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would not only help regulators but also address fears about this technology

William M. Muir

in human life in the last millennium, it

may well have been the green revolu-
tion of the twentieth century. The massive
use of fertilizers, pesticides and improved
seeds and livestock brought an enormous
increase in agricultural production, more
than enough to feed the population in the
developed regions of the world such as
Europe and North America. For the peo-
ple on these continents, famine and
hunger almost ceased to exist, thanks to
the application of science and technology
to food production. But all of these devel-
opments have benefited only agriculture.
Fish, an important protein source for the
majority of people on the planet, is still
primarily gathered from the wild, with
serious consequences. Heavy investments
into fishing fleets and technology, and
ever-increasing yields, put the ocean’s
fisheries under increasing stress. Many
fishing grounds are already overfished to
the point that their future viability is
threatened. Fish consumption increased
by 31% from 1990 to 1997 but the supply
from marine fisheries grew by only 9%
(FAO, 1999). And the unfettered growth of
the human population will put them
under even more stress.

I f there ever was a major improvement

Meeting the increasing demand
for fish while protecting marine
fish supplies can only be
achieved by applying the
experience from the agricultural
revolution to increase the
contribution of aquaculture

654 EMBO reports VOL 5| NO 7 | 2004

viewpoint
The threats and benefits of GM fish

A generally accepted model for assessing the environmental risk of GM organisms

Meeting the increasing demand for fish
while protecting marine fish supplies can
only be achieved by applying experience
from the agricultural revolution to
increase the contribution of aquaculture
(Tidwell & Allan, 2001). In fact, world-
wide production of farmed fish is now at
about 30% of global fish production and
is expected to reach 50% in 2030 (FAO,
2000), but the expansion of aquaculture
has met with growing resistance due to
environmental concerns. And although
there is much room for improvement
(Tidwell & Allan, 2001), it will not
be enough.

Genetically modified (GM) fish have con-
siderable potential to further increase the
yield of fish farms but have prompted seri-
ous concerns both in Europe and in the
USA about the possible environmental
impact on wild species. To overcome these
concerns and address public resistance to
biotechnology, it is therefore important to
develop a sound, reliable and widely
accepted method of estimating the poten-
tial for harm caused by GM fish escaping
into the wild. We have developed such a
method, based on population genetics,
that investigates the effects of the trans-
gene itself on wild populations. Although
it has its limitations—as any mathematical
model of nature has—it could provide reg-
ulators with a tool to assess such risk and
make recommendations to improve and
control the use of GM fish in aquaculture.

=

Companies and public research
institutions have developed vari-
ous transgenic fish, but none of
them have been approved for aqua-
culture. The fish that has been mainly
caught in the nets of criticism is an
Atlantic salmon with a growth hormone
gene from Chinook salmon. According to
Aqua  Bounty  Technologies, Inc.
(Waltham, MA, USA)—its developer and
producer—it grows 4-6 times faster as a
juvenile than wild-type salmon. By trans-
ferring a growth hormone gene from one
carp species to another, Zuoyan Zhu of
the Hydrobiology Institute of the
Academia Sinica in Wuhan, China, has
also created a fast-growing yellow river
carp. Researchers in Cuba and the UK
have engineered tilapia to grow and put
on weight up to 300% faster (Rahman et
al, 1998). Perhaps the most extraordinary
example of the power of this approach
was demonstrated with a mud loach
developed in Korea that grows up to 35-
fold faster than normal (Nam et al, 2001).
Other genetic modifications, made in var-
ious fish species, provide better resistance
to bacterial diseases or make the fish
more tolerant to cold temperatures.
Improving nutrient use is another impor-
tant area of research. In addition, GM fish
are being developed for biocontrol of
invasive species. One way to target a spe-
cific species is to engineer a ‘Trojan horse’
gene into GM fish and release them, so
the transgene will find its way into and
affect the invading population. Research
to control introduced carp, which have
become a major problem in Australian
rivers and lakes, is now close to being
implemented (Nowak, 2002).
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The only transgenic fish that is
commercially available today is
not designed to be eaten. A
zebrafish that glows when illumi-
nated is now available for aquari-
um owners under the brand
name GloFishO. As it is not
meant for human consumption
but for aquariums, the US Food
and Drug Administration saw no
need to regulate it and allowed
Yorktown Technologies LP
(Austin, TX, USA), the licensee
for GloFish, to market and sell it.

In addition to commercial GM
fish, transgenic fish are widely
developed and used in many lab-
oratories all over the world as
models for understanding the
mechanisms of growth and
development, and disease resis-
tance, or for studying human dis-
eases. GloFish originally started its career
at the National University of Singapore as
a living indicator for environmental pollu-
tion.

roponents of GM fish point to the
Pglobal problem of overfishing and

depletion of fisheries when arguing
for the use of any such GM fish in aqua-
culture. The Food and Agriculture
Organization (FAO) of the United Nations
estimates that worldwide demand for food
fish will increase to 110 million tons in
2010 (FAO, 1999), mainly because of the
growing populations in Asia, Africa and
South America. Most of this fish will have
to come from aquaculture.

More intense aquaculture, however,
can create environmental problems of its
own, mainly through runoff wastes and
population concentrations, which can be
hotbeds for the development of viral dis-
eases and parasites, such as sea lice, and
may also threaten wild fish. To partially
address problems of waste runoff, cold-
extrusion floating feeds have been devel-
oped. These feeds neither break apart
before they can be consumed, nor do they
sink straight to the bottom. They now
dominate the market, combined with
computer-and-video-linked feeding sys-
tems to monitor feed intake in the water
and shut off the feeding system when pel-
lets begin to drop below the water level at
which the fish are feeding. In addition,
most jurisdictions require 1-2 dives a
year, during which regulators monitor the
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Fig 1 | Effect of growth hormone in domestic and wild
salmonids. Pairs of transgenic and non-transgenic rainbow
trout produced from wild and domesticated strains reared at
8 °C. Reprinted with permission from Devlin et al, 2001
© (2001) Nature Publishing Group www.nature.com.

benthos and, if sludge is building up, also
require adaptive management. Similarly,
antibiotic use has largely been replaced
by vaccines; during the 1990s, antibiotic
use in Norwegian aquaculture dropped
by 98% (J. McGonigle, Aqua Bounty
Technologies, Waltham, MA, USA, per-
sonal communication).

But GM fish, proponents argue, could
further ease some of these problems by
providing better disease resistance, faster
growth and improved food use. Clearly,
some modifications aim mainly at
increasing the economics of fish farms.
Using faster growing fish allows facilities
to produce more fish per year with less
cost (Fig 1). Similarly, cold tolerance
would allow farmers to expand aquacul-
ture into colder and less populated areas,
such as northern Canada or northern
Norway, but would not necessarily
improve the environmental impact of
aquaculture. Other transgenes are more
promising in that respect. Disease resis-
tance would allow farmers to cut down
further on antibiotics, insecticides or
fungicides. Improved nutrient use would
lower the impact of undigested food on
the nearby environment. Furthermore, the
aim of improving nutrient utilization is to
use previously indigestible nutrients, such
as phytic acid as a phosphorous source, to
further reduce pollution while lowering
costs for fish farmers. But no matter which
transgene is used, the main benefit would
still be to the native species—provided we
can keep our farmed fish from escaping—
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as any improvements in aquacul-
ture would take the pressure away
from ocean fisheries.

pponents, even while
acknowledging this argu-
ment, believe that GM

fish nevertheless pose a serious
threat to wildlife. If GM fish
escaped from fish farms, they
could further upset the oceans’
delicate ecology, causing ecologi-
cal disruption or species extinc-
tion. Transgenes that increase
cold-, salt- or heat-tolerance could
allow GM fish to expand into new
territories. GM fish with higher dis-
ease resistance and better use of
nutrients could outcompete wild
relatives and change
predator—prey relationships, and
they could therefore occupy new
ecological niches where wild species
would usually not survive. Finally, by mat-
ing with wild fish, escaped GM fish could
spread the transgene among the wild pop-
ulation, which could cause conflicting
effects on mating success, viability in nat-
ural habitats and other fitness factors
required for the species to survive.

...no matter which transgene

is used, the main benefit

would still be to the native
species—provided we can keep
our farmed fish from
escaping—as any improvements
inaquaculture would take

the pressure away from

ocean fisheries

In this light, I would also like to point
out that the escape of non-transgenic
domesticated fish may cause as great a
harm as the escape of GM fish.
Domesticated fish have been bred and
selected for growth in captivity where
predators are kept out and food is abun-
dant, and have thus lost their ability to
find food and avoid predators in the wild.
If these fish breed with wild fish, their
genes may pollute the wild gene pool and
cause a general decrease in fitness of the
entire population (Lynch & O’Hely, 2001).
In the worst case—and this may have hap-
pened already in some places—the gene
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pool becomes so polluted that the ‘natur-
al’ population depends on commercial
releases to be viable (Naylor et al, 2001).
This is in contrast to well-managed hatch-
eries, which try to avoid any artificial
selection to circumvent this problem.
However, the principal reason for hatch-
ery-based supplementation or restoration
programmes is to mitigate habitat loss,
which mostly resulted from dam building
(and which is why the Bonneville Power
Administration shoulders a big part of the
US$100 million restoration effort in the
Pacific northwest). The second reason was
to offset decades of overfishing and keep
commercial fishers at work by introducing
a surplus of fish.

...GM fish, once escaped into
the open ocean, are obviously
much harder to control and can
spread much faster than GM
plants do on land

Clearly, caution is valid, particularly as
GM fish, once escaped into the open
ocean, are obviously much harder to con-
trol and can spread much faster than GM
plants do on land. Even if GM fish are kept
only in safe pens, it cannot be ruled out
that they might escape due to human error
or natural disasters, such as storms that
have enough power to destroy fish farms.
But this concern may be overstated
because escaped salmon tend to starve
before they learn to seek natural prey
rather than feed pellets. The first step in
assessing whether the potential envi-
ronmental risk of GM fish would out-
rank the possible benefits is

therefore to develop
a reliable and
effective  risk-

assessment methodology.

That is actually easier said than done due
to the manifold factors that determine
whether escaped transgenic animals can
cause harm in the wild.

ichard Howard and | (Muir, 2001,
RZOOZ; Muir & Howard, 2002a,b)
have developed such a method,
termed net-fithess methodology, on the
basis of standard risk assessment method-

ologies and biological modelling. Our
model does not include all factors that
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define risk of harm for any given GM
organism but concentrates on those that
are more accessible to scientific research.
Although we are able to define risk with a
precise mathematical formula (see side-
bar), quantifying the various parts of this
formula is a formidable—or even impossi-
ble—task. Nevertheless, it allows us to
understand the relationships between
individual risk factors. Because risk
results from a chain of events—escape,
followed by spread, followed by harm—
the analogy of a chain suggests that it is
only as strong as its weakest link. It is
therefore not necessary to quantify all
aspects of risks if the probabilities of any
of the links can be shown to be close to
zero. The weakest link therefore defines
the upper limit of risk.

The first link in the formula given
below, the probability of harm if the trans-
gene spreads—sometimes called the ‘so
what’ question—is the most difficult to
determine. Given the near infinite number
of possible interactions within and
between ecosystems, it is clearly not real-
istic to anticipate all possible harm from
exposure. Even the probability of harm
that can be anticipated, such as species
displacement or extinction, cannot be
determined reliably with our current state
of science.

The second link, the probability of
escape, spread and becoming feral, large-
ly depends on the species. The US
National Research Council (NRC, 2002)
therefore considered aquatic organisms
and insects as those with the highest prob-
ability. Fish and insects can escape easily,
especially in  juvenile
form, spread quickly and
both have wild counter-
parts with which to mate.
Thus escaped GM fish could eas-
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ily become feral and, as our waterways
are interconnected, spread is likely. This
link is therefore strong for aquatic organ-
isms.

The last link, the possibility that the
transgene spreads after escape, depends
on the forces of natural selection, which
are universal for all organisms. It is the
easiest to quantify because the ability of a
transgene to spread is based on the rules
of population genetics. This factor there-
fore represents the part of the risk formula
that science can address. Thus, if we con-
centrate our efforts on this link and, where
possible, reduce its probability towards
zero, then the overall risk would
approach zero as well.

redicting the outcome of natural
P selection is a two-step process. First,

it involves estimating the net fitness
components of the altered genotype. In
the second step, these parameters are fed
into a model that predicts changes in gene
frequency and population size. Prout
(1971) first described the relationship
between net fitness components and pop-
ulation predictions. He stressed a general
approach with a small set of components
that encompasses the entire life cycle of
the transgenic organism and can be veri-
fied by experimental validation. We
expanded Prout’s original approach to
include six components: juvenile viabili-
ty, age to sexual maturity, mating success,
female fecundity, male fertility and adult
viability. The advantage of this approach
is that the specific mechanisms that cause
a difference in net fitness, such as physiol-
ogy, behaviour and immune processes,
need not be identified, thus saving con-
siderable time and expense. This also
solves the problem that measurement of
such subcomponents is hard to interpret

THE MATHEMATICS OF RISK ASSESSMENT

In general, risk is the likelihood of harm done to the environment resulting from exposure under
environmentally relevant conditions. Thus, in the case of GM organisms, the risk is the product of the
probability of exposure, that is, whether the transgene spreads, P(Exposure), and harm if the transgene
spreads, P(Harm/Exposure). The probability of exposure is again the product of at least two parts, one
conditional on the other. The first one is the probability of the organism escaping into the wild,
dispersing and becoming feral, P(Escape). The second factor is the ability of the transgene itself to
spread in the wild population once it has been introduced by an escaped animal, P(Transgene
spread/Escape). Thus, the overall formula for assessing risk of harm from a GM animal is: risk =
P(Harm/Exposure) x P(Escape) x P(Transgene spread/Escape).
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Because risk results from a
chain of events—escape,
followed by spread, followed by
harm-the analogy of a chain
suggests that it is only as strong
as its weakest link

in terms of risk; that is, would a higher
metabolic rate result in higher or lower
risk? GM fish may swim faster but would
also need more food. Scientists can argue
over such details until the cows come
home but if they cannot agree on how to
interpret results, the lay public may throw
up their hands in disgust and conclude
that they should err on the side of caution
and reject the product in question. This is
where our method can contribute, as it
provides a model on which scientists can
agree. In the end, it is the bottom line that
counts, and most scientists can agree on
what the net fitness components mean for
risk. Our approach thus combines esti-
mates of the net fithess parameters
described above into a mathematical
model to determine the fate of a transgene
in the affected wild population (Muir &
Howard, 2001; Howard

etal, 2004).
In the specific
case of GM fish,
juvenile viability
describes the ability of young transgenic
fish to reach adulthood and reproductive
age (Fig 2A). Modifications to increase
disease resistance would clearly influence
this factor, as would transgenes that
increase nutrient use, such as phytase, or
cause an increase in environmental toler-
ance against cold, heat or salinity. A trans-
gene, such as a growth hormone gene,
that lowers the age of sexual maturity
would also be a crucial factor for popula-
tion expansion. Fish that reach maturity
faster will expand in number more rapidly
over the course of several generations (Fig
2B). Another important factor is mating
success or sexual selection, which is often
stronger than viability. If GM males are
more attractive to wild-type females, then
the prospects for a Trojan gene increase
(Fig 2C). In nature, the ability to mate is a
much more important force in evolution
than Darwin’s survival of the fittest. What
good does it do for the species to survive
to sexual maturity if it cannot then pass on
its genes? Relative fecundity—the number

of eggs produced by female fish and the
number, mobility and survival chances of
sperm produced by males—determines
the number of offspring per mating pair
(Fig 2D). Finally, adult viability describes
how often a mating pair can repeat the
mating process, again producing more
offspring per individual (Fig 2E). These
factors are interconnected and even if one
of them is low, GM fish could still harm
wild populations. If, for instance, juvenile
viability is low but mating success is high,
GM fish—if they survive to reproductive
age—would still be able to spread the
transgene among wild-type fish and thus
lower the survival chances of both popu-
lations (Muir & Howard, 1999).

probability of transgene spread in the

wild population is high, then our efforts
should concentrate on biological meth-
ods to contain the transgene, such as by
using sterile fish. It would also give regu-
lators some idea of whether all transgenic
fish should be tested for sterility or only
samples, and how large these samples
should be. The 2004 NRC report on
Biological Confinement of Genetically
Engineered Organisms remarks that “the
net fitness method (Muir & Howard,
2001; Howard et al, 2004) provides a
means to estimate—in a secure setting—
the probability of severity of the harmful
consequences from such transgenic
spread. This estimate would help decision
makers determine whether to screen all or
only a sub-sample of the population lot”
(NRC, 2004). Alternatively, the method
could also be used to manage risk when
designing GM organisms. By answering
the question “What aspects of the life his-
tory of the organism result in spread of the
transgene?” scientists can devise mea-
sures to change or mitigate them.

However, our model has its limitations.
In its current form, it is deterministic; that
is, the input parameters absolutely deter-
mine the predictions. Two workshops
convened by Information Systems for
Biotechnology (www.isb.vt.edu), a bio-
logical impact assess-
ment pro-
gramme
man -

If such an assessment finds that the
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aged by the US Department of
Agriculture, discussed the model and
made two main recommendations to
improve it (Hallermann, 2002; ISB, 2004).
It should incorporate stochasticity to
include random effects, such as failure to
mate or gene swamping if a large number
of domesticated fish escape into a rela-
tively small natural gene pool.
Furthermore, the model predictions
should reflect any uncertainty in both the
fitness estimates and the outcome of nat-
ural selection.

By allowing regulators to define
and use a consistent set of
criteria, our model could
provide a general way of
evaluating GM animals as

part of a standard risk-
assessment procedure

Another problem with estimating fit-
ness components is the genetic back-
ground. If the transgene is inserted next to
polymorphic genes that have an impact
on fitness in some way, the joint effect of
these genes must be considered. Because
transgenes are usually inserted into
domesticated animals, which are poorly
adapted to natural environments, the
transgene will probably be linked to mal-
adaptive genes under natural conditions.
Although linkage effects between the
transgene and other genes disappear over
time through recombination, they are
high in the short term and present a true
challenge for net fitness estimates. Such
problems could be addressed by crossing
GM fish into a wild background and ran-
domly mating for a few generations to dis-
sipate linkage effects before estimating fit-
ness components. Finally, our approach
does not eliminate the need to assess for
other events, such as natural disaster or
human error. But such catastrophes are
rare and cannot be demonstrated on nor-
mal timescales. The emphasis must there-
fore remain on cautious predictions of
transgene spread as a first step in risk
assessment. To relate this to the analogy of
‘Trojan horse’ genes that may seep into
wild populations, we can take the horse
apart and examine it before we take it in;
that is, before we allow the commercial
use of GM fish.
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Fig 2 | Net fitness components for risk assessment. (A) All impacts of genetic modification on physiology and survival rate can be simply measured as the

proportion of juvenile fish surviving to sexual maturity. (B) Age at sexual maturity determines the number of possible generations per time. (C) Differential
mating success (sexual selection) is a strong selective force of evolution in natural populations. (D) Relative fecundity and fertility determine the number of
offspring per mating pair. (E) Adult viability determines how often a pair can repeat the mating process

isk assessment for transgenic organisms

has become an increasingly important

tool for regulators and policymakers to
ascertain potential environmental harm and
draft prevention measures. By allowing regu-
lators to define and use a consistent set of cri-
teria, our model could provide a general way
of evaluating GM animals as part of a stan-
dard risk-assessment procedure. In light of
the overall resistance against GM organisms
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in general, such a generalized model, if wide-
ly accepted by regulators and scientists,
could make the risk-assessment process more
streamlined and effective and allow regula-
tors to address specific concerns. Further-
more, as the political fight over the approval
and regulations of GM crops has shown
(Moore, 2003), a widely accepted risk-
assessment model for regulators could pre-
vent or solve trade conflicts over the use and

marketing of foods made from GM organ-
isms. Improving risk-assessment procedures
would also help to ensure public trust in this
potentially beneficial technology, something
that is sorely needed to counter the concern
and growing resistance against GM organ-
isms in Europe and the USA. Given the
declining stocks of wild fish worldwide and
the increasing stress on natural resources,
GM fish should not be dismissed so easily.
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