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3.1. Introduction

Globally, genetically modified food (GMF) crops
have been adopted at a dramatic rate since 1995 (Fig.
3.1), with the area planted increasing by approximately
50% between 1998 and 2000 (James, 2001a).
Studies have been undertaken to determine how

widespread the agricultural use of transgenic or GMF
crops has been from 1998 to 2001 (James, 1998, 1999,
2000, 2001a, 2001b). In 2000, 16% of the total global
area planted to soybean, canola, cotton and maize
(corn) was planted with transgenic varieties; this repre-
sents 44.2 million ha, which is equivalent to almost
twice the total land area of the UK. The increase in area
of transgenic crops between 1999 and 2000 was 11%,
equivalent to 4.3 million ha, of which 3.6 million ha
(84%) were in developing countries (James, 2001a). This
global increase from 1999 to 2000 was about one quar-
ter of the corresponding increase of 12.1 million ha
between 1998 and 1999 (James, 2000).
The estimated global area of GM crops for 2001 was

52.6 million ha grown by 5.5 million farmers in 13
countries. The increase in area between 2000 and 2001
was 19%, almost twice the corresponding increase
between 1999 and 2000 (James 2001a, 2001b). More
than one quarter of the GM crop area in 2001 was
grown in six developing countries. The number of
farmers that grew GM crops increased from 3.5 million
in 2000 (James, 2001a) to 5.5 million in 2001 (James,
2001b). More than three-quarters of these farmers were
resource-poor, planting Bt cotton (i.e. crops with insect
resistance owing to the introduction of the Bacillus
thuringiensis (Bt) gene encoding an insect-specific toxin),
mainly in China, but also in South Africa.1

As a percentage of total planting, globally (conven-
tional and transgenic) in 2001, GM varieties accounted
for 46% of total soybean, up from 32% in 2000, 20% of
total cotton, up from 16% in 2000, and 11 and 7%,
respectively, of total canola and maize, both unchanged
from 2000. Of the total area planted with both conven-
tional and transgenic varieties of these four crops, 19%
was estimated to be transgenic in 2001, compared with
16% in 2002 (James, 2001b).
The most widely adopted GM traits are herbicide

tolerance, insect resistance and a combination of these.
In 2001, 13 countries contributed to the increased
planting of GM crops: eight industrialized nations and
five from the developing world. In China, within a per-
iod of 2 years, more than 1.5 million small-scale farmers
grew, on average, 0.15 ha of Bt cotton. Argentina tops
the list of developing countries planting GMF crops,
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with a total of 10 million ha in 2000. This represents an
increase of 49% over the plantings in 1999 (James,
2001a).
Of the four countries that grew 99% of the global

transgenic crop area in 2000 and 2001, the USA grew
68%, Argentina 23 and 22%, respectively, Canada 7
and 6% respectively and China 1 and 3%, respectively.
China had the highest year-on-year percentage growth
with a tripling of its Bt cotton area from 0.5 million ha
in 2000 to 1.5 million ha in 2001. Nine countries toge-
ther grew the other 1%, with South Africa and Aus-
tralia being the only countries in that group growing
more than 100,000 ha of transgenic crops (James,
2001b).
The value of the global market from GMF seeds grew

from US $1 million in 1995 to an estimated US $2.7–3
billion in 1999. These increases were expected to plateau
in 2000, partly owing to lack of public acceptance,
especially in Europe. However, James (2001a) showed
an increase in global plantings of GMF crops of more
than 10% in 2000 compared with 1999. The US
Department of Agriculture (USDA) confirmed this and
projected similar increases for the 2001 season.2

Although James did not compare the contribution that
GMF crops made to increased yields experienced by
commercial farmers and small-scale farmers, access to
such seeds has had a significant impact on the latter (see
Section 3.5).
It has been projected that by the year 2025 many

regions will have shortfalls in cereals: sub-Saharan
Africa will have a cereal shortfall of 88.7 million tons;
the Middle East 132.7; South Asia 25.1; East and
Southeast Asia 126.9; and Latin America 46.7 (Table
3.1; Dyson, 1999). Shortfalls will be offset by a surplus
Fig. 3.1. Global area of transgenic crops (from James, 2001b).
2 USDA Economics and Statistics System, Crop Production (PCB-BB),
Cornell University, available (July 2002) at http://usda.mannlib.
cornell.edu/reports/nassr/field/pcp-bbp/.
Table 3.1. Projected cereal yields and production in 2025 by region
Region
 Average area
harvested
1989–1991
Average yield
1989–1991
tons/ha
Average annual
cereal yield increase
1981–1997
Linearly
projected
yield 2025
Projected production
on the basis of
constant area
Shortfall/surplus
compared to
projected demand
(million ha)
 (tons/ha)
 (kg/ha per year)
 (tons/ha)
 (million tons)
 (million tons)
Sub-Saharan Africa
 59.3
 1.165
 10.6
 1.536
 91.1
 �88.7

Middle East
 40.2
 1.642
 23.6
 2.468
 99.2
 �132.7

South Asia
 140.3
 1.919
 52.0
 3.739
 524.6
 �25.1

East and Southeast Asia
 145.1
 3.817
 70.9
 6.299
 914.0
 �126.9

Latin America
 48.4
 2.119
 40.5
 3.537
 171.2
 �46.7

Europe/FSUa
 171.4
 2.816
 22.8
 3.614
 619.4
 +112.9

North America/Oceania
 98.4
 3.734
 55.4
 5.673
 558.2
 +238.7

World
 703.1
 2.711
 39.0
 4.076
 2,977.7
 �68.5
From Dyson (1999) based on the unlikely assumption of no change in harvested cereal area.
a Former Soviet Union.
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produced by Europe and the former Soviet Union of
122.9, and by North America and Oceania of 238.7
million tons. Thus, the world will experience a shortage
of 68.5 million tons. This is based on the rather unlikely
assumption of no change in harvested cereal area but
serves as a useful background for discussion.
Sub-Saharan Africa is unlikely to see much improve-

ment in its overall food situation. The population is
expected to more than double between 1997 and 2025,
but there is nothing in the region’s agricultural history
to suggest that it will increase its food output to meet
this demand. Unlike the Middle East, sub-Saharan
Africa cannot afford to depend more on cereal imports
in the next few decades. Therefore, the only way to
improve the situation, apart from food aid, is to
increase productivity. Ways in which this can be
achieved include the use of GMF crops and other types
of modern biotechnology, such as plant tissue culture
and marker assisted breeding, as well as classical plant
breeding (Persley, 2001).
One of the greatest challenges for many developing

countries, and certainly those in sub-Saharan Africa, is
to improve the nutrient status of agricultural lands.
Some soils are naturally richer in nutrients than others
and can be exploited for a while. However, they even-
tually lose nutrients, which have to be replaced. With-
out nutrient replacement there can be no sustainable
agriculture. In Africa, crop production per unit of land
cultivated is the lowest in the agricultural world. For
example, sweet potato, a staple crop in many African
countries, yields 6 tons per hectare on the continent
compared with the global average of 14 tons per hectare
(Wambugu, 1999).
Sub-Saharan Africa has among the poorest soils in

the world. Much of the sub-continent consists of old
land surfaces reaching back to the early tertiary period.
These regions contain deeply weathered soils from
which nutrients have been leached over millennia. These
problems are compounded in areas of high rainfall and
high temperatures. The soils are also highly acidic
owing to leaching. This acidity causes aluminium and
manganese to become soluble, which leads to plant
toxicity. In contrast, critical minerals, such as molybde-
num, precipitate and are therefore unavailable. Another
feature of weathered soil is a build-up of oxides of iron
and aluminium, which ‘lock up’ phosphates. Adding to
all these problems, many parts of sub-Saharan Africa
suffer from a chronic shortage of water. As a result crop
yields, especially among small-scale farmers who are
unable to afford fertilizers or irrigation, are very low. At
the end of a harvest there is very little organic matter
left to plough back into the soil to enrich it.
Commercial farmers also face these problems. A

study of vegetable production in South Africa showed
that soil acidity and drought stress accounted for over
80% of yield losses. Diseases and pests accounted for
the remaining 20% (Askew, 1995). A similar picture
emerges from a study of community vegetable gardens;
water stress, soil acidity and low phosphate and potas-
sium levels were the dominant factors reducing yield
(Adey, Laing & da Graca, 1998).
In most of Africa soils have pH values of between 3.5

and 4.5. Vegetable production, for instance, requires the
application of about 18 tons of lime per hectare. Phos-
phate levels are in the order of 2 ppm, but vegetables
require levels of between 60 and 80 ppm and maize
requires 40 ppm. Sources of phosphate are limited and
expensive. Organic sources such as compost are usually
too low in phosphate to be useful.
With such problems facing agricultural practice in

Africa and elsewhere, it is pertinent to question what
contribution GMF crops can be expected to make.

3.2. Expected contribution of GMF crops

3.2.1. Abiotic stress resistance
One third of the world’s population will experience

severe water scarcity within the first 25 years of the 21st
century, according to a study on the complete cycle of
use and reuse of the world’s fresh water (Seckler, Barker,
& Amarasinghe, 1999), which found that the water
sources that supply the world’s wells, lakes and rivers are
disappearing.3 Water scarcity is the single greatest threat
to human health, the environment and agriculture. It also
threatens global peace, as countries in Asia, the Middle
East and Africa try to cope with shortages. The study
divided countries into four categories.
Countries in the first category are most water scarce

and in 2025 will not have enough water to maintain
1990 levels of per capita food production from irrigated
agriculture and meet industry, household and environ-
mental needs. The 17 countries defined in the study as
facing absolute water scarcity include countries in the
Middle East, South Africa, and the drier regions of
western and southern India and northern China; they
account for more than 1 billion people at the start of the
21st century and are projected to account for as many
as 1.8 billion in 2025.
Countries in the second category are extremely water

scarce. According to the report, 24 countries, mainly in
sub-Saharan Africa, fall into this category and account
for some 348 million people at the turn of the century,
predicted to rise to 894 million by 2025. Because it will
be extremely difficult for these countries to find the
financial resources to build enough water development
projects, such as dams and irrigation systems, they are
3 Future Harvest (1999) One third of the world’s population 2.7 bil-
lion people will experience severe water scarcity by 2025, says new
study, Washington, DC, USA: Future Harvest, available (July 2002)
at http://www.futureharvest.org/news/03171999.shtml.
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classified as having economic water scarcity. Countries
in categories three and four include North America and
Europe, where only moderate increases in water supply
will be needed to meet the demands of 2025.
GMF crops could help to ameliorate some adverse

impacts of such water scarcity and many laboratories
worldwide are working on the introduction into plants
of genes whose products can confer drought tolerance
(Holmberg & Bülow, 1998). Many of these proteins also
confer tolerance to other abiotic stresses, such as high
and low temperature, and salinity. Salinity is estimated
to affect 20% of agricultural land and 40% of irrigated
land, in particular (Kleter, Noordam, Kok, & Kuiper,
2000). Salinity stress is associated with a decline in
photosynthesis, an increase in the formation of oxygen
radicals and the accumulation of certain metabolites
(Bohnert & Jensen, 1996). Enzymes involved in drought
and salinity tolerance include antioxidants, osmopro-
tectants, membrane proteins, heat and cold shock pro-
teins, ATPases and, probably most important of all,
transcription factors that switch on the relevant genes in
times of abiotic stress.
Many laboratories worldwide are developing plants

resistant to abiotic stresses. Some of the foreign genes
that have been expressed in transgenic plants are listed
in Table 3.2 (Holmberg & Bülow, 1998). In addition,
plants can be protected specifically from salt stress by
the overexpression of chloroplast glutamine synthetase,
which prevents the loss of photorespiration activity
(Hoshida et al., 2000).
It is only a matter of time before some of these stress

tolerant crops are subjected to field trials. Salt-tolerant
rice and drought-resistant mustard will be field tested in
India in the foreseeable future (Jayaraman, 1999).
However, it should be noted that considerable research
is also being carried out on the use of marker assisted
breeding to develop drought resistant crops.

3.2.2. Biotic stress resistance
Other traits that could be used to improve agricultural

productivity and soil quality are those that prevent crop
losses owing to pests and diseases. These could result in
an increase in yield as well as an increase of the amount
of plant organic matter that can be ploughed back into
the soil at the end of the harvest. The best-known
example is insect resistance due to the introduction of
the Bt gene encoding insect-specific toxins.
Insect pests, such as the cotton bollworm (Helicoperva

armigera), corn borers (Busseola fusca, Chilo partellus
and Ostrinia nubilalis) and potato beetles (Leptinotarsa
decemlineata), devastate crops worldwide. The basis of
the Bt toxin specificity is that different toxins bind to
specific receptors that are found in the epithelial cells of
the insect gastrointestinal tract. Binding leads to pore
formation and cell lysis. The disintegration of the mid-
gut epithelium leads to the death of the insect larvae.
More than 100 Bt gene sequences have been recorded,
with a variety of host ranges (Schnepf et al., 1998). For
instance, B. thuringiensis kurstaki is specific for lepi-
doptera, B. thuringiensis israelensis for diptera and B.
thuringiensis tenebrionis for coleoptera.
Bt insecticides have a long history of effectiveness and

safety in agriculture. As Bt genes are A/T rich while
plant genes tend to have a higher G/C content, the Bt
genes have been partially or completely synthesized to
solve this problem as well as to adapt codon usage to
the particular crop. In addition, truncated Bt genes are
used, which code only for the toxic portion of the Bt
Table 3.2. Foreign genes expressed in transgenic plants
Gene
 Origin
 Host
 Stress
 Reference
BetA
 Escherichia coli
 Tobacco
 Salinity
 Lilius, Holmberg & Bülow, 1996

BetA
 E. coli
 Potato
 Freezing
 Holmberg & Bülow, 1998

CodA
 Arthrobacter globiformis
 A. thaliana
 Salinity and drought
 Hayashi, Alia, Deshnium, Ida, & Murata, 1997

p5cs
 Vigna aconitifolia
 Tobacco
 Drought
 Kishor, Hong, Miao, Hu, & Verma. 1995

Mltd
 E. coli
 A. thaliana
 Salinity
 Thomas, Sepahi, Arendall, & Bohnert, 1995

Mltd
 E. coli
 Tobacco
 Salinity
 Tarczynski & Bohnert, 1993

TPS1
 Saccharomyces cerevisiae
 Tobacco
 Drought
 Hölmstrom, Mantyla, Welin, Mandal, & Palva, 1996

SacB
 Bacillus subtilis
 Tobacco
 Drought
 Pilon-Smits et al., 1995

fad7
 Arabidopsis thaliana
 Tobacco
 Chilling
 Murata, Sato, Takahashi, & Hamazaki, 1982

Des9
 Anacystis nidulans
 Tobacco
 Chilling
 Kodama, Hamada, Horiguchi, Nishimura, & Iba, 1994

HVA 1
 Barley
 Rice
 Salinity and drought
 Xu et al., 1996

Afp
 Winter flounder
 Tobacco
 Freezing
 Kenward, Altshuler, Hildebrand, & Davies, 1993

afa3
 Winter flounder
 Tomato
 Freezing
 Kishor et al., 1995

Mn-Sod
 Nicotiana plumbaginifolia
 Alfalfa
 Drought and freezing
 Hightower, Baden, Penzes, Lund, & Dunsmiur, 1991

Mn-Sod
 N. plumbaginifolia
 Tobacco
 Oxidative
 Prasad et al., 1994

Fe-Sod
 Arabidopsis thaliana
 Tobacco
 Oxidative
 Van Camp et al., 1994

Gr/Cu,Zn-Sod
 E. coli/Rice
 Tobacco
 Oxidative
 Aono et al., 1995

vhb
 Vitreoscilla stercoraria
 Tobacco
 Hypoxia and anoxia
 Holmberg, Lilius, Bailey, & Bülow, 1997
From Holmberg & Bülow (1998).
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delta-endotoxin (Koziel, Carozzi, Currier, Warren, &
Evola, 1993; Koziel et al., 1993).
The outcomes and impacts of the planting of Bt crops

are discussed in detail below (Section 3.3.1). However,
the primary benefit of the introduction of Bt field corn
has been increased yields, by 2330 million l, dry measure
(66 million bushels), in 1999.4 There also appears to
have been a decrease in the use of insecticides.5 In
1998, the planting of Bt corn seed in the USA saved
810 thousand ha (2 million acres) from being sprayed
with insecticides against the European corn borer. In
the same year, the planting of Bt cotton resulted in
5.3 million fewer insecticide treatments, saving a total
of 0.9 million kg of chemical insecticides. In their
2001 report, Gianessi and Carpenter stated that, in
the USA, farmers who grew Bt cotton varieties
eliminated 15 million units of insecticide spray com-
pared with growers who grew conventional varieties.6

Xia, Cui, Ma, Dong, and Cui (1999) reported a 60–
80% decrease in the use of insecticides on Bt crops
in China.
Disease resistance, such as virus resistance, can also

contribute to improved agricultural practice. Most plant
viruses contain RNA as their genetic material. This is
packaged inside a coat that usually consists of many
identical molecules of protein. When such a virus infects
a plant the coat must be removed before the RNA can
be replicated. Constitutive production of coat protein
molecules in transgenic plants has been extremely effec-
tive in preventing this process and mediating virus
resistance (Hackland, Rybicki, & Thompson, 1994).
These approaches can be used to complement the use of
conventional breeding to develop virus resistant crops.
Virus resistance could be extremely important for

African agriculture. Apart from the problem of poor
soil, the continent is home to a number of unique plant
viruses. These include Maize streak virus and African
cassava mosaic virus. Many people in Africa eat maize
three times a day and cassava, known to western socie-
ties as a source of tapioca, is a staple food for many on
the continent. Recently African cassava mosaic virus
wiped out the entire cassava crop in Zambia. A group of
scientists in South Africa are developing maize resistant
to Maize streak virus and an international group is
working on resistance to African cassava mosaic virus
(Hong & Stanley, 1996).
GM tobacco that is resistant to Cucumber mosaic

virus and Tobacco mosaic virus is commercially pro-
duced in China (James, 1998). The papaya industry in
Hawaii has been revived with the incorporation of
resistance to the potyvirus, Papaya ringspot virus (Gon-
salves, 1998).
Fungus resistance has been less widely studied. How-

ever the pokeweed antiviral protein, which reacts with
specific purine nucleotides of eukaryotic rRNA, has
been shown to protect transgenic tobacco against
Tobacco mosaic virus. The basis of the toxicity is that
viruses exploit the plant cell’s biosynthetic machinery
for their multiplication and hence transgenic plants
expressing pokeweed can be virus resistant. They can
also become resistant to fungi as has been shown with
Rhizoctonia solani (Wang, Zoubenko, & Turner, 1998).
As the pokeweed protein can attack plant rRNA, care
has to be taken that the gene is not expressed at levels
that will harm the transgenic plant’s viability.
Phytoalexins are secondary metabolites of plants and

play a role in defence against fungi. They are present in
legumes such as soybeans, in which they are derived
from isoflavonoids, and in solanaceous plants such as
tobacco, in which they are derived from sesquiterpenes
(Kleter et al., 2000). Because fungi are more resistant to
the phytoalexins of the plant species on which they
parasitise, the introduction of phytoalexin-encoding
genes from other plant species may help to overcome
fungal resistance. An example is transgenic tobacco with
increased resistance to the fungus Botrytis cinerae owing
to the synthesis of the isoflavonoid resveratrol, a com-
mon metabolite in vines and peanuts (Dixon, Lamb,
Masoud, Sewalt, & Paiva, 1996).
Fungal cell walls contain chitin and glucan and are

therefore susceptible to hydrolytic enzymes such as
chitinases and glucanases. Transgenic crops expressing
chitinases include wheat, resistant to powdery mildew
disease caused by Erysiphe graminis (Bliffield, Mundy,
Potrykus, & Futterer, 1999), sorghum, resistant to
Fusarium moniliforme (Krishnaveni, Muthukrishnan,
Liang, Wilde & Manickam, 1999), and cucumber, resis-
tant to the grey mould, Botrytis cinerae (Tabei et al.,
1997). The transgenic wheat also expressed a b-1,3-glu-
canase, which increases the effectiveness of resistance to
the fungus. Another cell wall lysing enzyme is lysozyme,
which protects against fungi and bacteria. Transgenic
tobacco expressing human lysozyme was shown to be
resistant to the fungus Erysiphe cichoracearum and the
bacterium Pseudomonas syringae (Nakajima, Mur-
anaka, Ishige, Akutsu, & Oeda, 1997).
Most of the transgenic crops with antifungal proper-

ties field tested in the USA are transgenic for chitinase,
glucanase and osmotin, a pathogenesis related protein
that interacts with cell membranes of fungi such as
4 Carpenter (2001) Case Studies in Benefits and Risks of Agricultural
Biotechnology: Roundup Ready Soyabeans and Bt Field Corn.
Washington, DC: National Centre for Food and Agricultural Policy,
available (December 2002) at http://www.ncfap.org/.
5 Gianessi and Carpenter (1999) Agricultural Biotechnology: Insect
Control Benefits. Washington, DC: National Centre for Food and
Agricultural Policy, available (January 2003) at http://www.ncfap.
org/.
6 Gianessi and Carpenter (2001) Agricultural Biotechnology: Upda-
ted Benefit Estimates. Washington, DC: National Centre for Food
and Agricultural Policy, available (January 2003) at http://
www.ncfap.org/.
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Phytophthora infestans (Liu, Raghothana, Hasegawa, &
Bressan, 1994; Malik, 1999; Zhu, Chen, & Li, 1995).
Resistance to parasitic nematodes, which are among

the most devastating pathogens of the world’s food
crops, causing an estimated US $77 billion in food and
fibre crop losses in 1987, was pioneered by Conkling
and co-workers (Opperman, Taylor, & Conkling, 1994).
Root-knot nematodes induce the development of an
elaborate feeding site during root infection. During this
process the nematodes alter the patterns of plant gene
expression within the cells destined to become the feeding
site. Reporter transgenes, driven by the nematode-
responsive promoter sequences, exhibited expression
exclusively in the feeding sites. Whether this system will
be used commercially remains to be seen.

3.2.3. Herbicide resistance
Another GMF crop trait that could impact on soil

quality and agricultural practice is herbicide resistance.
Weeds compete with crops for moisture, nutrients and
light. Uncontrolled weed growth can result in significant
losses in yield. Farmers have therefore been spraying
herbicides on their crops for decades. As with insecti-
cides, this is often done using airplanes, with the result
that a great deal of the spray drifts away from the target
sites. However, in poorer countries, spraying is often
done manually, with attendant health hazards to those
carrying out these tasks.
The best-known example of transgenic herbicide

resistance is Monsanto’s RoundupReadyTM soybean.
The active ingredient in the herbicide Round-
upReadyTM is glyphosate, which acts by inhibiting the
plant enzyme, 5-enolpyruvyl-3-phosphoshikimic acid
synthase (EPSP). EPSP is involved in the biosynthesis
of aromatic amino acids, vitamins, and other second-
ary metabolites in plants and microorganisms. Strat-
egies to obtain glyphosate resistant plants include the
introduction of genes coding for EPSP enzymes with
reduced affinity for glyphosate or the introduction of
genes coding for enzymes that degrade glyphosate.
Another example of transgenic herbicide resistance is
Basta1, in which the active ingredient is glufosinate-
ammonia.
RoundupReadyTM soybeans contain a gene, derived

from a petunia, coding for a form of EPSP that is
naturally resistant to the herbicide RoundupReadyTM

(Shah et al., 1986). The herbicide-resistant plants were
introduced commercially in 1996. By 1999, they
accounted for 54% of the total worldwide soybean
acreage (James, 1999), by 2000 they accounted for 58%
(James, 2000). Over 100 million acres of Round-
upReadyTM soybeans have been grown to date.
The primary reason growers have adopted Roundup-

ReadyTM weed control programmes is the simplicity of
a programme that relies on one herbicide to control a
broad spectrum of weeds without crop injury or crop
rotation restrictions. Before the introduction of
RoundupReadyTM soybean varieties, growers would
choose between many herbicides, often applying three
or more active ingredients; some of this could cause
damage to growing soybean plants or harm maize crops
that commonly follow soybeans.7

Glyphosate is a highly effective broad-spectrum her-
bicide that controls both broadleaf and grass weeds.
Growers also have more flexibility in timing herbicide
treatments with the RoundupReadyTM system. Max-
imum weed heights at which glyphosate is effective on
most weed species are higher than other available her-
bicides. This allows growers to treat later if necessary
and still get effective weed control. The primary impacts
of adopting RoundupReadyTM weed control programs
include changes in costs and in pesticide use.7

The impact of herbicide resistance on the use of her-
bicides is discussed in detail in Section 3.3.2. In their
2001 report, Gianessi and Carpenter estimated that
soybean farmers in the USA who had planted Round-
upReadyTM soybeans made 19 million fewer herbicide
applications than growers of conventional soybeans;
they also estimated that planting RoundupReadyTM

soybeans resulted in net savings of US$216 million in
weed control.8

From the point of view of improved agricultural
practice, the planting of RoundupReadyTM soybeans
has encouraged conservation tillage (i.e. no till or mini-
mum till). This saves moisture, nutrients and input
costs; it also provides a habitat for wildlife and protects
the soil from destructive erosion (James, 2001b). The
savings to farmers from decreases in input costs, such as
machinery, fuel and labour, have been considerable.

3.2.4. Specific GMF crops
There are some specific contributions that GMF

crops could make in developing countries, as described
below.
Tropical lowland rice (Oryza sativa) appears to be a

good candidate for yield improvement. Farmers are
already achieving yields equal to the best that have been
obtained in experimental fields (Dobermann, Dawe,
Roetter, & Cassman, 2000; Kropff, Cassman, Peng,
Matthews, & Setter, 1994). However, projections on the
demands for rice suggest that the yield will have to
increase from 10 to 15 tons/hectare to avoid expansion
into uncultivated lands (Sheehy, 2000). Recently rice
over-expressing maize phosphoenolpyruvate carboxyl-
7 Carpenter (2001) Case Studies in Benefits and Risks of Agricultural
Biotechnology: Roundup Ready Soyabeans and Bt Field Corn.
Washington, DC: National Centre for Food and Agricultural Policy,
available (December 2002) at http://www.ncfap.org/.
8 Gianessi and Carpenter (2001) Agricultural Biotechnology: Upda-
ted Benefit Estimates. Washington, DC: National Centre for Food
and Agricultural Policy, available (January 2003) at http://
www.ncfap.org/.
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ase and pyruvate orthophosphate dikinase has shown
higher rates of photosynthesis, lower photorespiration
and reduced photoinhibition of photosynthesis than
non-transformed parent plants. Thus it seems possible
to improve the photosynthetic efficiency of rice greatly
by using genes such as these from maize (Matsuoka et
al., 2000).
Cassava (Manihot esculenta) is a staple food in much

of Africa. The powdered, boiled, fried or fermented
leaves and starchy roots of Cassava make up the
world’s third-largest source of calories, after rice and
maize. Plant breeders working in east Africa have suc-
ceeded in increasing the size and number of edible roots.
Yields improved at first but over the years these have
reached a plateau owing to increasing losses as a result
of fungal, viral and bacterial diseases. Although the
introduction of foreign genes into cassava is not yet
routine, virus resistant varieties have been produced.
Another problem with cassava is that it contains high
levels of cyanide. Preparation involves 3–5 days of
labour-intensive treatment, such as soaking in water
and scrubbing to remove the cyanide. Cyanide levels
could be reduced by genetic engineering, which, among
other things, could decrease the labour intensity of
food preparation. However, research is required into
the agronomic effects of decreased cyanide levels in
cassava.
In the western world, bananas (Musa sapientum) and

plantains (M. paradisiaca), their close relatives, are a
snack and a dessert. However, in western and central
Africa they provide more than one quarter of all food
calories. The United Nations Food and Agriculture
Organization (FAO) ranks bananas as one of the
world’s most important food crops. Although banana
transformation is not easy, work is being undertaken to
introduce genes encoding resistance to the most serious
fungal disease.
Many people in poor regions of China and east-cen-

tral Africa eat sweet potatoes (Ipomoea batatas) as a
subsistence crop. The total protein content of sweet
potatoes has been improved, using transgenic technol-
ogy, by a factor of 4, from the traditional 3–12%. This
could have a significant effect on the lives of many peo-
ple in Africa (Qaim, 1999). Work is also underway to
genetically modify sweet potatoes to be resistant to
viruses and weevils.
The Sweet potato feathery mottle virus (SPFMV) is

among the most serious diseases of the sweet potato
crop in Africa (Aritua, Adipala, Carey, & Gibson,
1998). Losses are in the form of reduced yield and lower
tuber quality. The disease is particularly problematic
because sweet potatoes are propagated from cuttings
and, although disease-free planting material can be
produced via meristem culture (Shang et al., 1996), in
most regions there are no tissue culture facilities to
produce sufficient clean planting material.
It is common for sweet potatoes to be infected by one
or more viruses in addition to SPFMV, referred to as
sweet potato virus disease (SPVD). Yield losses due to
this complex can exceed 30% in China (Yang, Xin, Wu,
& Lu, 1993). Infection of sweet potato by a single virus
usually results in only mild symptom development.
However, infection by other viruses when SPFMV is
present results in severe symptoms, presumably by
facilitating replication of the other viruses. Thus, incor-
poration of SPFMV resistance could reduce the impact
of other viruses as well (Zeigler, 2001). An international
team is working to incorporate SPFMV resistance by
transforming sweet potato with the viral coat protein
gene; the results appear to be promising (Saito, Kimura,
Ideta, Mori, & Nishiguchi, 1998; Wambugu, 2000).
Striga is a parasitic weed that is a pest in Africa. It is a

particular scourge because, by a quirk of nature, it
gravitates towards weak maize, rice and sorghum plants
on poorly managed farms. Modern herbicides are effec-
tive against the weed but only if the crops themselves
are genetically modified to tolerate the weed killer.
Research is underway to develop crops that are resistant
to the herbicides that can kill striga.
The requirements and expectations of farmers and

food producers in the developing world with respect to
GMF crops include educational services. However, in
addition, it is essential that these people become part of
the development process. They need to play an integral
role in the process of GMF crop development, testing
and commercialization.

3.3. Outcomes and impacts of GMF crops

A summary review is presented below of the outcomes
and impacts of growing some GM crops. The summary
is by no means exhaustive and is not a complete analysis
of the individual outcomes and impacts included.
Public concerns about the risks and benefits of GM

organisms (GMOs) in the environment are based on the
premise that organisms containing genes introduced
from outside their normal range of sexual compatibility
may present new risks to the environment.
Potential environmental risks and benefits of GMOs

include direct and indirect environmental effects (John-
son, 2000). Amongst direct effects, most concern is
about potential impacts on biodiversity through impacts
on non-target species. Indirect effects may be the result
of changing agricultural management practices,
especially in intensive crop management systems,
brought about by the use of transgenic crops. There are
also potentially beneficial effects of GM crops in the
environment in comparison with the effects of present
agricultural practices and other technology options. These
also need to be taken into account when undertaking risk/
benefit analysis of specific applications in particular
environments.
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In addressing risks of direct ecological effects posed
by the cultivation of plants in the environment, five
environmentally related safety issues need to be con-
sidered. The first three are discussed further below
(Sections 3.3.3–3.3.5).

� Weediness—the tendency of a plant to spread
beyond the field where first planted and establish
itself as a weed or invasive species

� Gene transfer—the movement of genes from a
crop through outcrossing with wild relatives to
form new hybrid plants

� Trait effects—effects of traits that are potentially
harmful to non-target organisms

� Genetic and phenotype variability—the tendency
of the plant to exhibit unexpected characteristics

� Expression of genetic material from pathogens—
e.g. the risk of genetic recombinations following
mixed virus infections.

3.3.1. Bt corn and cotton
A report by Gianessi and Carpenter9 noted that in

1998 the planting of Bt corn seed in the USA saved
810 thousand ha (2 million acres) from being sprayed
with insecticides against the European corn borer. In
the same year, the planting of Bt cotton resulted in
5.3 million fewer insecticide treatments, saving a total
of 0.9 million kg of chemical insecticides. Although
cotton is largely a cash crop, it is considered here as
in many countries oil derived from cotton seeds is
used in food preparation. Yield increases resulting
from reduced crop damage totalled 38.6 million kg.
A later report10 stated that, in the USA, farmers who
grew Bt cotton varieties used 15 million units of insec-
ticide spray less than growers who grew conventional
varieties. This resulted in a reduction in chemical
insecticide use of 1.2 million kg. Reduction in the use
of toxic chemical insecticides has an impact on human
health, especially in developing countries such as
China, where spraying is usually by hand (Huang,
Rozelle, Pray, & Wang, 2002) and where farmers
who planted Bt corn saved 405 thousand ha (1 mil-
lion acres) from treatment with chemical insecticides.
Xia et al. (1999) reported a 60–80% decrease in the
use of insecticides on Bt cotton and maize crops in
China.
3.3.2. Herbicide resistant soybeans
RoundupReadyTM soybeans were introduced commer-

cially in 1996. By 1999 and 2000 they accounted for 54 and
58%, respectively, of the total worldwide soybean acreage
(James, 1999, 2000). Over 40.5 million ha (100 million
acres) of RoundupReadyTM soybeans have been grown to
date. Gianessi and Carpenter used data from the USDA
to evaluate the impact of RoundupReadyTM on the use of
herbicides and found that herbicide use, in terms of total
pounds applied, rose 14% between 1995, the year before
the introduction of the RoundupReadyTM soybeans, and
1998. This increase occurred while there was a 12%
increase in acreage under soybeans.11 Therefore, overall
there was a slight increase in herbicide use. However, it
is difficult to conclude that this slight increase was due to
an increase in herbicide use on RoundupReadyTM soy-
beans. Indeed Carpenter comments ‘‘we would expect to
see a much greater increase in total pounds of herbicide
applied if [its] use on herbicide tolerant crops was greater
than on convention varieties’’.
What Gianessi and Carpenter did find was a large

reduction in the number of herbicide applications made in
1998 compared with 1995.12 They calculated an aggregate
reduction of 16 million herbicide applications over this
period. This indicates that growers were able to use fewer
active ingredients per acre and spray each field less often.
In their 2001 report, Gianessi and Carpenter esti-

mated that soybean farmers in the USA who had plan-
ted RoundupReadyTM soybeans made 19 million fewer
herbicide applications than growers of conventional soy-
beans.13 They also estimated that planting Round-
upReadyTM soybeans resulted in net savings of US $216
million in weed control. In addition it should be noted
that the herbicide glyphosate is less toxic and persistent
than most other herbicides used in agriculture worldwide.
Phipps and Park (2002) have also reported reductions

in herbicide applications through the use of GM crops
modified for herbicide tolerance and the Economic
Research Service of the USDA has also published a
report showing significantly fewer herbicide treatments
on herbicide tolerant crops.14
9 Gianessi and Carpenter (1999) Agricultural Biotechnology: Insect
Control Benefits. Washington, DC: National Centre for Food and
Agricultural Policy, available (January 2003) at http://www.ncfap.
org/.
10 Gianessi and Carpenter (2001) Agricultural Biotechnology:
Updated Benefit Estimates. Washington, DC: National Centre for
Food and Agricultural Policy, available (January 2003) at http://
www.ncfap.org/.
11 Gianessi and Carpenter (2000) Agricultural Biotechnology: Bene-
fits of Transgenic Soybeans. Washington, DC: National Centre for
Food and Agricultural Policy, available (January 2003) at http://
www.ncfap.org/.
12 Gianessi and Carpenter (2000) Agricultural Biotechnology: Bene-
fits of Transgenic Soybeans. Washington, DC: National Centre for
Food and Agricultural Policy, available (January 2003) at http://
www.ncfap.org/.
13 Gianessi and Carpenter (2001) Agricultural Biotechnology:
Updated Benefit Estimates. Washington, DC: National Centre for
Food and Agricultural Policy, available (anuary 2003) at http://
www.ncfap.org/.
14 Fernandez-Cornejo & McBride (2000) Genetically Engineered
Crops for Pest Management in US Agriculture: Farm-level Effects (Agri-
cultural Economic Research Service, US Department of Agriculture),
available (July 2002) at http://www.ers.usda.gov/publications/aer786/
aer786.pdf.
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From the point of view of improved agricultural
practice, the planting of RoundupReadyTM soybeans
has encouraged conservation tillage, saving moisture,
nutrients and input costs. It also provides a habitat for
wildlife and protects the soil from destructive erosion
(James, 2001b). The savings to farmers as a result of
decreases in input costs, such as machinery, fuel and
labour, have been considerable.

3.3.3. Superweeds
One potential disadvantage of GMF crops is that

they might become, or generate by cross-pollination,
superweeds’ that are difficult or even impossible to kill
with herbicides normally used on the crop, thus causing
environmental damage. Concerns have been expressed
about the possibility that a gene coding for a trait such as
herbicide resistance could pass from a crop to a weedy
relative. This is a concern that has been expressed parti-
cularly in the case of oilseed rape, or canola (Brassica
napus) that is resistant to herbicides that contain glyphosate
as their active ingredient. B. napus does have some weedy
relatives that it can cross-pollinate. However, crops resis-
tant to herbicides have been bred by conventional means
for some 50 years and the spread of resistance was investi-
gated in detail 20 years ago (Holliday & Putwain, 1980).
There is no sign that natural resistance in B. napus to, for
example, the herbicide triazine has spawned superweeds.
If there is a possibility that a GMF crop could cross-

pollinate a weedy relative and thereby increase its wee-
diness, steps can be taken to minimize this. The goal
must be minimal opportunity for pollen escape, coupled
with rapid identification and eradication of hybrids.
There should be no crop relatives within possible pollen
exchange distances of the field site. A barrier area of
non-GM plants should be planted around the crop to
serve as a pollen trap and reduce pollen flow out of the
field. Application of a post-harvest herbicide or
mechanical cultivation of the isolation area around the
field could also effectively reduce escape.

3.3.4. Transfer of transgenes via pollen to wild species
One country in which out-crossing of pollen from

GM maize to wild species could occur is Mexico, which
is home to teosinte, the progenitor of modern maize. A
recent paper in Nature by Quist and Chapela (2001)
reported that the appearance of the Bt gene in landraces
of maize in Mexico was due to the transfer of pollen from
Bt maize in the USA. This is extremely unlikely as maize
pollen is not known to travel such vast distances. What is
much more likely is that Bt maize seeds were introduced
into Mexico from maize farms in the USA. Cross-polli-
nation by this Bt maize of Mexican landraces could read-
ily occur. Events such as this are probably inevitable.
The Quist and Chapela paper raised concerns about

the potential effects of the introduction of transgenes on
the genetic diversity of crop landraces and wild relatives
in areas of crop origin and diversification.15 However,
the paper was the subject of considerable criticism.
After discussions with the authors and a referee the
Editor of Nature stated.16
‘Nature has concluded that the evidence available is
not sufficient to justify the publication of the origi-
nal paper.’

A technology has been developed that would prevent
the germination of seeds cross pollinated by transgenic
plants; however, owing to concerns about producer
control it has been halted. This technology protection
system (TPS), or ‘terminator technology’ (also known
as genetic use restriction technology; GURT), patented
in 1998, would have provided a genetic modification
that would prevent progeny seeds germinating. TPS
would thus provide a way to prevent the spread of genes
from GMF crops to other plants.

3.3.5. Effects of Bt pollen on non-target insects
Another environmental impact of GMF crops that

has been studied in considerable detail is the effect of
pollen containing the Bt gene on non-target insects.
Results of non-target toxicity studies for Bt field corn
are given in Table 3.3; the risks appear to be minimal.17

A highly publicised example of the effects of Bt pollen
on non-target insects was the case of Monarch butterfly
(Danaus plexippus). Laboratory-based studies showed
that larvae feeding on milkweed (Asclepias syriaca)
leaves covered with pollen from Bt-expressing maize
suffered higher mortality rates than larvae feeding on
milkweed covered with pollen from non-GM maize
(Jesse & Obrycki, 2000; Losey, Rayor, & Carter, 1999).
However, recent field-based studies showed that, in
most commercial hybrids, Bt expression in pollen was
low and there were no acute toxic effects at any pollen
15 However Herrera Estrella (Director of the Mexican research
centre CINVESTAV Irapuato) suggests that maize landraces have
lived together with commercial varieties, including hybrids from
multinational firms for decades, and this has caused neither their
disappearance nor, in most cases, even their replacement by small
growers. Thus Mexican maize landraces, enhanced through con-
ventional techniques, have had the chance to exchange genes. Far
from being eliminated, domestic biodiversity has been enriched,
and small-scale farmers have incorporated genes allowing them to
obtain varieties best suited for their region (Crop-biotech Update
(2001) Mexican Government Responds to GM Corn Story, available
(July 2002) at http://www.anbio.org.br/isaaa/crop_7dez.htm).
16 Editor, Nature (2002) Editorial Note, Nature, 416, 601.
17 Carpenter (2001) Case Studies in Benefits and Risks of Agri-
cultural Biotechnology: Roundup Ready Soyabeans and Bt Field
Corn. Washington, DC: National Centre for Food and Agricultural
Policy, available (December 2002) at http://www.ncfap.org/.
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density that would be encountered in the field. Other
factors mitigating exposure of larvae include the vari-
able and limited overlap between pollen shed and larval
activity periods and the fact that only a portion of the
Monarch butterfly population uses milkweeds in and
near cornfields. The authors of the field-based study
concluded that:
‘This 2-year study suggests that the impact of Bt
corn pollen from current commercial hybrids on
Monarch butterfly populations is ‘negligible’ (Sears
et al., 2001).’

The field-study results were confirmed in a second
paper (Stanley-Horn et al., 2001), which was co-
authored by three of the authors of the initial
laboratory-based studies. A third field-study, which
investigated corn pollen deposition on milkweeds in
and near cornfields (Pleasants et al., 2001), found that
pollen density was highest at an average of 170.6
grains/cm2 inside the cornfield and was progressively
lower from the field edge outward. Pollen density fell
to 14.2 grains/cm2 2 metres away from the field.
Moreover, a single rain event could remove 54–86%
of the pollen on leaves. Leaves on the upper portion
of milkweed plants, where young Monarch larvae
tend to feed, had only 30–50% of the pollen density
levels of middle leaves.
Nonetheless, different transgenic events (indepen-

dently transformed plant individuals) might have differ-
ent effects on non-target lepidopterans. A study of Bt
corn engineered with the line ‘Monsanto event 8100

failed to detect an effect of pollen exposure on the black
swallowtail, Papilio polyxenes, in either the field or the
laboratory (Wraight, Zangerl, Carroll, & Berenbaum,
2000). However, other studies showed that exposure to
pollen from the line ‘Novartis event 176’ could have
adverse sublethal effects on swallowtails in the field
(Zangerl et al., 2001). This underscores the importance
of event selection in reducing environmental impacts of
transgenic plants.

3.3.6. Development of insects resistant to Bt
Insects exposed to Bt-expressing crops can potentially

develop resistance to these insecticidal proteins. Insecti-
cide resistance would not be unique to GMF crops
transformed with the Bt gene; such resistance occurs
repeatedly with conventional chemical insecticides.
Therefore resistance management plans have to be
implemented to ensure the prolonged efficacy of Bt-
protected crops.
The basis of such integrated pest management

approaches is the planting of sufficient acreage of non-Bt
crops to serve as ‘refuges’ for pests. This decreases the
selection pressure for the development of Bt-resistant
insects, when resistance is not a dominant trait, ensuring
that sufficient Bt-sensitive pests will be available as mates
for Bt-resistant insects, should they develop. The offspring
of such matings will be Bt sensitive, thus diminishing the
spread of resistance in the insect population (Gould,
1998). The US National Corn Growers Association
recommends a 20% refuge requirement in corn growing
regions and a 50% refuge requirement in overlapping corn
and cotton growing regions,18 a plan accepted by the US
Environmental Protection Agency (EPA).
The development of strategies for refuges among

farmers in developing countries needs to be addressed.
18 Agricultural Biotechnology Stewardship Technical Committee
(2001) Bt Corn Insect Resistance Management Survey 2000 Growing
Season, ABSTC, available (July 2002) at http://www.ncga.com/ bio-
technology/insectMgmtPlan/pdf/finalIRMsummarysurvey.pdf.
Table 3.3. Results of non-target toxicity studies for Bt field corna
Non-target organism
 Test results
Honey bee larvae
 Practically non-toxic; NOEL >20 ppm

Honey bee adults
 Mean mortality 16.2%, not significantly different from control; NOEL <20 ppm

Parasitic hymenoptera
 Practically non-toxic; NOEL >20 ppm

Green lacewing larvae
 Practically non-toxic; NOEL >16.7 ppm

Lady beetles
 Practically non-toxic; NOEL >20 ppm

Northern bobwhite quail
 No treatment related mortality or difference in food consumption, body weight or behavior at 50 000 ppm

or 100 000 ppm corn meal from Bt corn

Earthworm
 NOEL >200 ppm

Collembola
 No observable toxicological effect at 200 ppm

Collembolab
 LD50 of lyophilised MON810 corn leaf tissue over 28-day exposure period, greater than 50% by weight of diet

Channel catfish
 No significant differences in feed/fish, feed conversion ratios, final weight,% weight gain, survival; no difference

in body composition (% moisture, fat and ash); higher protein content of fish on dry weight basis.

Daphnia magnab
 Unaffected by 48-h exposure to 100 mg of Bt corn pollen/l
NOEL, no observed effect level.
a Carpenter, J.E. (2001). Case Studies in Benefits and Risks of Agricultural Biotechnology: Roundup Ready Soybeans and Bt Field Corn,
Washington, DC: National Center for Food and Agricultural Policy. Available (Dec 2002) at http://www.ncfap.org/.
b Study submitted to satisfy EPA request for additional data.
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Based on their experience with Bt rice, Cohen, Gould
and Bentur19 recommend four actions that can be taken
to implement a functional high dose/refuge strategy in
developing countries.

� Bt varieties that do not have a high dose of toxin
should not be released. Toxin titres of 2 mg/g of
leaf fresh weight or 0.2% of soluble leaf protein,
attainable in rice, have been shown to act as high
doses against most pests in other crops.

� Only Bt cultivars that have two Bt toxin genes
should be released. The genes should not be
closely related to each other and both should be
expressed at a high dose. Two-toxin cultivars
require smaller refuges to achieve successful
resistance management.

� Bt-transformed versions of all popular varieties
should not be released. Some popular non-Bt
varieties should remain available to improve the
chances that some non-Bt fields will exist in all
growing regions. Sufficient seed supplies of non-
Bt varieties should be maintained.

� A resistance monitoring program should be
implemented. Several methodologies can be used
to monitor pest populations for the evolution of
resistance to Bt cultivars. The use of ‘sentinel
plots’, in which insect damage is monitored in
unsprayed fields of Bt cultivars, is perhaps the
most practical. Resistance monitoring programs
can serve as early warning systems and provide
valuable information for improved deployment
of future pest-resistant cultivars.

According to a study by Tabashnik et al. (2000),
resistance to Bt is not yet a major problem in the USA.
For several years, scientists tracked resistance to Bt
cotton in pink bollworm caterpillars, which attack cot-
ton bolls in the southwestern USA. The estimated fre-
quency of a gene conferring resistance to the toxin in Bt
cotton was about 1 in 10 in 1997, roughly 100 times
higher than estimates for other pests of Bt crops. Based
on projections from this high baseline, rapid increases in
resistance were expected in subsequent years. Surpris-
ingly, the estimated frequency of resistance did not
increase from 1997 to 1999 and Bt cotton remained
effective against pink bollworm.
A relatively new approach to the problem of insect

resistant was reported by Kota et al. (1999) who found
that very high levels of expression of the Bt toxin could
be obtained by introducing the Bt gene into chloroplasts
rather than the nucleus. The high levels of Bt expression
obtained in these transgenic plants were sufficient to kill
even Bt-resistant insects. An added environmental
advantage of such an approach is that, with few excep-
tions, chloroplasts are only inherited maternally.
Therefore there is little chance of the genes being trans-
ferred into non-target plants by cross-pollination or of
non-target insects being affected by toxins potentially
present in pollen.
Another way to address the problem of insect resis-

tance to Bt is to use other genes producing proteins
toxic to insects. One such is cholesterol oxidase from a
streptomycete. This enzyme, expressed in tobacco, has
been shown to be lethal to larvae of the boll weevil
(Shah, Rommens, & Beachy, 1995). Bacillus cereus
and B. thuringiensis have been shown to produce
insecticidal proteins during vegetative growth, as
opposed to the Bt toxin, which is produced during sta-
tionary phase growth. These Vip (vegetative insecticidal
proteins) proteins show no homology to the Bt toxins
and are active against a wide range of lepidopteran
insects. Like Bt toxins, they also bind to receptors in the
gut and cause lysis of the epithelial cells (Estruch et al.,
1996).
Examples of other toxic proteins are the proteinase

inhibitors; these often accumulate in seeds or vegetative
storage organ, providing one of the mechanisms by
which a plant protects itself against herbivores.
Proteinase inhibitors are naturally present in legumes
and some cereals and are induced by insect attack. Most
of them act on serine proteinases. The cowpea trypsin
inhibitor gene has been transferred to a number of dif-
ferent crops, in which it adversely affects lepidopteran
and coleopteran insects.
Genes such as those for cholesterol oxidase, Vip pro-

teins and proteinase inhibitors could be used together
with one or more Bt genes in a process called ‘stacking’.
This approach might slow down the development of
insect resistance.

3.3.7. Horizontal transfer of antibiotic resistance genes
The process of plant transformation requires that

transgenic callus, and later developing plants, can be
selected from the background of non-transgenics. This
is usually effected by the introduction of a gene encod-
ing resistance to an antibiotic to which the parent plant
is sensitive. In most cases this is kanamycin, resistance
to which is encoded by the nptII gene, resulting in the
synthesis of neomycin phosphotransferase. Concern has
been expressed over the possibility that this gene might
be transferred horizontally from a GMF crop to bac-
teria, thereby increasing levels of antibiotic resistance.
In a recent review of the subject, Thomson (2001)

concluded that, while horizontal gene transfer can and
has occurred, certainly on an evolutionary time scale,
such events are rare in the short term. However, even
rare events may have an ecological impact; therefore,
the genes encoded by DNA introduced into a GMF
19 Cohen, Gould, and Bentur (2000) Bt rice: practical steps to sus-
tainable use, International Rice Research Notes, 25(2), available (July
2002) at http://www.irri.org/IRRN25-2Minireview.pdf.
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plant should be the focus of biosafety considerations
and a number of questions need to be answered.

� How could a fragment of DNA or a plasmid
containing the coding region of an antibiotic
resistance gene in a GMF become available to a
bacterium or a eukaryotic cell?

� How can the DNA released from the GMF cell
be protected from degradation before possible
transformation into a bacterium or a eukaryotic
cell?

� How can the DNA integrate and stabilise in the
bacterium or eukaryotic cell, either in the form of
a self-replicating plasmid or in the chromosome?

� If an antibiotic resistance gene were to be trans-
ferred into a bacterium or eukaryotic cell in the
correct relationship to a suitable promoter for
expression, what would be the consequences?

All these questions are considered in the review by
Thomson, which concludes that in the case of antibiotic
resistance markers, the chance of increasing the fitness
of any bacteria acquiring the genes from a GMF plant is
remote.
The incidence of natural populations of bacteria with

antibiotic resistance genes is very high. The hypothetical
risk that any bacteria could be transformed with anti-
biotic resistance genes from GMF crops and express
them is extremely low and there is no evidence that such
an event has occurred, even under ideal laboratory
conditions. There is also no known risk associated with
the highly unlikely possibility that eukaryotic cells
could be transformed with these genes and express the
proteins.
The genes introduced into a GMF or crop represent a

few of the 20,000–80,000 genes contained in the food or
plant. Based on the evidence presented in the review by
Thomson (2001), the possibility of transferring any
introduced gene from a GMF or GM plant is no greater
than of transferring any of the other genes in the food
or plant.
Despite this, many countries are requiring that devel-

opers phase out the use of antibiotic resistance markers
from GMF crops. One strategy is to use techniques that
allow the antibiotic resistance gene to be removed after
the initial selection of transformed cells. In the Cre/loxP
system, for example, the transgenic cells are further
transformed with DNA carrying the cre gene, which
codes for a recombinase enzyme. The recombinase
enzyme removes the antibiotic resistant gene that had
originally been inserted between the lox sites in the ori-
ginal transformation event; however, the DNA carrying
the cre gene is not incorporated into the plant genome
so will be lost (Gleave, 1999).
Another strategy is to use selectable marker genes that

yield plants resistant to compounds that are toxic but
not antibiotic. One such example is the manA gene,
encoding phosphomannose isomerase. Most plant cells
cannot grow on media containing the sugar mannose-6-
phosphate as sole carbon source; however, transgenic
plants expressing the manA gene are able to do so
(Joersbo et al., 1998). A similar strategy uses the xylA
gene, coding for xylose isomerase, to allow plant cells to
survive on the sugar, xylose (Haldrup, Petersen, &
Okkels, 1998).

3.3.8. Impact of GMF crops on biodiversity
Another environmental concern about the impact of

GMF crops is that they might result in a loss of bio-
diversity and hence render agriculture more vulnerable
to biotic and abiotic stresses.
The management of some GM crops is likely to differ

from conventional intensive agriculture or organic
farming. GM herbicide-tolerant crops are grown under
a regime of broad-spectrum herbicides applied during
the growing season, which results in almost total weed
elimination from the crop. Such broad-spectrum herbi-
cides may be more damaging to farmland ecosystems
than the selective herbicides they may replace. Using
these herbicides in the growing season may also increase
the impact of spray drift onto marginal habitats and
watercourses. It is not the volume of herbicides that is
the issue but their efficiency and impact on wildlife.
When insect resistance and herbicide tolerance are
combined in the same crop variety, there may be a few
insects capable of feeding on the crops and few inverte-
brates and birds would be able to exploit the weed-free
fields (Johnson, 2000).
The future development of new crops with improved

tolerance to abiotic factors (such as drought, salinity
and frost) and the advent of ‘pharmed’ crops, which
may be used to produce vaccines and industrial pro-
ducts (see Chapter 4), may also change crop manage-
ment practices. They may either increase or decrease
demand for arable land in the long term, and they may
also put further pressure on natural biodiversity when
crop cultivation extends into presently marginal lands.
However, beneficial impacts on biodiversity may be

more likely. Conventional breeding blends a particular
trait of interest with other desirable traits. This entails
the breeding out of unwanted traits over a number of
generations. Genetic modification allows rapid and
direct addition of a single desired trait to an already
optimised breed of plant, thus making it easier to
diversify crops. For example, the RoundupReadyTM

trait has been introduced into many different soybean
varieties. In addition, the development of insect resis-
tant crops is resulting in a decrease in the use of chemi-
cal insecticides. As a result, insects not seen for years on
farms are returning, also resulting in an increase in bio-
diversity (James, 2001b).
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The Cartegena Biosafety Protocol of the Convention
on Biological Diversity, agreed in January 1999 by over
100 countries, states that nations have the right and
responsibility to determine if the applications of modern
biotechnology, in particular living modified organisms
(or GMOs), will have any impact of biodiversity.

3.4. Standards of use for GMF crops

3.4.1. Regulation in the USA
The USDA, Food and Drug Administration (FDA)

and EPA are involved in regulating GMF crops and
GMOs. In addition to their regulatory functions, these
bodies also support a programme of competitively awar-
ded, peer-reviewed research grants, focusing on current
and future safety issues, to expand the existing body of
knowledge about GMF crops and GMOs for food use.
The Food, Drug and Cosmetic Act gives the FDA

sweeping authority to regulate the safety of all foods,
including those derived from GMF crops. The EPA and
USDA also strictly regulate GMF crops. Some of the
steps involved in approval of a GMF crop are sum-
marized below. During the process the three federal
agencies examine health and environmental safety.
The US National Academy of Sciences recently

reviewed the processes of the three agencies and came to
the conclusion that, although the scientific bases on
which decisions are made are sound, various improve-
ments in the process should be made (National
Research Council, 2002). In addition lessons could be
learned and shared with other bodies involved in reg-
ulatory policies, such as the European Union (EU),
Organization for Economic Co-operation and Develop-
ment, FAO and World Health Organization.

3.4.1.1. USDA
The USDA oversees field and agricultural environ-

mental testing of all GMF crops; in so doing USDA:

. must give formal approval for field trials to be
conducted;

. must give authority for the developer to ship seeds
from the greenhouse to field trial sites;

. spends nearly a year reviewing a full package of
field trials and studies.

The USDA, over years of field trials, examines many
parameters of the GMF crop to determine whether
inserting a new gene will cause the plant to differ from
its conventionally bred counterpart in any aspect other
than the introduced trait. The field trials tell USDA
whether the crop will have any effect on non-target
species, such as in the case of insect resistance. The
USDA is also responsible for ensuring that the plant
will not become or create a weedy pest.

3.4.1.2. EPA
The EPA regulates pest- and insect-resistant crops. If

the new plant performs a function traditionally per-
formed by a chemical pesticide, for example insect-
resistant maize or cotton, EPA:

. must grant an experimental use permit if the
developer wants to test 4 ha (10 acres) or more;

. must decide whether limits (tolerances) should be
set on the amount of pest-control protein in foods
derived from the crop;

. spends about 18 months reviewing a host of
environmental and toxicological studies.

The EPA reviews toxicological studies to ensure that
the new crop does not harm animals or humans. In the
process, researchers feed high doses of the introduced
protein to rodents, beneficial insects, birds and fish.
Digestibility studies and other data determine if the
inserted gene results in the production of an allergen.

3.4.1.3. FDA
The FDA is involved in the process almost from the

beginning and is the primary overseer of food safety.
The FDA:

. meets with the developer early in the process and
provides guidelines on what studies it considers
appropriate to ensure food and feed safety;

. interacts with the developer over several years;

. has the authority, under the Food, Drug and Cos-
metic Act, to remove immediately from the market
any food it deems to be unsafe.

The FDA compares the significant parameters of
the improved plant with its traditional counterpart,
including agronomic and physiological characteristics
and nutritional components. Any unexpected changes
lead to further studies. The FDA assesses the safety of
any newly expressed protein other than those that are
pesticidal and hence the responsibility of the EPA.

3.4.2. Regulation in the European Union

3.4.2.1. Novel foods and novel food ingredients
The principal novel food legislation is EU Regulation

No. 258/97,20 which applies to the placing on the
20 OJ L43, 14.2.97, pp. 1–7.
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market within the EU of foods and food ingredients
that have not previously been used for human
consumption to a significant degree and that fall into
specific categories.
The regulation also specifies the assessment proce-

dures that must be carried out before a novel food can
be placed on the market, and makes for provision for
objections to be raised by interested parties. A proce-
dure for re-assessment of novel foods is included if they
subsequently appear to be endangering human health
and for a review of the legislations within 5 years from
implementation in any case.

3.4.2.2. Releases into the environment
Deliberate releases of GMOs into the environment fell

under Directive 90/220/EEC21 now superseded by
Directive 2001/18/EC.22 The directive requires that a
case-by-case environmental risk assessment should
always be carried out prior to release of any GMO,
which should take due account of potential cumulative
long-term effects, and should give particular considera-
tion to the issue of antibiotic resistance genes.
Before undertaking a deliberate release of a GMO

into the environment or placing it on the market a
notification is submitted to the national competent
authority. The notification should contain a technical
dossier of information including, among other things, a
full environmental risk assessment. The objective of the
environmental risk assessment is to identify potential
adverse effects of the GMO, either direct, indirect,
immediate or delayed on human health and the envir-
onment, which the deliberate release or the placing on
the market of GMOs may have.
In the case of a favourable opinion, the dossier is

forwarded to the European Commission and all com-
petent authorities of the other member States. If there
are no objections, the competent authority that carried
out the original evaluation grants the consent for the
placing of the product on the market throughout the
EU. In the case of objections, a decision has to be taken
at Community level.

3.4.3. Regulation in developing countries
The United Nations Environmental Agency (UNEP)

and the Global Environmental Fund (GEF) have laun-
ched a project aimed at enabling 100 countries to
develop a National Biotechnology Framework by June
2004. Each country will establish a National Executing
Agency, the legal entity responsible for executing the
project. Although UNEP and GEF will bear the major
costs of the project, each country must show its serious
intention to be part of this programme by contributing
a certain percentage in money or in kind.

3.5. Methods for evaluating outcomes and impacts
of GMF crops
3.5.1. Magnitudes of benefits and risk
It is obviously not possible to achieve zero risk to the

environment or human health from any technology.
Legislation and policing minimize risks in order to
maintain acceptable safety standards. In addition, risk
analyses need to include the risks associated with the
practices that GMF crops help to curtail, that is, the
benefits derived from using GM as opposed to conven-
tional crops. For example, what are the risks of using
insecticides? What is gained by planting crops that do
not need insecticides? Furthermore, risk evaluations
need to determine whether the GMF crop poses a risk
that is known or unknown, probable or implausible.
There is no zero risk associated with conventional plant
breeding. In this case, two or more organisms are cros-
sed and tens of thousands of genes, many with unknown
functions, are mixed. The risks and benefits of this
‘experiment’, carried out over the last 10,000 years or so
can be assessed. There have indeed been some unwanted
traits; many people are allergic to wheat, for example.
However, overall, plant breeding has been extremely
successful. Genetic modification is likely to be as safe as
conventional breeding and is much more precise.
When addressing the question of cross-pollination, by

GMF crops, of relatives, weedy or otherwise, the fitness
of the hybrids must be determined. Such information
will provide policy makers and those undertaking field
tests with necessary information about the potential for
transgene persistence and the nature and magnitude of
ecological risk. As mentioned in Section 3.3.4, TPS has
been halted. This may have a detrimental effect on fur-
ther research and development. The germination con-
trol in TPS has two main purposes. One purpose of TPS
is to protect specific plant varieties with GM desirable
traits from unauthorized regeneration and ensure that
benefits are shared only by those researchers who
accomplished the genetic improvements. The legal
framework to protect intellectual property, in the USA
and other countries, allows patenting of new and useful
inventions, such as GM plants. TPS may enhance
investment in research to develop high-value transgenic
crops because companies will have better prospects for a
fair return on their investment. The situation with TPS
is similar to the investment in the development of hybrid
maize. Companies sell hybrid seeds produced by con-
ventional breeding every season, owing to the vigour of
the hybrid seed. As hybrids do not breed true, the pro-
ductive value of hybrid seed is largely lost after the first
year. This revolutionary development, which occurred
approximately 70 years ago, required that farmers buy
new seeds every year. The result is that seed companies
21 OJ L117, 08.05.90, P15; amendments: 94/15/EC, OJ L103,
22.04.94, p20; 97/35/EC, OJ L169, 27.06.97, pp. 72.
22 OJ L106, 17.04.01, pp. 1–38.
J. Thomson / Trends in Food Science & Technology 14 (2003) 210–228 223



have invested heavily in improving maize and the cost
of seed to farmers has been more than offset by the
economic returns to them resulting from highly
dependable germination, improved crop yield, quality
and profitability.
A second purpose of TPS, as outlined in Section 3.3.4,

is to provide a way to prevent the spread of genes
introduced into improved crops. Pollen from GMF
crops can find its way into other plants. There may be
native plants that can hybridize with the crop plant, and
this pollen transfer could introduce new and unwanted
traits into the wild population. TPS solves this problem
and eliminates a biosafety concern over widespread use
of GMF crops. Contrary to some perceived opinion,
germplasm used by subsistence farmers is not the target of
TPS technology. The primary use of TPS, if it were to be
developed, would be in the markets of developed nations,
where farmers have the technology and infrastructure to
take maximum advantage of high-value crop varieties.

3.5.2. Most likely beneficaries of the application of
specific technologies
It might be expected that seed companies and farmers

in developed countries will benefit most from transgenic
technology. However, an investigation, by Ismaël,
Thirtle, and Beyers (2000), into the effects of Bt cotton
adoption by 100 smallholder farmers in KwaZulu-Natal
in South Africa showed that the farmers who adopted
the Bt cotton in the 1998 and 1999 seasons benefited
from the new technology according to all the measures
determined. Average yields per hectare and per kg of
seed were higher for adopters than for non-adopters.
The increase in yields and reduction in the use of che-
micals outweighed the higher seed cost. Gross margins
were also considerably higher for adopters in the second
season, which was a bad year, owing to unusually heavy
rainfall. Despite this the Bt adopters suffered less fall in
yields than those who did not plant Bt cotton.
However, it should be noted that both yields and

gross margins are only partial measures of crop effi-
ciency, as they fail to take into account major inputs
such as labour. Thus in their study, Ismaël et al. (2000)
also investigated deterministic and stochastic efficiency
frontiers, which take account of the efficiency with
which all inputs are converted into outputs. These
methods use only the more reliable input and output
quantity data and do not use prices, which are less well
recorded or simply non-existent. Both methods con-
firmed that the Bt cotton adopters were considerably
more efficient than those who used conventional cotton.
For 1998, the stochastic frontier results showed that the
adopters averaged 88% efficiency, compared with 66%
for conventional farmers. In 1999, the equivalent figures
were 74 and 48%. Similarly, the determinist frontier
results for both years showed that the adopters were
over 62% efficient, while conventional farmers averaged
only 46%. There was also no evidence that the better off
farmers gained more than the less well off; indeed,
income inequality was slightly reduced.
One human health and environmental issue that was

highlighted was that 53% of farmers washed their
empty spraying equipment in the field and 92% dis-
posed of left over chemicals in the field. The decrease in
the use of insecticides will thus diminish the exposure of
workers and the environment to these toxic chemicals.
Most farmers did not identify any problems with Bt

cotton except the high cost of the seed. Of the non-
adopters, 90% were willing to adopt the technology if
credit were available.
A similar study on the effects of Bt cotton in China

(Huang et al., 2002), determined that:

‘Response by China’s poor farmers to the intro-
duction of Bt cotton eliminates any doubt that GM
crops can play a role in poor countries.’

It was found that farmers were receiving the greatest
benefit from Bt cotton’s reduced requirement for pesti-
cides. Pesticide use was reduced by an average of 13
sprayings (49.9 kg) per hectare per season, reducing
costs by US $762 per hectare per season. Labour for
pest control was also significantly reduced. The decrease
in pesticide use led to increased production efficiency.
Although yields and the price of Bt and non-Bt varieties
were the same, the cost savings and reduction in labour
experienced by Bt cotton farmers reduced the cost of
producing a kg of cotton by 28%.
The survey investigated the effects of Bt cotton on

farmers’ health. Only 4.7% of Bt cotton growers repor-
ted insecticide poisonings, compared with 11% of
farmers using both Bt and non-Bt varieties and 22%
using only non-Bt varieties.

3.5.3. Those most likely to bear risks
Based on lessons learned from non-GM crops, risks

associated with productivity are probably born most by
the farmers who plant GMF crops in their early stages
of development. While such crops may have proven
effective in one country, under certain environmental
conditions, it does not follow that the same crop will be
equally effective in another country, under other envir-
onmental conditions. This highlights the need for thor-
ough field trials of GMF crops in each country in which
they are introduced.

3.5.4. Time frame for anticipated benefits and risks
Economic benefits could probably be determined over

a 5-year period; risks involving environmental impacts
could take longer to assess. However, it should be noted
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that some of the environmental risks associated with the
planting of GMF crops occur so infrequently that they
would not be detectable in field trials but would only be
detected on the scale of commercial release. This high-
lights the importance of continued monitoring of com-
mercial releases of GMF crops under a wide range of
environmental conditions.

3.6. Knowledge gaps

3.6.1. Efficacy of GMF crops already developed
As discussed above, continued monitoring of the effi-

cacy of those GMF crops that have already been devel-
oped and those that are in commercial production needs
to be carried out. Comparisons, where possible, with the
same crops carrying similar traits developed by conven-
tional breeding should be included. In addition, in the
case of farmers and consumers in developing countries
(who, it should be noted, are often the same people),
analysis of effects on labour intensity from planting to
food preparation could be informative.

3.6.2. Risks of invasiveness
Genetic modifications of crops, through traditional

breeding or transgenic methods, can potentially create
changes that enhance an organism’s ability to become an
invasive species. Potential ecological impacts through
invasiveness depend on existing opportunities for unin-
tended establishment, persistence, and gene flow of intro-
duced organisms. Few introduced organisms become
invasive; however, this is an issue for the management of
all introduced crops, including those that have been
genetically modified. Conflicting evidence exists from
experiments with oilseed rape; some studies suggest that
self-sustaining populations are unlikely and others that
hybridization can occur with closely related species (Wol-
fenbarger & Phifer, 2000). Clearly this is an area where
more research, especially field research, is required.
The ecological impacts of pollen transfer leading to

gene introgression depend on whether hybrids survive
and reproduce. Again available evidence is conflicting,
and the ecological consequences in non-agricultural
habitats and ecosystems have remained largely unstu-
died (Wolfenbarger & Phifer, 2000).
A recent publication by the European Commission

(2001) reviews the results of research sponsored research
by the Commission on the safety of GMOs. Some of the
papers indicate research that should be carried out to
improve knowledge of the effects of GMOs on agri-
culture. One paper discusses the potential consequences
of transencapsidation of heterologous viral RNA by
transgenically expressed viral coat proteins and the
possibility of introducing mutations into the coat pro-
tein gene to prevent transmission by insect vectors.
3.6.3. Indirect effects
GMF crops could have indirect impacts on popula-

tions of insects that depend on the insects being con-
trolled, for example by Bt toxins, for survival and
reproduction. In addition, herbicide tolerant crops
could lead to lower food availability of certain insects,
animals and birds. Data on this issue are conflicting. In
some studies control of the Colorado potato beetle by
transgenic plants appeared to explain the decrease in
species that prey on this beetle, while population esti-
mates of predatory insects were found to be similar in
plots of Bt and non-Bt maize (Wolfenbarger & Phifer,
2000).

3.6.4. New viral diseases
A popular approach to the introduction of virus

resistance in transgenic plants is the constitutive
expression of the virus coat protein that makes up the
capsid. Identifying the molecular interactions between
such coat proteins and the virus challenger genome is
essential for understanding the mechanisms involved in
this type of plant protection to virus infection. The
potential consequence of transencapsidation of other
infecting viruses by the coat protein is a potential risk
in this type of GMF crop. Another potential risk could
be RNA recombination between the coat protein tran-
script and incoming RNA viruses. This has been
addressed to some extent in the European Commission
(2001) report.

3.6.5. Unintended effects
Ecosystems are complex and not all risks associated

with the release of new organisms, including GMF
crops, can be identified. Some consequences will be due
to the frequency and scale of the introduction and can-
not, therefore, be studied during trial releases. Environ-
mental and cultivar variability and interactions will also
complicate the task of risk assessment, which will have
to be sensitive to temporal and spatial factors. In addi-
tion, as pointed out in Chapter 1, the interconnectivity
of metabolic networks suggests that if a key node in the
network is altered, the outcome may be unexpected. It is
anticipated that new technologies, such as genomics,
proteomics and metabolomics, could improve the pre-
dictability of such outcomes.

3.7. Conclusions

. The most widely commercialized GM crops are
herbicide-tolerant soybeans and insect-resistant
maize and cotton.

. The development of crops resistant to biotic and
abiotic stresses are critical for sustainable food
production in the developing world by the year
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2025, if not sooner. Both transgenic and other
technologies have the potential to contribute to
such developments.

. GMF crops could decrease the cost of production
and have positive effects on the environment in
both developed and developing countries.

. It is prudent that the outcomes and impacts of the
use of GMF crops are scientifically monitored
with respect to farming efficiency, food production
and environmental impacts.

. Gaps in knowledge about GMF crops include
their efficacy compared with conventionally bred
varieties with similar traits, their risks of invasive-
ness, indirect effects such as their impact on
untargeted organisms, the possibility of the intro-
duction of new plant viral diseases and unintended
effects (though these are also found with con-
ventionally bred crops). Some if these gaps may be
filled by new technologies under development.
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