Discussion

This is the first known study to examine the effect of FP
transgenesis on competitive foraging success and behav-
iour. There was no significant effect of FP transgenesis on
competitive success nor on recorded aggressive behaviour
in green and white tetras (G. ternetzi). In white juvenile
tetras only, there was a significant correlation between fish
length and competitive success, while in green juvenile
tetras only, aggressive behaviour was positively correlated
with competitive success; suggesting factors influencing
success may differ between genotypes and/or age but

without an overall effect on competitive success. This
study suggests that under the given context, FP transgenic
tetras do not differ in their potential to pose hazards
through foraging competition relative to non-transgenic
white tetras. Equal conclusions were drawn if unrelated
adult tetras with unknown rearing history were compared
or if sibling juvenile fish with equal rearing history were
compared.

Fig. 2 Survival (percent without loss of equilibrium) during grad-
ual cold temperature exposure for green or white tetra
(Gymnocorymbus ternetzi) in two different age groups: unrelated
adult fish and sibling juvenile fish. Temperature was decreased

rapidly by 1 °C daily. Letters (x,y,z) indicated statistically signif-
icant differences in survival curves among groups (p < 0.05).
Arrows indicate at what temperature altered behaviour was ob-
served in fish groups. n = 20 per colour/age group of fish

Fig. 3 Proportion of unrelated adult and sibling juvenile white
and green tetra fish groups (Gymnocorymbus ternetzi) that took
refuge in 4 inch PVC pipe shelters from 11 °C to 10 °C during a
cold temperature tolerance trial. Data are given as mean ± standard
error of the mean. Significant differences among fish groups are
indicated by letters (x, y, p < 0.001), n = 20 fish per age/colour
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In contrast, the cold tolerance trial revealed very differ-
ent results if unrelated adult fish (large effect of FP
transgenesis) or sibling juvenile fish (no effect of FP
transgenesis) were compared. For adult fish, green tetras
lost equilibrium on average almost 2 °Cwarmer thanwhite
tetras, demonstrating diminished cold tolerance for FP fish
previously reported in sibling fish for this FP transgenic
line (see Leggatt et al. 2018b), four of five other FP
transgenic tetra lines (see DFO 2019), RFP zebrafish com-
pared to unrelated non-transgenic fish (Cortemeglia and
Beitinger 2005, 2006a), and one of three eGFP research
lines of zebrafish relative to non-transgenic progenitor
strain (Leggatt et al. 2018a). The current study of adult
fish represents the largest difference in cold tolerance
reported between FP transgenic and non-transgenic fish,
with other studies reporting differences between 0.17 and 1
°C between groups, including a difference of only 0.17 °C
difference reported previously in this line of FP transgenic
tetra (see Leggatt et al. 2018b). In contrast, green andwhite
juvenile tetras did not significantly differ in cold tolerance,
and difference in LD50 between the two juvenile groups
was less than 0.1 °C.

There are numerous potential causes for the different
results obtained from the two groups of fish. In other
models, life stage or body size (Charo-Karisa et al. 2005;
Truebano et al. 2018), rearing history (Schaefer and Ryan
2006; Travis et al. 1999), adaptation (Barrett et al. 2011),
and genetic or population differences (Saillant et al. 2008;
Tuckett et al. 2016) have all been reported to influence
variation in a species thermotolerance. The origin of the
two groups of adult white and green tetras relative to one
another is not known; consequently the early rearing his-
tory and age of the two groups is not known. Whether age
or early rearing influenced the relative cold tolerance of the
fish cannot be determined. However, the two groups of
fish were reared together for 9 months prior to the cold
tolerance trial, which would in theory minimize effects of
environmental history on cold tolerance. Juvenile offspring
of the adult green and white tetras had intermediate cold
tolerance relative to their parent strains, regardless of ge-
notype, suggesting additive heritable cold tolerance traits
were present in the two adult populations, although the
potential for interacting effects of developmental stage and
rearing history to account for differences cannot be exclud-
ed. The intermediate cold tolerance of juvenile offspring,
and lack of effect of the FP transgene in this group,
suggests background genetic effects or early rearing con-
ditions may have had a greater influence on cold tolerance
than the presence of the green FP transgene. Poor cold

tolerance of the pet-trade sourced green transgenic tetra is
consistent with Howard et al. (2015), who reported that
fitness traits in pet-trade sourced RFP transgenic zebrafish
were low relative to non-transgenic pet-trade sourced
zebrafish, and the authors postulated this may be due to
inbreeding depression in the former. The lack of FP trans-
genic effect on cold tolerance in sibling juvenile fish in the
current study differed from diminished cold tolerance in
FP fish from this line previously reported by GloFish LLC
(see Leggatt et al. 2018b), potentially due to differences in
experimental design (speed of temperature decline, sample
size, rearing history, e.g. Schaefer and Ryan 2006) and/or
differences in genetic background from different popula-
tions of white tetras use as well as genetic drift in the green
tetra line (e.g. Howard et al. 2015; Tuckett et al. 2016).

Surprisingly, the high LT50 of the green adult fish
(9.88 °C) was much more similar to the LT50 formally
reported for white tetra (9.81 °C, Leggatt et al. 2018a)
than the LT50 for the white tetra in the current study
(7.95 °C), despite similar experimental design between
the two studies (i.e. decreasing temperature by 1 °C per
day, starting at 20 °C). One potential cause for this could
be differences in how temperature was decreased daily
between the two temperatures (i.e. slow decrease in
Leggatt et al. 2018a, rapid decrease in the current
study). Tuckett et al. (2016) also reported strong differ-
ences thermotolerance in different populations of pet-
trade sourced swordtails (Xiphophorus hellerii), and the
current study supports the suggestion by Tuckett et al.
that use of a single population would be inadequate to
characterize cold tolerance of a species, particularly in
terms of its potential to become established.

One unexpected observation was that white tetras were
much more likely than green tetras to take refuge in pipe
shelters during low temperature, in both adult and juvenile
groups. These shelters may have had lower water current
than in themain area of the aquaria andmay have provided
metabolic rest areas for the fish by minimizing swimming
effort.While use of shelters did not result in improved cold
tolerance in the juvenile fish, it could result in decreased
potential for white fish to be preyed upon relative to green
fish in natural temperate water bodies.

Conclusions

This current study indicates FP transgenic fish may pose
equal or lesser risk than non-transgenic fish, should they be
released to natural environments. While behaviour
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comparisons in both the competition and cold tolerance
trials were similar if unrelated adult or sibling juvenile fish
were used, very different conclusions weremade in terms of
effects of FP transgenesis on cold tolerance when adult or
juvenile fish were compared. This demonstrates that unre-
lated pet-trade sourced fish may not always be appropriate
models for examining effects of FP transgenesis. The results
from the cold tolerance study indicate that diminished cold
tolerance is not necessarily a universal off-target effect of FP
transgenesis in tropical fish and population-level differences
may have more effect on cold tolerance variation than FP
transgenesis. This confirms the need to usemultiple relevant
populations to gain an accurate estimate of cold tolerance in
different species for use in risk assessment (Tuckett et al.
2016), which would be particularly important in species
whose cold tolerance may be close to the minimum tem-
peratures of natural systems with potential for exposure to
the organisms. Similar competitive ability of FP tetras and
decreased potential to take shelter during extreme tempera-
ture exposure relative to non-transgenic tetras, combined
with previously confirmed lack of overwintering potential
in Canada and most of the USA for this species (Leggatt
et al. 2018a; USFWS 2017), strengthen evidence that FP
transgenesis will not result in greater risks to temperate
environments than the non-transgenic species, should they
be released to natural systems.
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