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Depolarizing the GM debate

 

‘Each GM case must be considered separately by plant scientists or opportunities for the wider use of new GM technologies

 

could be permanently lost’

 

Genetic modification (GM), the heritable alteration of genes,
has come to apply specifically to newly developed recombinant
DNA technologies, where the genome of an organism is
modified using artificial techniques (here termed ‘new GM’).
The potential applications of the new technology in plants are
currently set against widespread public concern. Even if par-
ticular concerns are valid when considered for particular applica-
tions of new GM, it is argued here that many are ultimately
invalid because they are simplistically generalized to all cases of
new GM, as if they were all the same. Equally, rebuttals of
these anti-GM concerns should consider each type of GM
separately. Concerns raised that are unique to new GM should
be addressed scientifically to assess their validity. This should
be for both scientific and political reasons. If politically prag-
matic strategies are not taken more seriously, opportunities
for the wider use of new GM technologies in plants could be
permanently lost. Boxes 1 and 2 provide information on links
and books that illustrate the contentious issues surrounding
GM in the mind of the public.

 

What is ‘new GM’?

 

Genetic modification is the modification of genes so that the
modification is passed on to the organism’s descendants.
Strictly, it is a general term that covers many processes, some
of which have been used for 10 000 yrs, since agriculture
began at the end of the last ice age. However, the term has come
to be used for ‘genetic engineering’, where newly developed
processes of molecular biotechnology are employed to insert
relatively few genes into an organism’s genome. Here, GM using
the new technologies is termed ‘new GM’ to distinguish it from
GM using traditional techniques.

There are at least three traditional methods of genetic
modification: selecting for variability within existing popula-
tions; crossing closely related species; and isolating mutants.
In addition to these traditional approaches, there is the new
GM, involving the modification of specific genes in single
cells using recently developed biotechnologies (Watson 

 

et al.

 

,
1992; Alcamo, 1999). Traditional techniques for gene modi-
fication limited modifications to those occurring between

closely related organisms. New GM can be used for similar
types of gene modifications, but it also enables the transfer
of genes between any two organisms (including between a
plant and an organism from another Kingdom – ‘wide transfer’
(Tester, 1999)). Thus, although new GM enables the addition
to a crop’s genome of just one gene, with a specific trait, the
one gene could come from any organism, or even be created

 

de novo

 

 in the laboratory. Overall, new GM tends to bring in
fewer genes, but potentially from further away (evolutionarily),
compared to ‘old’ GM.

This inclusion of traditional (‘breeding’) techniques as a
type of GM has been misused by some in the ‘pro-GM lobby’
as an argument for claiming that there is no significant
difference between traditional and modern approaches of
crop improvement. This is fundamentally wrong. However,
it is equally wrong to say that traditional approaches are not
a type of GM. It is useful to show traditional breeding to be a
type of GM, because it highlights the fact that most features of
new GM are not significantly different to those of traditional
techniques. Such features are thus not valid as arguments
against new GM (unless, of course, the argument is also against
traditional breeding). Equally, comparison of new and old GM
enables the unique features of new GM to be highlighted and
so seriously considered for risks and benefits.

 

Applications of new GM

 

The first major product of new GM was developed in 1982,
for the production of human insulin by bacteria for the
treatment of diabetes. In 1990, the first GM food product
was approved for use in the USA, an enzyme employed in
cheese making. In 1994 the first food product was sold
commercially, the so-called FlavrSavr

 

™

 

 tomato, which had
reduced activity of 1-aminocyclopropane-1-carboxylate oxidase,
a gene essential for ripening. The development of GM animals
with the disruption of gene function is providing numerous
insights into the molecular basis of disease, and there is the
distinct possibility of modifying pigs to provide organs for
human transplants. Opposition to these applications of new
GM has been muted or nonexistent.
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Recent commercial, plant-based applications of new GM,
which have also been controversial with the public, include
the introduction of herbicide tolerance into crops such as
soybean and oilseed rape, and the ability to synthesize insec-
ticidal proteins in cotton and maize. Many other applica-
tions of new GM are being developed, including conferral
of the ability to make antibodies in fruits (Walmsley &
Arntzen, 2000) and the ability to decontaminate polluted
land by degrading organic pollution (French 

 

et al.

 

, 1999).
New GM also provides opportunities to alter the composi-
tion of food to increase its nutritive value, such as increasing
the mineral and vitamin content of grain (e.g. ‘golden rice’:

Ye 

 

et al.

 

, 2000). Increases in food production are also
possible, by improving overall plant qualities (e.g. dwarfing
rice: Peng 

 

et al.

 

, 1999) and by increasing tolerance to biotic
stresses (pests and diseases) and abiotic stresses (e.g. low
temperature, drought and salinity). Indeed, for world
stability, Conway (1997) argues persuasively that such
increases are essential and that new GM technology is an
essential tool for this to occur.

It is clear that there are many applications of new GM in
plants, and that these involve a wide range of crops and many
different types of gene transfer. Making generalizations about
such a set of applications, as is made by both pro- and

Box 1 Links

These links are from a cross-section of sources, ranging from anti- to pro-GM, and show the contentious issues surrounding 
GM in the mind of the public:

Greenpeace http://www.greenpeace.org.uk 
International environmental pressure group

Friends of the Earth http://www.foe.co.uk 
International network of environmental groups

Genewatch UK http://www.genewatch.org 
Independent organization concerned with the ethics and risks 
of genetic engineering

Union of Concerned Scientists http://www.ucsusa.org  
Independent alliance of citizens and scientists in the USA

BBC Online – see GM links http://www.news.bbc.co.uk 
UK national television

Agriculture and Environment Biotechnology Commission http://www.aebc.gov.uk/aebc/index.htm  
UK government

American Phytopathology Society http://www.scisoc.org

European Federation of Biotechnology 
(see the Task Group on Public Perceptions of Biotechnology) 
Association of European scientific and technical societies

http://www.efbweb.org  

GM Issues http://www.gmissues.org/frames.htm  
Compiled by The Genetic Modification and Biosafety Assessment 
Research Group of the John Innes Centre, Norwich, UK

National Agricultural Library http://www.nal.usda.gov/bic/   
Biotechnology information site from the National
Agricultural Library of the US Department of Agriculture – ARS

Department of the Environment, Transport and the Regions http://www.detr.gov.uk   
(see Environmental Protection – Advisory Committee on Releases 
to the Environment)
UK government

National Farmers Union (USA) http://www.nfu.org 

AgBioWorld http://www.agbioworld.org 
GM discussion forum

Aventis http://www.aventis.com 
Multinational company

Monsanto http://www.monsanto.com 
Multinational company
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anti-GM campaigners, is clearly over-simplistic. In fact, it
is dangerously over-simplistic: questions raised about some
applications may have validity, but to argue against these in the
context of all new GM crops could prove detrimental for other
applications of new GM should such an argument be lost.

 

Problems of application

 

Some current traits conferred on crops reduce application of
insecticides and herbicides, and, although benefiting pro-
ducers financially, offer no such tangible benefits to consumers.
For those who experience no benefit, but sense a possible
risk, the natural reaction is one of rejection. Furthermore,
allowing patenting of the technological processes of GM (in
contrast to plant variety rights that protect the output of
traditional breeding) places new GM in a different position
to traditional GM, a situation related to this second ‘green
revolution’ being privately funded, in contrast to the publicly
funded first ‘green revolution’. This comes in the context of
a general distrust of science, fed by historically recent misuse
of science (e.g. for the development of biological weapons)
and mistakes by scientists (e.g. over BSE in the UK).

GM plants have been subject to various types of objec-
tion. They have been pronounced unnatural, and held to
pose an unjustifiable risk to the environment and to human
health. The charge of being unnatural has been levelled at
a host of targets. Those who bring it in this case still have
to explain what is specifically unnatural about new GM
that it does not share with many long accepted procedures
(notably, of course, traditional breeding techniques).

More serious is the contention that new GM threatens
unintended, undesirable, and perhaps also unforeseeable envir-
onmental and medical consequences. It brings the potential risk
of the escape of organisms, or at least their genes, into wild
populations. For example, the spread of insecticidal proteins
into wild plants could, in theory, confer a competitive advant-
age on those plants, disrupting semi-natural systems. Likewise,
effects on insect populations could be significant. There are
many arguments of detail in scientific research on this issue,
and the outcome of these will be important for the use of
these particular crops. However, because of the way these
arguments are worded, the outcome of this debate will have
implications for the wider applications of new GM. This is

fundamentally wrong, and I urge those engaged in the heart
of this debate not to allow generalizations about new GM
technology 

 

per se

 

 to be extrapolated from the details of the
benefits and costs of a particular application of new GM.

Likewise, there is a current debate about the generation
of herbicide-resistant crops. Although it seems most unlikely
that having herbicide-resistant crops will increase herbicide
use, there is little doubt that they will increase the effect-
iveness of applications, reducing weed densities and, thus
continuing a decline of wildlife that has been going on since
agriculture began.

Exposure of human populations to large amounts of
novel proteins that have never previously been in the human
food chain could have unpredictable effects. In particular,
allergenicity could cause problems that would be difficult to
detect, as symptoms can take a long time to develop. Previ-
ous low level exposure of human populations to such toxins
is not an argument against this concern, as the quantitative
differences between exposure to, for example, Bt toxins from
soil-contamination of food and long-term ingestion of sig-
nificant quantities of this protein in a range of foodstuffs
could easily prove crucial. Current testing regimes are not
adequate to screen for such responses, although it is hard to
see, technically, how such screening could be done – the low
quality (both scientifically and statistically) of the feeding
experiments of Ewen & Pusztai (1999) provide an example
of the difficulty of such work. Nevertheless, I think it is
notable that extensive testing is required prior to the intro-
duction of new drugs (that are usually not taken chronic-
ally, and whose benefits to the patient are usually clear). In
contrast, new GM could lead to an increase by orders of
magnitude in the quantity of a protein in the food chain,
with this protein being ingested chronically (and with little,
if any, benefit to the consumer) – yet this can be done
with a testing regime that is much more modest than that
required for new pharmaceuticals. The pro-GM lobby
should take this concern on board more seriously, especially
when considering the outputs from ‘wide transfer’, which is
an important, novel power of new GM.

 

Summary

 

In considering GM issues, scientists must beware the general-
izations so apparent in the popular media. It is vital that
those either pro- or anti-GM focus their attention on specific
examples, otherwise crude generalizations from ‘local’ arguments
may jeopardize important plant GM research of global value.

 

Mark Tester

 

Department of Plant Sciences, University of Cambridge,
Downing St, Cambridge CB2 3EA, UK

(tel +44 1223333918; fax +44 1223333953;
email mat10@cam.ac.uk)

Box 2 Further reading

These books explore some of the issues that concern 
the public about GM:

Bruce D & Bruce A (eds). 1998. Engineering genesis: 
the ethics of genetic engineering in non-human species. 
London, UK: Earthscan.

Ho, M-W. 1999. Genetic engineering – dream or nightmare? 
Dublin, Ireland: Gill and Macmillan.
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Plant physiological ecology: 
linking the organism to 
scales above and below

 

Ecological Society of America Meeting 
Snowbird, UT, USA, August 2000

 

From its origins as a small subdiscipline of ecology, plant physio-
logical ecology has become a dynamic, highly experimental
field focusing on questions of both basic scientific importance
and deep social concern. A comprehensive understanding of
organismal function remains central, but physiological ecology
now provides the underpinnings for the emerging field of eco-
system physiology (Mooney 

 

et al.

 

, 2000) on the one hand and
organismal adaptation on the other (Ackerly 

 

et al.

 

, 2000).
Moreover, physiological ecology is embracing advances in
molecular biology, providing new insight into the adaptive
significance of physiological and morphological traits, thus
strengthening its connection to population genetics and evolu-
tionary biology. A symposium at the 2000 meeting of the
Ecological Society of America provided an opportunity for intro-
spection and the expression of a new vision for the discipline.
Here we report some emerging themes from this symposium.

 

Physiological ecology – the foundation

 

A solid foundation for physiological ecology took shape
in 1987 with the publication of a seminal series of articles,
leading with ‘Plant physiological ecology today’ (Mooney

 

et al.

 

, 1987). These articles defined the core of physiological

ecology and brought integration to its various avenues
of inquiry. The study of physiological and morphological
responses of plants to variation in the physical world, the
‘adaptive value’ of these responses, and their contribution to
our understanding of the factors defining the distribution of
individual species were the central themes of the discipline.
Theories of resource optimization, matter and energy exchange,
and mathematical growth modelling provided a conceptual
framework (Fig. 1); evolutionary inferences were drawn largely
from comparative measurements. Thirteen years later, new
methodologies are bringing a renewed experimental approach
to organismal research and entirely new avenues of inquiry
have opened at the molecular and ecosystem scales.

 

Organismal biology and evolution

 

Fuelled by the arrival of the complete sequence of the 

 

Arabidopsis

 

genome, momentum is building among physiological ecologists
to employ molecular methods in their research (Purrington
& Bergelson, 1999). Documenting genetic variance and
heretibility are mainstays of the population approach to
establishing the adaptive significance of traits, or at least
their capacity to respond to selection (Geber & Dawson, 1997;
Ackerly 

 

et al.

 

, 2000). This approach is, at times, problematic
because environmental variance for most physiological traits
is large and measurements are time-consuming. Ecological
genetic approaches have advanced our understanding of what
leads to trait variation and how it evolves (Schmitt 

 

et al.

 

, 1999).
In addition, molecular transformation, either to introduce new
genes or to silence existing ones, and the use of single-gene
mutations (Baldwin & Schmelz, 1996; Arntz 

 

et al.

 

, 2000) are
powerful new tools for examining microevolutionary processes.
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Using molecular transformation, physiological ecologists can
obtain a greater understanding of the fitness consequences of
important ecophysiological traits such as variation in photo-
synthetic rates, biomass allocation, plant size and flowering time.

Genomics and other molecular approaches present tre-
mendous opportunities for physiological ecologists to increase
our understanding of organismal function and the evolution
of physiological traits (Coleman 

 

et al.

 

, 1995). Because of the
focus on the organism and interactions with other organisms
and the environment, physiological ecologists are well posi-
tioned to use molecular tools such as DNA microarray tech-
nology to advance our understanding of organismal function
and evolutionary processes.

Traditionally, physiological ecologists have relied on com-
parative studies to document evolutionary convergence as
a method to understand the adaptive value of traits, like leaf
size and shape or the pattern of biomass allocation. A limita-
tion of this approach has been the inability to isolate the
potential influence of phylogeny. For example, have members
of the genus 

 

Pinus

 

 evolved a low leaf area-to-stem area ratio
(DeLucia 

 

et al.

 

, 2000) as an adaptation to drought or is this
feature a vestige from the shared evolutionary history of the

members of this genus? A new synthesis of physiological
ecology and phylogenetics will help resolve this issue.

Recent attempts to unravel the evolution of physiological
and morphological traits using a phylogenetic approach are
very promising. A study of variation in leaf size in maples, for
example, established a relationship between leaf, twig and fruit
size (Ackerly & Donoghue, 1998). This observation raises the
possibility that selection pressures operating on dispersal biology
may confound our interpretation of the relationship between
leaf properties and the environment. Framing ecophysiological
questions in a phylogenetic context is helping physiological
ecologists crack the nut of seemingly intractable questions such
as the number of times that C

 

4

 

 photosynthesis (Monson, 1996)
or N fixation have evolved, or the adaptive value of water-use
efficiency. This new union between physiological ecology and
phylogenetics promises to uncover exciting new perspectives
to organismal ecology and the evolution of physiological traits.

 

Physiological mechanisms and 
ecosystem processes

 

Changes to global biogeochemical cycles and worldwide

Fig. 1 In the early 1980s plant 
physiological ecology focused on 
organismal physiology and ecology; 
theories of energy and mass exchange, 
mathematical growth models and 
optimization theory were central to the 
discipline. In 2000, phylogenetic and 
molecular analyses are providing new 
tools for examining the adaptive 
significance of physiological and 
morphological traits and the bridges 
between physiological, population and 
community ecology are being 
strengthened. Because many of the 
processes within plant organs scale to 
the ecosystem level, physiological 
ecology is playing an important role in 
understanding biotic and environmental 
control of ecosystem fluxes.
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reductions of biological diversity have fostered intense
interest in the processes regulating productivity and other
aspects of ecosystem function (Eviner & Chapin, 1997;
Chapin 

 

et al.

 

, 2000). Many of these processes scale directly
from leaf to canopy function. The carbon and water cycles,
for example, are directly regulated by physiological processes
operating at the scale of individual leaves, creating a direct
feedback from leaf physiology to canopy fluxes to regional
climate. Because many of the characteristics that determine
the success of individuals in stressful environments are also
the processes driving ecosystem-level fluxes, it has been
argued that ‘[e]cophysiology is … preadapted for large scale
problems’ (Field & Ehleringer, 1993). By providing the

conceptual and analytical bases for scaling physiological
processes to the ecosystem level, physiological ecology is
helping to accelerate our understanding of the responses of
ecosystems to global change.

Physiological ecologists have shortened the traditional
measurement cycle of ecosystem processes from an annual time
step to seconds or below, and by doing so have revealed new
understanding of mechanisms regulating carbon and water
fluxes. Beginning in the 1960s, and coinciding with the rise
of ecosystem ecology and the International Biosphere Program,
ecologists estimated net primary production of different
ecosystems by harvest methods. Though useful for comparing
ecosystems under different climatic regimes, this approach

Fig. 2 Plant physiological ecologists 
measure fluxes of carbon, water, and 
nitrogen from the leaf to ecosystem scale in 
large manipulative experiments such as the 
North Carolina (a) and Nevada (b) free-air 
CO2 enrichment (FACE) experiments. These 
experiments involve many investigators 
from several different Institutions. Large 
collaborative research projects provide 
another way to approach important 
questions such as how ecosystems will 
respond to rapid global change. In North 
Carolina, circular plots in a 17-yr-old loblolly 
pine forest are exposed to ambient or 
ambient plus 200 µl l−1 CO2, simulating the 
atmospheric composition expected in the 
year 2050 (DeLucia et al., 1999). A similar 
experimental treatment is applied in Nevada 
to a Mohave Desert scrub community, 
dominated by Larrea tridentata and 
Ambrosia dumosa (Smith et al., 2000). In 
the Nevada experiment, researchers are 
suspended above the plot to avoid 
trampling delicate desert crusts. The North 
Carolina and Nevada photographs are 
courtesy of Will Owens and Lynn K. 
Fenstermaker, respectively.
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could not assess the effect of seasonal variation in climate on
productivity. Instantaneous measurements of net ecosystem
exchange with rapid-response gas analysers and advanced data
management methods are extending these early studies by
allowing, for the first time, an examination of fine-scale
environmental control of ecosystem carbon fluxes (Goulden

 

et al.

 

, 1996). Such advances have also been driven by interactions
with micrometeorologists and scientists in disciplines outside
ecology.

From the inception of physiological ecology, concep-
tual advances and technological breakthroughs have come hand-
in-hand. New molecular tools can help physiological ecologists
better understand the genetic controls and environmental inter-
actions that affect above- and below-ground plant functioning
and their ecosystem links (Zhang & Forde, 1998; Jackson

 

et al.

 

, 1999). This progression is also readily apparent from
carbon budget studies.

The earliest field infra-red gas analysis systems were housed
in bulky ‘portable’ laboratories and making field measure-
ments was a challenge. Today’s miniaturized portable
gas-exchange systems control the environment of the leaf
precisely and reproducibly, permit rapid measurement and
are readily carried to a mountain top or the depths of a trop-
ical forest. Open-path analysers have revolutionized and
dramatically reduced the cost of measuring ecosystem carbon
fluxes. Rapid advances in our ability to measure and under-
stand the factors regulating the distribution and fractionation
of stable isotopes are helping to resolve previously intractable
questions, like the proportion of soil CO

 

2

 

 efflux from plant
roots vs soil microbes (Norby & Jackson, 1999; Ehleringer

 

et al.

 

, 2000). The next generation of physiological ecologists
will probably incorporate new and advancing technologies
to help resolve longstanding ecological questions.

 

Physiological ecology in practice

 

Large, collaborative experiments are playing a more promin-
ent role in physiological ecology than ever before (Fig. 2).
Though single-investigator research remains strong, the solution
to many global ecological questions also requires large-scale
collective research efforts. The effect of elevated CO

 

2

 

 or variation
in species composition on the biogeochemical cycling of carbon
and nitrogen, for example, is being addressed in expansive,
highly collaborative experiments (DeLucia 

 

et al.

 

, 1999; Smith

 

et al.

 

, 2000). And, policy-driven question about the capacity of
ecosystems to store atmospheric carbon have spawned inter-
national research programs using coordinated methodologies
and analytical tools (e.g. see www-eosdis.ornl.gov/FLUXNET/
index.html). This new model for physiological ecology research
is opening exciting opportunities for collaboration. Funding,
however, has not kept pace with this new research model; the
cultivation of new revenue sources will be essential for maintain-
ing a healthy balance between creative single-investigator
research and larger collaborative projects.

 

Summary

 

Molecular genetics and the broader evolutionary view made
possible by phylogenetic analyses, particularly when combined
with the next generation of growth models (Pearcy & Yang,
1996), is bringing a new focus to organismal biology. With
these tools in hand, physiological ecology is well positioned
for further advances in the future. Genome sequences
and other new molecular tools can be used to improve the
understanding of plant biochemistry and physiology,
and physiological ecologists could build many productive
collaborations with molecular biologists to examine single
and multiple gene responses and their interactions with the
environment. Working up from the organism, physiological
ecology now provides the mechanistic understanding of
ecosystem fluxes. It is likely that plant physiological ecology
will continue to grow along this axis, incorporating new
molecular and biochemical tools and extending the physiology
of the organism to larger scales of the community (Bazzaz,
1996), the ecosystem and beyond (Fig. 1).
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