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Biotechnological intervention in the 
development of crops has opened 

new vistas in agriculture. Central to 
the accomplishment of the Millennium 
Development Goals (MDGs), biotech-
agriculture is essential in meeting these 
targets. Biotech crops have already made 
modest contributions toward ensuring 
food and nutrition security by reducing 
losses and increasing productivity, with 
less pesticide input. These crops could 
help address some of the major challenges 
in agriculture-based economies created 
by climate change. Projections of global 
climate change expect the concentration 
of greenhouse gases to increase, aridiza-
tion of the environment to increase, tem-
perature fluctuations to occur sharply 
and frequently, and spatial and temporal 
distribution of rainfall to be disturbed—
all of which will increase abiotic stress-
related challenges to crops. Countering 
these challenges and to meet the food 
requirement of the ever-increasing world 
population (expected to reach 9 billion 
by 2030) we need to (1) develop and 
use biotech crops for mitigating adverse 
climatic changes; (2) develop biotech 
crops resilient to adverse environmental 
conditions; and (3) address the issues/
non-issues raised by NGO’s and educate 
the masses about the benefits of biotech 
crops.

Introduction

In 1800 the global population was less 
than 1 billion and it was reasonably 
simple to increase food production over 

the following 100 y to feed the growth 
in population, another 0.6 billion, by 
increasing the area of land under cultiva-
tion. Agricultural practices were extended 
into new productive areas: the prairies 
of North America, the pampas of South 
America, the steppes of Eastern Europe 
and Russia and the outback of Australia. 
In 1900 the world’s population was 1.6 
billion and an increase in global food pro-
duction over the following century was 
achieved mainly by radically increasing 
crop productivity through a “green revo-
lution.” Large-scale mechanization and 
an increase in the use of fossil fuel-based 
ammonium fertilizers were the prime cat-
alysts. In the current century, the global 
population has reached 6.1 billion and is 
estimated to be 9 billion by 2030. The 
task of providing nutrient-rich food to 
such a large population is more challeng-
ing. Food must be grown “sustainably” on 
approximately the same amount of arable 
land using less resources and despite the 
enormous, new challenges associated with 
climate change. For the first time in the 
history of the world, we face a daunting 
humanitarian need to alleviate poverty, 
hunger and malnutrition that afflicts more 
than 1 billion people.

To meet this challenge, the Millennium 
Development Goals (MDGs) were framed 
at the turn of the 21st century—when the 
world economy was dynamic and the ben-
efits of globalization were to be shared with 
the poor to help alleviate poverty, hunger 
and malnutrition. The severe impact of 
climate change, the global financial cri-
ses of 2008 and 2011 and soaring food 
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development of sodicity in vulnerable 
areas of the world. Inter-seasonal climactic 
variability (mainly temperature and rain-
fall) may influence crop production and 
food security.11

In the past decade climate change and 
environmental degradation have led to 
increased desertification, soil contamina-
tion and depletion. This kind of environ-
mental degradation and the exhaustion 
of natural resources, such as forests and 
fertile agricultural land, constitute criti-
cal obstacles affecting sustainability of 
agriculture production systems and the 
accomplishment of the MDGs.6 Drought 
ranks among the most serious prob-
lems—61% of the globe has precipita-
tion lower than 500 mm annually.12 For 
agricultural systems, water is supplied 
through irrigation to 17% of global crop-
land, contributing 40% of global food 
production.13 Most of global irrigation 
water is used in Asia, and therefore it is 
in this region that urgent consideration of 
change in water resources is most needed. 
For example, much of the irrigation water 
in India and Pakistan originates from 
Himalayan glaciers. These glaciers are 
rapidly melting and their summer stream-
flow may be significantly reduced within 
a few decades.14-16 Generally speaking, 
the most drought-vulnerable parts of our 
planet are the regions between 15° and 30° 
of the northern and southern latitudes, the 
localities on the lee side of mountains and 
areas situated deep inland— where up to 
one-sixth of the world’s population can be 
adversely affected by an acute shortage of 
water.17 The annual average temperatures 
show an upward trend and evapotranspi-
ration requirements for water are growing. 
Periods without water are becoming lon-
ger; thus, plants often suffer from water 
shortage.18

“Green biotechnology” offers environ-
ment-friendly solutions for agriculture, 
horticulture and plant breeding pro-
cesses.19 Over the past ten years, research 
investment in plants’ response to drought 
and heat increased significantly, and much 
of this investment is driven by the private 
sector in high value crops such as maize.20 
Since rice is a staple food in Asia and is 
cultivated under irrigated conditions, 
the International Rice Research Institute 
(IRRI) launched important and visionary 

than 2 ha of land each. These smallhold-
ers, many of them women, constitute over 
85% of the world’s farmers, and a majority 
of the poor and food insecure. The failure 
of this population in securing adequate 
livelihood in their birthplace leads to 
rural-urban migration and an escalation 
in the number of urban poor. Enhancing 
the productivity of these smallholders’ 
farms (and improving their livelihoods) is 
thus central to any solution for hunger and 
poverty.

Climate change is an additional chal-
lenge to sustainable agriculture, threaten-
ing not only to undo efforts made to meet 
the targets of the MDGs, but also to desta-
bilize the food production system.6 About 
1.8 billion people are expected to suffer 
from the scarcity of fresh water by 2025, 
mostly in Asia and Africa. In June 2008, 
the Food and Agricultural Organization 
(FAO), together with the International 
Fund for Agricultural Development 
(IFAD), the United Nations World Food 
Programme (WFP) and the Consultative 
Group on International Agricultural 
Research (CGIAR) system, convened 
the “High-Level Conference on World 
Food Security: the Challenges of Climate 
Change and Bioenergy.” One hundred 
and eighty-one countries adopted the 
declaration that “It is essential to address 
the question of how to increase the resil-
ience of present food production systems 
to challenges posed by climate change” 
(www.fao.org/foodclimate).9

Impact of Climate Change

Predicting the precise impact of climate 
change on a crop across all current areas 
of cultivation is complex and perhaps 
impossible. Nevertheless, impact can be 
predicted in general terms and global cli-
mate change will alter many elements of 
the future crop production environment. 
Atmospheric carbon dioxide (CO

2
) con-

centration, average temperature and tro-
pospheric ozone (O

3
) concentration will be 

higher, droughts will be more frequent and 
severe, more intense precipitation events 
will lead to increased flooding, some soils 
will degrade and climactic extremes will 
be more likely to occur.10 Climate change 
will have an impact on land degradation, 
leading to water logging, soil salinity and 

and fuel prices, however, have swung the 
pendulum of the economy to the opposite 
extreme. In the future, the situation will 
continue to be grim as food prices may 
rise substantially with an increased popu-
lation, severe land and water constraints, 
an increase in demand for biofuels and cli-
mate change.1-3 Besides leading to substan-
tial increase in food prices4 these factors 
will have adverse implications for poverty, 
too.5 The MDG1C target to “reduce by 
half the proportion of people who suffer 
from hunger,” is already among the worst 
performing of all MDG targets, with 
more than 1 billion people undernour-
ished in 2009.6 Failure to tackle hunger 
and under-nutrition has jeopardized the 
achievement of other MDGs, specifically 
MDG2 (achieve universal primary edu-
cation), MDG3 (promote gender equal-
ity), MDG4 (reduce child mortality), 
and MDGs 5 and 6 (improve health). A 
Synthesis Report from the United Nations 
Development Programme (UNDP), 
assembled the knowledge from countries 
working toward achieving the MDGs 
over the past decade and summarized the 
bottlenecks that hampered the accom-
plishment of MDGs as (1) a surge in food 
and fuel prices, (2) climate change and (3) 
global financial crises.7

Agriculture is central in the global bat-
tle against poverty. This sector can reduce 
poverty, particularly among the poorest of 
the poor, more effectively than the non-
agricultural sector. It is estimated that the 
farming sector is up to 3.2 times better 
than the non-agricultural sector at reduc-
ing the $1 a day poverty headcount ratio 
in low-income and resource-rich coun-
tries.8 The dominant role of agriculture in 
poverty reduction occurs via a variety of 
interactions: the farming sector primar-
ily supplies both rural and urban areas 
with food while making available surplus 
savings and labor for promoting industri-
alization. Rural production and consump-
tion links emerge from the utilization of 
agricultural output as input to the indus-
trial sector and from the demand for 
inputs that are generated by agriculture. 
The importance of small-scale farmers in 
this sector is also significant and cannot 
be overlooked. About 2 billion people, 
one-third of the global population, belong 
to farming households that cultivate less 
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pests and imparting herbicide tolerance, 
is maize. Traits such as high lysine con-
tent, amylase enzyme, phytase enzyme 
(nutritional enhancement) are explored 
and incorporated in maize to make 
it commercial.31 Recently, the geneti-
cally-modified maize, “SmartStax™,” 
received registration from the United 
States Environmental Protection Agency 
(EPA) and regulatory authorization from 
the Canadian Food Inspection Agency 
(CFIA).32 SmartStax™ is a multiple-
trait product based on a total of 8 genes 
(cry2Ab, cry1A.105, cry1F, cry3Bb1, 
cry34, cry35Ab1, cp4 and bar), and is 
the most advanced stacked biotech crop 
currently approved. It is designed to pro-
vide the most comprehensive insect pest 
control in maize (both above and below 
ground), in addition to herbicide tolerance 
for weed control. Doubled haploid (DH) 
techniques to rapidly develop inbred lines 
is another area of widespread commercial 
interest in maize.33-35 DHs are increasingly 
attractive to develop better inducer lines, 
more efficient chromosome doubling and 
efficient introgression of transgenes, espe-
cially stacked transgenes.

Transgenic technology helps reduce 
the amount of ploughing required before 
planting crops and therefore helps retain 
soil moisture. Under drought conditions 
this can mean the difference between 
having a crop to harvest and crop failure. 
With the entry of its drought-tolerant 
maize in the regulatory phase of develop-
ment, the United States has taken the lead 
in this direction, demonstrating that a 
GM solution to this important issue is well 
beyond the theoretical stage. The Water 
Efficient Maize for Africa (WEMA) part-
nership, led by the African Agriculture 
Technology Foundation (AATF) is 
another example where the main aim is 
to develop new African drought-tolerant 
maize varieties with the best technology 
available internationally (www.aatf-africa.
org/wema). China faces the onerous task 
of feeding a fifth of the world’s popula-
tion with less than a tenth of global farm-
land. Confronted with land degradation, 
chronic water shortages and a growing 
population that already numbers 1.3 bil-
lion, China announced investment of $3.5 
billion in research and development of 
GM plants.36 Recently, China completed 

food self-sufficiency and security, more 
affordable and nutritious food, sustain-
ability, alleviation of poverty and hunger. 
Additionally, biotech crops can mitigate 
some of the challenges associated with 
climate change and global warming. The 
foremost example is the incorporation of 
semi-dwarf genes, creating the modern 
high-yielding varieties that began with the 
release of IR8 40 y ago, spurring the green 
revolution in rice.21

In the past decade, the advent of 
‘Golden Rice’ created through the use of 
modern genetic engineering, was a major 
advance. It involved the transfer of genes 
necessary for the accumulation of carot-
enoids (vitamin A precursors) in the rice 
endosperm. The endosperm of rice does 
not contain any provitamin A and the 
genes coding it are not available in the rice 
gene pool.24,25 The best provitamin A line 
had 85% of its carotenoids as β-carotene, 
while other lines had less β-carotene and 
high lutein and zeaxanthin, both sub-
stances of nutritional importance.24 The 
first generation of Golden Rice drew con-
siderable criticism, with opponents argu-
ing that Golden Rice would encourage 
people to rely on a single food rather than 
promote dietary diversification. Critics 
also pointed out that a normal serving 
of Golden Rice contained only a small 
fraction of the recommended daily allow-
ance (RDA) of β-carotene. However, the 
development of Golden Rice 2, replac-
ing the daffodil gene with an equivalent 
gene from maize (Zea mays), increased the 
amount of β-carotene by about 20-fold. 
As a result, about 140 g of the rice provide 
a child’s RDA for β-carotene.26 It has also 
been demonstrated that β-carotene from 
Golden Rice is efficiently converted to 
vitamin A in humans.27 It is well recog-
nized that vitamin A deficiency indirectly 
interferes with iron (Fe) resorption, and an 
effort to increase the availability of Fe in 
the rice endosperm by expressing a ferritin 
gene from Phaseolus resulted in a 2.5-fold 
increase in Fe content of the endosperm.28 
New transgenic plants aimed at com-
bining the genes for Fe availability and 
absorption with the provitamin A genes 
by crossing are under development.29,30

Another notable example of biotech 
crops genetically-engineered for increased 
productivity by controlling major insect 

research for developing drought tolerance 
in rice. A project to scale-up the detection, 
analysis and delivery of genes for use in 
marker-aided breeding is under progress.21 
This comprehensive rice research and 
breeding program aims at making rice 
more tolerant of submergence, drought, 
heat and salinity—all conditions pre-
dicted to increase in frequency and sever-
ity with climate change.

Rise in temperature is likely to increase 
the water requirement of crops due to high 
evaporative demand. In India an analysis 
of data for 47 stations across the country 
for more than 50 y revealed that 75, 60 
and 54% of the stations in south, east 
and central India, respectively, showed an 
increasing trend in maximum tempera-
ture, while 80, 78 and 75% of the stations 
in east, north and south, respectively, 
showed increasing trends in the minimum 
temperature, as well.22 The European 
Commission’s Directorate General for 
Agriculture published a working docu-
ment in April, 2009 on “Adaption to 
Climate Change: the Challenge for 
European Agriculture and Rural Areas,” 
outlines that high water-stress areas are 
expected to increase from 19% to 35% 
by 2070, implying “significant changes 
in the quality and availability of water 
resources” (http://ec.europa.eu/agricul-
ture/index_en.htm). This could have a 
damaging impact on food security and 
in developing countries would contribute 
to a downward spiral of poverty and poor 
nutrition. Water deficit or drought usually 
causes inhibition of transpiration, because 
of which plants fail to dissipate heat and 
heat stress can thus ensue.23 Rising tem-
peratures and desertification are likely to 
reduce the land area available for farming.

Biotech Crops: Contributing  
to Food, Nutrition  

and Livelihood Security

Biotech crops offer an opportunity to 
increase yields, ensuring food security 
and improving the micronutrient content 
of foods, therefore contributing to the 
achievement of nutrition security, as well. 
These crops have made a modest contri-
bution, and have the potential to continue 
to contribute to some of the major chal-
lenges facing global society, including: 
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reduced artificial fertilizer use by engi-
neering crops with high nitrogen use 
efficiency;49-52 and (3) carbon sequestra-
tion by biotech crops suitable for no-till 
farming.43,45

Modern biotechnology can help 
develop plant varieties that are better 
adapted to farm management practices 
such as “reduced tillage” or “no tillage,” 
which are beneficial for growing crops in 
water-limited environments. Weed con-
trol becomes a problem with dry sowing 
and reduced tillage, but GM crops toler-
ant to broad spectrum herbicides have 
enabled farmers to adopt these practices 
and to meet new weed management issues 
in a changing climate. Adoption of “zero 
tillage,” GM herbicide tolerant crops and 
GM insect resistant crops directly reduces 
on-farm operations, in turn reducing fuel 
use and lowers CO

2
 emissions.43 Brookes 

and Barfoot53 indicate that each liter of 
tractor diesel consumed adds 2.75 kg of 
CO

2
 into the atmosphere. Therefore, the 

fuel savings associated with making fewer 
spray runs (relative to conventional crops) 
resulted in permanent cuts in CO

2
 emis-

sions. From 1996 to 2008, the cumulative 
permanent reduction in fuel use was esti-
mated at 8,632 million kg of CO

2
 (arising 

from a reduction of 3,139 million liters of 
fuel). A reduction of 1,205 million kg of 
CO

2
 (arising from a reduction of 534 mil-

lion liters of fuel) was recorded in 2008 
alone.

In addition to reducing carbon emis-
sions by reducing fuel consumption, GM 
technology can aid in carbon sequestra-
tion too. Increasing carbon sequestra-
tion in agricultural soils can be achieved 
by maximizing the amount of carbon 
delivered to the soil and increasing the 
time during which carbon stays in the 
soil. Strategies include developing plant 
varieties through biotechnology that 
have increased photosynthetic efficiency, 
increased lignin content, improved pest 
and disease resistance, deeper roots and 
improved water use and nutrient effi-
ciency.54 The adoption of no-till farm-
ing practices also helps increase carbon 
sequestration.55,56 According to Brookes 
and Barfoot,53 the additional amount of 
soil carbon sequestered since 1996 due to 
the adoption of GM crops is equivalent 
to 101,613 million tons of CO

2
 which 

almost 75% of the 100 million hectares 
were biotech; for maize 32% of the 159 
million hectares grown globally were bio-
tech; and finally, for canola, 26% of the 
31 million hectares were biotech.38 For the 
period 1996–2010, the total crop produc-
tion gain globally for these four principal 
biotech crops is 276 million tons. This 
would have required 91 million additional 
hectares had biotech crops not been used. 
Additionally, there is a reduction in pesti-
cide usage of about 9.1% for the period, 
amounting to 443 million kilograms of 
active ingredient.37

Biotech Crops to Moderate  
Some Adverse Effects  

of Climate Change

International treaties and national policies 
seek to enhance global efforts to mitigate 
and adapt to climate change. From the 
middle of the 19th century to the present, 
the concentration of CO

2
 in the atmo-

sphere increased from 270 μl CO
2
 l-1 to the 

present 400 μl CO
2
 l-1. This is expected 

to further rise to 500 μl CO
2
 l-1 in the 

following decades.18,39-41 With respect to 
CO

2
 emissions, the rate of growth of CO

2
-

equivalent emissions was much higher 
during the period of 1995–2004 than 
during the previous period of 1970–1994. 
The global trend has not changed thus 
far.22 The IPCC reported that 11 of the  
12 y between 1995 and 2006 rank among 
the 12 warmest years of recorded global 
surface temperature (since 1850).9

It has long been recognized that agri-
culture is a significant contributor to 
global greenhouse gas emissions, in terms 
of CO

2
 and, especially, methane and 

nitrous oxide.42 Implementing sustain-
able agricultural practices is therefore 
now more important than ever before. 
Various initiatives under the umbrella of 
“green biotechnology” offer to decrease 
greenhouse gases and reduce some of the 
adverse effects of climate change by giv-
ing farmers opportunities to use less (and 
environment-friendly) energy, increase 
carbon sequestration and reduce fertilizer 
usage.19 These involve mitigation mea-
sures like (1) decreased fuel consumption 
by developing herbicide resistant crops 
for reduced tillage43-45 and insect resis-
tant crops for reduced spraying;46-48 (2) 

approval of three key biotech crops: 
(1) Bt cotton (fiber), (2) Phytase maize 
(feed) and (3) Bt rice (food). China has 
successfully grown Bt cotton since 1997, 
increasing the income of over 7 million 
small farmers by approximately US$220 
per hectare (annually equivalent to US$1 
billion nationally), with a 10% increase 
in yield and a 60% reduction in insecti-
cides, both of which contribute to more 
sustainable agriculture and prosperity.32 
After the United States, China is the sec-
ond largest grower of maize in the world 
(30 million hectares grown by 100 million 
households). It is principally used to feed 
China’s swine herd of over 500 million 
(the largest in the world), and 13 billion 
poultry birds. Phytase maize allows pigs 
to digest more phosphorus, resulting in 
faster growth and meat production, and 
reduces phosphate pollution from ani-
mal waste into soil and bodies of water. 
With economic progress in China, more 
meat is consumed, which in turn requires 
significantly more animal feed, of which 
maize is a principal source. Similarly, Bt 
rice offers the potential to generate bene-
fits of around US$4 billion annually from 
an average yield increase of up to 8%, and 
an 80% decrease in insecticides. China is 
the biggest producer of rice in the world 
(178 million tons of paddy) with 110 mil-
lion rice households (440 million people, 
assuming 4 per family) who could benefit 
directly as farmers.

Following these consistent, and sub-
stantial, economic, environmental and 
welfare benefits generated from biotech 
crops over the past 16 y (1996 to 2011), 
millions of large, small and resource-poor 
farmers in both industrial and developing 
countries continue to plant more hectares 
of biotech crops than ever before. The 
economic gains at the farm level were 
approximately US$78 billion generated 
globally by biotech crops between 1996 
and 2010, of which 40% is due to reduced 
production costs (less ploughing, less pes-
ticide spray, less labor) and 60% is due to 
a yield gain of about 276 million tons.37 A 
total of 16.7 million farmers grew biotech 
crops in 2011, of which 15 million or 90% 
were small resource-poor farmers from 
developing countries. In 2011 more than 
82% of the 30 million hectares of cotton 
grown globally were biotech; for soybean 
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encoding membrane proteins; (4) trans-
genes encoding ROS scavenger proteins; 
(5) transgenes encoding transcription fac-
tors; and (6) transgenes encoding protein 
kinases.

Transgenes encoding ROS scavenger 
proteins, transcription factors and those 
encoding protein kinases are the most 
suitable as these confer an adaptive advan-
tage to transgenics with respect to multi-
ple stresses.69 For example, overexpression 
of genes leading to increased amounts 
and activities of mitochondrial Mn-SOD, 
Fe-SOD, chloroplastic Cu/Zn-SOD, bac-
terial catalase and glutathione-S-transfer-
ase (GST)/glutathione peroxidise (GPX) 
increase the performance of plants under 
stress.70-75 Transgenic plants overexpress-
ing ROS-scavenging enzymes such as 
SOD,76 ascorbate peroxidase (APX),77 and 
glutathione S-transferase/glutathione per-
oxidase (GST/GPX)75,78 show increased 
tolerance to osmotic, temperature and 
oxidative stress. The overexpression of the 
tobacco NtGST/GPX gene in transgenic 
tobacco plants improves salt and chilling 
stress tolerance because of enhanced ROS 
scavenging and prevention of membrane 
damage.75,78 Transgenic tobacco plants 
overexpressing AtAPX targeted to the 
chloroplasts show enhanced tolerance to 
salinity and oxidative stress.79

Dozens of transcription factors are 
involved in the plant response to drought 
stress.80,81 Stress tolerance is a complex 
trait and unlikely to be under a single-
gene control. There are some major fami-
lies of transcription factors that act under 
the influence of ethylene, jasmonic acid, 
salicylic acid and other phytohormones 
conferring abiotic stress tolerance. One 
important way of achieving tolerance to 
multiple stress conditions is to overexpress 
transcription factor genes that control 
multiple genes from various pathways, 
viz., ethylene responsive element bind-
ing proteins (EREBP) and dehydration-
responsive-element binding proteins 
(DREBs) or CBFs (C-repeat binding pro-
teins). Similarly, transgenes encoding pro-
tein kinases like mitogen activated protein 
kinases (MAPKs) can also be used for 
developing climate resilient plants as salt 
stress triggers the activation and enhances 
gene expression of MAPK signaling cas-
cades, common for both salt and ROS.82,83

salinity tolerance, frost resistance, pest 
and disease resistance and reduced depen-
dence on low temperatures to trigger flow-
ering or seed germination.56,58-66 Genetic 
modification techniques provide access 
to a greatly increased diversity of genes 
for developing plant varieties with these 
traits. A recent major advance has been 
the release of IRRI’s submergence-tolerant 
rice with SUB 1A gene that can produce 
good yields even after two weeks under 
water, conditions that would devastate 
most other types of rice. Progress is also 
underway to develop “C4” rice that could 
yield up to 50% more grain than cur-
rently possible from existing rice varieties. 
It would be vastly more water- and nutri-
ent-efficient (IRRI 2009 Annual Report; 
www.irri.org). A “thermometer gene” that 
not only helps plants feel the temperature 
rise, but also coordinates an appropriate 
response has recently been discovered in 
Arabidopsis.67 The researchers showed 
that the key ingredient for plants’ tem-
perature-sensing ability is a specialized 
histone protein (H2A.Z) that binds the 
plant’s DNA tightly at lower temperatures, 
thus preventing gene expression; when the 
temperature rises it loses its grip and drops 
off the DNA.

As discussed with climate change con-
ditions crop plants would often experi-
ence more than one biotic and abiotic 
stress.68 Our long-term strategy should 
be to develop technologies for creating 
“weather-proof” biotech crops. Transgenes 
that enhance product quality or promote 
various forms of abiotic stress tolerance 
(e.g., drought, cold, salinity, submergence 
and heat stress) predominate among the 
new traits being developed by the large 
multinational companies (http://www.isb.
vt.edu/cfdocs/fieldtests1.cfm). However, 
at present we have a limited choice of 
genes that can be employed to develop 
biotech crops resilient to high or low tem-
peratures, water scarcity and salinity.

There are several categories of stress-
induced genes/proteins with known 
functions that can be exploited for gener-
ating transgenic plants resilient to climate 
change. These genes can be classified into 
the following six groups: (1) transgenes 
involved in osmolyte biosynthesis; (2) 
transgenes encoding factors for protec-
tion of cellular machinery; (3) transgenes 

would otherwise have been released into 
the atmosphere. These soil carbon sav-
ings arise from the rapid adoption of new 
farming systems in North and South 
America, for which the availability of 
GM herbicide tolerant technology is cited 
by many farmers as an important facili-
tator. Genetically-modified Roundup 
ReadyTM (herbicide resistant) soybean 
technology has accounted for up to 95% 
of no-till area in the United States and 
Argentina.43-45

Reduced fertilizer use and N
2
O emis-

sions are an additional result of GM 
technology. Nitrogen fertilizer accounts 
for one-third of the greenhouse gases 
produced by agriculture. Nitrous oxide 
(N

2
O) has 296 times greater global warm-

ing potential (GWP) than CO
2
 and stays 

in the atmosphere for more than 100 y.57 
GM rice and canola that use nitrogen 
more efficiently are developed to need less 
fertilizer and thus reduce the amount of 
nitrogen fertilizer lost into the air, soil and 
waterways (http://www.arcadiabio.com/
nitrogen.php). In addition to the environ-
mental impact, farmer’s input costs are 
reduced and profit increased.19

Designing Biotech Crops  
with Resilience to Some Adverse  

Effects of Climate Change

While it is important to continue striving 
for reducing greenhouse gas emissions, 
reduction alone is not enough. It is equally 
important to design evolving, resilient, 
holistic and secure food systems that can 
adapt to climate change and other stress 
factors. Plants require carbon dioxide, 
sunlight, water, a given temperature range, 
and nutrients to germinate, grow and 
reproduce. Of these five primary environ-
mental factors that are critical for plants, 
four are related to climate: carbon diox-
ide, light, temperature and water. They 
vary spatially, diurnally and seasonally but 
also, in the climate change context, over 
longer time periods. It is therefore impor-
tant to keep these four factors in mind 
while designing plants resilient to climate 
change. Broadly, the traits important for 
plants adapting to climate change, include 
heat tolerance, drought tolerance, water-
use efficiency, nitrogen-use efficiency, 
early vigor, water-logging tolerance, 
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genetic material these are not covered 
by Directive 2001/18/EC (http://www.
agriculturalproducts.basf.com). However 
considering that risk can be measured by 
Hazard × Outrage,93 since the European 
public has not developed a sense of out-
rage toward “upgraded HR” crops (rice, 
maize, oilseed rape and sunflower) these 
crops are considered “safe.”

Conclusion and Future  
Perspectives

Agriculture is central to human wel-
fare and the accomplishment of the 
Millennium Development Goals. 
However, the negative effect of climate 
change on agriculture is a constraint 
to achieving the MDGs, while agricul-
tural activity, in itself, contributes to cli-
mate change directly through emission 
of greenhouse gases (25% emissions are 
contributed by agriculture) and indirectly 
through on-farm operations involving use 
of fossil fuels. A heavy dependence on 
chemical pesticides and fertilizers leads 
to toxification of water bodies, sometimes 
with a direct negative impact on human 
health and other serious environmental 
issues, both of which are connected to 
the MDGs. As such, major reductions 
in emissions of these gases from agricul-
tural activities could contribute to climate 
change mitigation and biotech crops show 
promising potential in this area. Using 
biotech crops, agronomic practices that 
increase carbon sequestration can be easily 
adopted to render additional benefits, such 
as increased root biomass, soil organic 
matter, water and nutrient retention 
capacity and, overall, increased land pro-
ductivity. Enhancing carbon sequestration 
in degraded drylands and mountain slopes 
by planting such transgenic plants could 
have direct environmental, economic and 
social benefits for local people, with con-
sequent improvement in their livelihood 
and food security status. Cultivation of 
biotech crops with “engineered disease 
tolerance,” adoption of resource conser-
vation technology like ‘zero tillage’ could 
reduce fuel consumption for on-farm 
operations and reducing the cost of crop 
production. Planting biotech crops toler-
ant to pests, and with increased nitrogen 
use efficiency, could reduce the input of 

report concluded: “GM plants [...] have not 
shown any new risks to human health or 
the environment, beyond the usual uncer-
tainties of conventional plant breeding. 
Indeed, the use of more precise technology 
and greater regulatory scrutiny probably 
make them safer than conventional plants 
and food.”91 The International Council 
for Science in France, probably the world’s 
largest scientific group representing most 
National Academies of Science and about 
150 scientific organizations, published 
an extensive report on the health and 
environmental risks of GM crops and 
food.92 According to the report “there 
is no evidence of any ill effects from the 
consumption of foods containing geneti-
cally modified ingredients. […] There 
are also benefits [for example, vitamin 
content of rice] to human health coming 
from GM foods; […] Pest tolerant crops 
can be grown with lower levels of chemi-
cal pesticides, resulting in reduced chemi-
cal residues in food and less exposure to 
pesticides.” This report further notes that, 
“there is no evidence of any deleterious 
environmental effects having occurred 
from the trait or species combinations cur-
rently available.”92

Genetically Modified Organisms 
(GMOs), as defined by the European 
Union Directive 2001/18/EC, are organ-
isms “in which the genetic material has 
been altered in a way that does not occur 
naturally by mating and/or natural recom-
bination” while the non-GM “Upgraded 
Crops” are those created without the use 
of genetic modification as defined by 
Directive 2001/18/EC but do permit the 
use of induced mutagenesis or embryo 
rescue to facilitate intraspecific crossing 
that would not occur naturally. In the 
former, strict environmental risk assess-
ment is a pre-requisite for release while for 
equivalent trait in the non-GM upgraded 
crop no such clause is applicable. To illus-
trate, one example of currently available 
upgraded non-GM varieties with similar 
characteristics to GM crops are the her-
bicide-resistant (HR) CLEARFIELDTM 
crops developed by BASF. This trait is 
heritable and potentially transmissible 
through pollen to adjacent crops, but since 
these HR crops have been developed using 
mutagenesis and/or traditional breed-
ing methods and contain no introduced 

The Regulatory Regime  
for Biotech Crops

Despite the availability of promising 
research results, many applications of 
biotechnology have not met their full 
potential to deliver practical solutions to 
end users in developing countries.84 These 
applications have remained confined to 
the research laboratories and have not 
translated into technologies at the farm. 
For example, genetically-modified ben-
eficial crops with agronomic traits like 
enhanced drought tolerance, salt tolerance 
and insect resistance, developed by pub-
licly funded research, have not reached 
end users because of the extremely high 
cost of regulatory compliance. It is esti-
mated that it costs up to US$20 million 
to gain commercial certification of a single 
GM crop.85 As a result, these biotech crops 
which would help the poor are not com-
mercialized. Even Golden Rice, the most 
acclaimed consumer-oriented biotech 
crop, has suffered from the bio-politics of 
GM crops, with unnecessary delay in its 
release to farmers. Besides political, socio-
economic, cultural and ethical concerns 
about modern biotech crops related to the 
fear of technological “neo-colonialism” in 
developing countries, intellectual prop-
erty rights, land ownership, customer 
choices, negative cultural and religious 
perceptions, and fear of the unknown 
have impeded the spread of these crops.86 
Such public concerns fueled and sup-
ported by vested interests have led to the 
over-regulation of this technology, threat-
ening to retard its applications in agricul-
ture as discussed above.87 Although North 
America has largely adopted biotech 
crops, Europe is still sceptical. It is not the 
difference of “scientific” opinion that has 
hindered large scale acceptance of biotech 
crops in Europe,88 but the prejudiced cam-
paign by vested interests and NGO’s. For 
example, a statement made to the British 
House of Lords by Lord Melchett, then 
head of Greenpeace, made it clear that 
Greenpeace remains opposed to GM crops 
“regardless of any scientific safety evalua-
tions.”89,90 However, in a report in 2001, 
the European Commission confirmed the 
safety of GM crops and food, after pains-
taking “research spanning 15 y and involv-
ing 81 projects with 400 scientists.” The 
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like Co-Extra, SIGMEA, Transcontainer, 
PETER, etc. are undertaken to build con-
fidence among the stakeholders, owing to 
the so-called “precautionary principle” 
as applied specifically to biotech crops. 
But can we afford to prolong this process 
endlessly?
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increase greenhouse emission. Therefore 
to suggest that organic agriculture is the 
“only” best way for on-farm production is 
not logical.

The second important aspect in which 
biotech crops can help is in overcoming 
the stresses imposed by climate change. 
Such crops can be created with both 
trans- and cis-genic approaches, employ-
ing genes that can confer tolerance to 
multiple stresses. These crops will be able 
to withstand water scarcity, flooding, 
high temperature, cold weather, salinity, 
etc., and thus help stabilize food prices 
by avoiding fluctuations in assured food 
supply. Food security and assured food 
supply at an affordable price is of direct 
significance to meeting the MDGs. The 
first step in the development of such crops 
is the identification of candidate genes 
that can impart tolerance to multiple 
stresses per se or through modulation 
of regulatory pathways; and if necessary 
pyramiding such genes for developing 
complex traits.

To sum up, the most promising techno-
logical strategy at this time for increasing 
global food, feed and fiber productivity 
is by integrating the best of conventional 
crop breeding and the best of crop bio-
technology, including novel traits. The 
improved crop products resulting from 
this strategy need to play a major role in 
an integrated global food, feed and fiber 
security strategy while taking due note of 
biosafety aspects in an unbiased and practi-
cable manner, even if additional initiatives 

chemical pesticides and fertilizers, thus 
“tending towards” organic farming which 
may not be practical on a large scale due 
to a limited supply of organic inputs 
for agriculture. Many supporters of the 
“organic movement” scoff at transgenic 
culture and recommend that synthetic 
fertilizer be replaced entirely with manure 
and legumes. This option, however, is 
problematic since livestock animals are 
a major contributor of greenhouse gases, 
more so than the transportation sector.94 
Moreover, this would require multiplying 
the global cattle population many times, 
raising the question of where such a gigan-
tic global cattle herd would graze.32 Nobel 
Laureate Norman Borlaug, the father of 
the Green Revolution, has commented 
that organic agriculture can only feed four 
billion people.95 According to Borlaug, 
“The so called GMOs can play a very vital 
role in peoples’ lives. However, this must 
be accompanied by political goodwill 
because technology alone cannot survive 
without decisive support.” As organic agri-
culture produces only 70% of the yield of 
conventional agriculture,96 we will have 
to divert massive land from forests, etc. 
toward agriculture which is violative of 
the “Borlaug hypothesis”: increasing the 
productivity of agriculture on the best 
farmland can help control deforestation by 
reducing the demand for new farmland. 
Thus, a massive increase in organic agri-
culture at the expense of existing agricul-
tural production systems would not only 
threaten global biodiversity but may also 
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