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A DECADE OF COMMERCIALIZED TRANSGENIC CROPS –

 ANALYSES OF THEIR GLOBAL ADOPTION, SAFETY AND BENEFITS**

T. M. MANJUNATH*

Abstract

In 2004, transgenic crops were grown on 81.0 million hectares spread over 17 countries, including India, on six continents, marking a 47-fold increase in the area since their first commercialization in 1996. This increasing trend will continue in 2005 and in the coming decade. The dominant transgenic traits were insect resistance (IR) with Bt and herbicide tolerance (HT), either alone or both stacked. The principal transgenic crop was soybean with HR occupying 48.4 m ha followed by corn with IR and also HT plus IR on 19.3 m ha, cotton with IR and also HT plus IR on 9.0 m ha, and canola with HR on 4.3 m ha. The USA is the leading country in the commercial cultivation of transgenic crops, accounting for 59% (47.6 m ha) of the total 81 m ha followed by Argentina 20% (16.2 m ha), Canada 6% (5.4 m ha), Brazil 6% (5.0 m ha), China 5% (3.7 m ha), Paraguay 2% (1.2 m ha), India 1% (0.5 m ha) and South Africa 1% (0.5 m ha). In India, the area planted with Bt-cotton in 2002, the first year of introduction, was 29,415 ha. It increased to 86,240 ha in 2003 and to 530,800 ha in 2004. A nationwide survey carried out in 2003 indicated that the Bt-cotton growers in India were able to obtain, on an average, a yield increase by about 29% due to effective control of bollworms, a reduction in chemical sprays by 60% and an increase in net profit by 78% as compared to their non-Bt counterparts. These benefits were in tune with those obtained in other countries with Bt-cotton and also with other transgenic crops. Further, transgenic crops have proved to be safe and there has not been any untoward incident with regard to safety or pest resistance so far. Despite their proven safety and benefits, there has been an unending debate and unsubstantiated allegations on the safety and benefits of transgenic crops! This calls for greater efforts towards biotech awareness and education to mobilize wholehearted support for this remarkable technology which has the potential to revolutionize sustainable agriculture and benefit the farmers and consumers alike. The next generation of transgenic products will focus more on nutritional enhancement and tolerance to drought, cold and other abiotic stresses. As we celebrate the 10th anniversary of the large scale commercial cultivation of transgenic crops in multiple countries, an overview is presented on the global adoption, safety and benefits of these crops as well as some of the challenges faced.     

1. INTRODUCTION

The year 2005 marks the beginning of the 10th consecutive year of large scale commercial cultivation of transgenic crops in multiple countries.  It has been a tough journey punctuated with speculated risks, calculated opposition and mischievous controversies, as it had happened with most of the new technologies in the past, but finally leading to  acceptance,  appreciation  and  success  following  their  proven merits, 
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safety and benefits.   In 2004,  biotech crops were grown on  81.0 million  hectares or 200

million acres in 17 countries, including India, on six continents, marking a 47-fold increase in the area since their first commercialization in 1996. This increasing adoption of biotech crops and expanded research are expected to continue in many parts of the world - industrial as well as developing countries - in the next decade and beyond.  As we celebrate the 10th anniversary, it is time to retrospect and analyze the progress made so far and examine the future prospects. I have made an attempt to provide an overview, broadly covering the following aspects: why we need new technologies; transgenic technology and its avenues; development and global adoption of transgenic crops; Bt-cotton and the Indian scenario; regulation of transgenic crops; safety assessment and risk management; opposition to Bt-cotton; illegal Bt-cotton; benefits of transgenic crops and their future prospects. 

2. WHY WE NEED NEW TECHNOLOGIES?

Necessity is the mother of invention! Such a necessity has become imminent in the areas of agriculture and food as we are confronted with some of the following challenges that are threatening to shake and destabilize our future if we do not take proactive steps to find solutions.

· Global food demand is forecast to at least double by the year 2050 when the world population is expected to reach from the current 6.3 to 9.3 billion of which about 90% will reside in Asia, Africa and Latin America.  In India, the population has already exceeded 1.0 billion and our country is projected to be the most populous in the world with 1.5 billion by 2050.

· The arable land is diminishing every year as it is diverted for industrial, residential, recreational and other human needs. Other resources like water, fertilizers and labour are also becoming scarce and costly. 

· About 1.2 billion people in the world are afflicted by severe poverty of which 852 million in the developing countries suffer from malnutrition.

· 1.4 billion women (22% of world population of which 55% in the developing countries) suffer from iron deficiency anemia which impairs immunity and causes mental as well as physical weakness. 

·  About 140 million children suffer from vitamin A deficiency. An estimated 250,000 to 500,000 vitamin A deficient children become blind every year, half of them dying within 12 months of losing their sight. Such unfortunate children in India alone is about 50,000.  

· More than 30% of our crop yields are lost to biotic factors like pests, diseases and weeds despite spending heavily on chemical pesticides. Similarly, crop losses due to abiotic stresses like drought , cold, heat and salinity are high and unpredictable. Huge losses of fruits, vegetables and flowers also occur during storage and transport. 

Therefore, the challenge before the agricultural scientists today is to ‘produce more from less’ i.e., more nutritious food from less land, water and other resources. Another challenge is to protect what we produce. These can be accomplished only through new technologies as the existing technologies do not seem to be adequate. Recent advances made in biotechnology offer exciting opportunities to address some of these challenges.  Transgenic technology in crops is one of the most powerful methods and has already made some breakthrough in this endeavour.

3. TRANSGENIC CROPS

Agricultural biotechnology aims at enhancing the beneficial traits of plants, animals or microorganisms by introducing (or silencing) the desired gene(s) through genetic engineering. A unique feature of modern biotechnology is that, thanks to advances made in molecular biology, plant transformation, tissue culture, process automation, plant genetics and other related areas, the required genes from any source -be it bacteria, virus, fungi, plants or animals - can be isolated and introduced into a desired plant species irrespective of its relatedness. Thus, it helps in overcoming the reproductive or phylogenetic barrier which has been a limitation in traditional plant breeding. It is a highly challenging, precise and skillful scientific endeavour which involves identification and isolation of the gene with the required trait from a proper source and its insertion, integration and expression in the desired plant.  The introduced gene becomes a part of the host plant genome and it becomes an inheritable trait.  Such plants carrying the alien gene(s) are called ‘Transgenic plants’ or ‘Genetically modified plants.’  Transgenic plants are created by man – it is a remarkable breakthrough and a tribute to his brilliant advancement in science! 

Transgenic technology can be utilized to develop plants with various beneficial traits such as

a) Crop protection traits which include resistance to pests, diseases and herbicides; b) Abiotic stress in the form of tolerance to drought, heat, cold or salinity, thus enabling plants to be grown in inhospitable habitats, adding more land for cultivation; and c) Quality traits leading to enhanced nutrition; prolonged shelf-life or improved taste, colour or fragrance of fruits, vegetables and flowers; and increased crop yield (Fig. 1). In fact it  
Fig. 1. Avenues of Transgenic Traits
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opens up a flood gate of opportunities and has the potential to revolutionize  modern agriculture.  Some of these are discussed below.

4. DEVELOPMENT AND GLOBAL ADOPTION OF TRANSGENIC CROPS

The year 1996 can be considered a landmark in agricultural biotechnology in general and crop protection in particular as four transgenic crops comprising three insect-resistant crops and a herbicide tolerant soybean, developed by Monsanto Company, received regulatory approvals and these were commercially grown and harvested for the first time in the USA. These approvals were preceded by about 14 years of intensive research and data generation that demonstrated these crops to be beneficial to farmers while, at the same time, being safe to humans, animals as well as other non-target beneficial organisms, plants and environment.

All three insect-resistant crops were incorporated with genes that produce insecticidal proteins derived from the ubiquitous soil bacterium, Bacillus thuringiensis, popularly referred to as Bt. The proteins are expressed in planta.  These crops were Bt-corn for protection against the notorious European corn borer - Ostrinia nubilalis,  Bt-potato against the hardy Colorado potato beetle - Leptinotarsa decemlineata, and Bt-cotton against the dreaded cotton bollworm complex which includes the tobacco budworm - Heliothis virescence,  bollworm - Helicoverpa zea and  pink bollworm - Pectinophora gossypiella.  The transgenes incorporated in these crops were the modified cry1Ab in corn (Carozzi and Koziel, 1997), modified cry1Ac in cotton (Perlak et al., 1990) and modified cry3Ab in potato (Perlak et al., 1993).  The gene EPSP synthase, also derived from a bacterium, was deployed in the herbicide tolerant soybean. In 1996, these crops were commercially cultivated not only in the USA, but also in Argentina and Canada on 1.7 million hectares.  Although some products were formally approved for sale in limited areas prior to 1996, it was only in 1996 that farmers planted such large areas of biotech crops and continued to do so year after year in several countries. Thus, 2005 will be the 10th consecutive year of commercial planting of biotech crops on a significant scale. Meanwhile, herbicide tolerant canola as well as transgenic crops where both insect-resistant and herbicide tolerant genes were stacked in the same plant were also developed and commercialized.  More countries started adopting transgenic crops. Further progress made in this area is described elsewhere in this article.

GLOBAL ADOPTION:

The global adoption rates for transgenic crops have been very encouraging.

Area: Starting with 1.7 m ha in 1996, the commercial area planted increased significantly from  year to year and reached 81.0 m ha, a 47-fold increase, in 2004 as shown in Fig. 2 (James, 2004).

Countries: The number of countries growing transgenic crops which was only 6 in 1996 increased  to 17 (six industrial and eleven developing countries including India) in 2004.  These are listed in Table 1 in the descending order of their transgenic areas (James, 2004). 

The USA is the leading country in the commercial cultivation of transgenic crops, accounting for 59% (47.6 m ha) of the total 81 m ha followed by Argentina 20% (16.2 m ha) Canada 6% (5.4 m ha), Brazil 6% (5.0 m ha), China 5% (3.7 m ha)  Paraguay 2% (1.2 m ha), India 1% (0.5 m ha) and South Africa 1% (0.5 m ha). 

Fig. 2. Global Area of Transgenic Crops, 1996 to 2004 (Million  Hectares)
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Table 1. Global Area of Transgenic Crops by Country, 2003 & 2004

(Million Hectares)

	Regions
	2003
	2004
	Increase

over 03 

	
	ha
	ha
	

	USA
	42.8
	47.6
	11%

	Argentina
	13.9
	16.2
	17%

	Canada
	 4.4
	 5.4
	23%

	Brazil
	 3.0
	 5.0
	67%

	China
	 2.8
	 3.7
	32%

	Paraguay
	-
	1.2
	-

	India
	 0.1
	0.5
	   400%

	South Africa
	0.4
	0.5
	25%

	Uruguay
	0.1
	0.3
	   200%

	Australia
	0.1
	0.2
	   100%

	Romania
	  <0.1
	0.1
	-

	Mexico
	  <0.1
	0.1
	-

	Spain
	  <0.1
	0.1
	-

	Philippines
	  <0.1
	0.1
	-

	Colombia
	  <0.1
	 <0.1
	-

	Honduras
	  <0.1
	 <0.1
	-

	Germany
	  <0.1
	 <0.1
	-

	Total, m ha
	  67.7
	81.0
	    20%


The dominant transgenic crops, traits and their levels of global adoption are indicated in Table 2.

Traits:  The major trait was herbicide tolerance (HT) with 72% of the total transgenic area followed by insect resistance (HR) with 19.5% and both HT and IR stacked with 8.5%. Virus resistance and others occupied very little area (<1%). 

Table 2.  Global Area and % Adoption of Dominant Transgenic Crops and Traits, 2004

(HT=Herbicide Tolerant, IR=Insect Resistant)

	Crops
	HT
	IR
	HT + IR
	Total

Transgenic area (m ha)
	
	Global area of the crop

(m ha)
	Biotech area as % of global area


	Soybean
	48.4
	-
	-
	 48.4
	
	  86
	56%

	Corn
	 4.3
	11.2
	3.8
	 19.3
	
	  32
	28%

	Cotton
	 1.5
	  4.5
	3.0
	   9.0
	
	  23
	19%

	Canola
	 4.3
	-
	-
	   4.3
	
	143
	14%

	Total, m ha
	58.5
	15.7
	6.8
	 81.0
	
	284
	29%

	Trait %
	72.0%   
	19.5%   
	   8.5%
	 100.0%
	
	
	


Crops: The principal transgenic crop was soybean with HR occupying 48.4 m ha (59.7% of the global transgenic area) followed by corn with IR and also HT plus IR on 19.3 m ha (23.8%), cotton with IR and also HT plus IR on 9.0 m ha (11.1%) and canola with HR on 4.3 m ha (5.3%).

Adoption levels: The global adoption level as % of the total global area occupied by each biotech crop was as follows: soybean (56%), maize (14%), cotton (28%) and canola (19%) (James, 2004)

In India, cotton occupied about 9 million hectares of which 4.8 m ha (53%) was hybrid cotton.  In 2004, the officially approved Bt-cotton was cultivated on 530,800 ha in six states. Thus, the adoption rate was close to 6% of the total cotton area or about 11% of the hybrid cotton. The Bt-cotton area is expected to significantly increase in 2005 and in the coming years.

The biotech crops have given significant benefits by way of effective pest/weed management, higher yields, greater profits and safer environment through decreased use of conventional chemical pesticides.

Although only 17 countries are currently involved in the commercial production of only four major transgenic crops that have been approved, 63 countries have been identified as having participated in plant biotech research at one stage or the other. Such participation ranged from a single greenhouse experiment to successful commercialization of biotech crops. The number of plant species involved in these studied was 57  which included field crops, vegetables, fruits and other crops. These were/are at various stages of development such as commercial production, regulatory approval, field study or lab/greenhouse study, the details of which have been depicted by Ford Runge & Barry Ryan (2004) in four separate tables. The information extracted from their tables along with addition information is summarized in Table 3. 

Table 3. Global Research Activity on Transgenic Crops

(63 countries, 57 crop species)

	Type of crops
	Crops under commercial production
	Regulatory approval received
	Under field or lab/greenhouse studies
	Total crops &

countries

	FIELD CROPS
	Soybean in 9 countries – Canada, USA, Argentina, South Africa, Brazil, East Europe, Uruguay, Paraguay and Chile.

Cotton in 8 countries – USA, Australia, Argentina, Mexico, China, South Africa, India and Colombia.

Maize in 8 countries – Canada, USA, Western Europe, Argentina, South Africa, Uruguay, Philippines and Chile.

Canola in 2 countries – Canada and USA. 
	Soybean in Mexico. 

Cotton in Canada and Egypt.

Maize in East Europe and Honduras. 

Canola in Egypt. 

Sugar beet in Canada and USA. 

Flax in Canada and USA.
	Alfalfa 

Barley

Cassava

Canola

Clove

Cotton

Maize

Rice Safflower Sorghum.

Sugarcane

Sunflower Wheat


	16 crops

in 55 countries

	VEGETABLES
	Tomato in China.

Squash in USA.

Pepper in China.
	Potato in USA and Canada.

Tomato in USA, Canada and Mexico.

Squash in Canada.
	Black gram, Broccoli, Cabbage, Cauliflower, Carrot, Chickpea, Cucumber, Eggplant,

Lettuce, Onion, Pigeon pea, Potato, Spinach Tomato
	16 crops in 50 countries

	FRUITS
	Papaya in Hawaii (USA).
	Papaya in Canada.

Melon in USA. 


	Apple, Banana, Cantaloupe, Cherry,  Citrus, Coconut, Grape,

Kkiwi, Mango,

Muskmelon,

Pineapple,Plum, Raspberry, Strawberry, Watermelon.

,  
	17 crops in 29 countries

	OTHER CROPS
	Tobacco in USA
	Chicory in USA and Canada
	Cocoa, Coffee, 

Garlic, Lupins, 

Oil palm, Oilseed, Olive, Peanut (Groundnut), Poppy, Tobacco.   
	11 crops in 29 countries


The crops that are undergoing studies in India are mentioned separately elsewhere in this article. While the transgenic crops that are already approved for commercialization will continue to occupy more areas from year to year, commercial production of those that have already received regulatory approval are expected to be taken up quite rapidly.  

Continuing efforts are also being made to refine and add more value to the existing technologies as also to bring in newer ones. Monsanto’s Bollgard® II cotton, containing a second Bt gene, cry2Ab2, along with cry1Ac, has successfully completed all the regulatory trials in Australia and USA and  has been approved for commercial cultivation in both countries in September 2002 and December 2002, respectively. Unlike Bollgard® which has no effect on certain other lepidopteran pests like the armyworms, Spodoptera exigua and S. frugiperda, Bollgard II, with two stacked genes, offers extended protection of these pests in addition to other Lepidopteran species. Besides, Bollgard II is an improved product from an insect resistance management perspective because the chances of bollworms gaining resistance to both the proteins, each having a different mode of action, are extremely small. Another product of Monsanto that has received regulatory
approval in the USA in January 2003 is the corn plant stacked with two Bt genes, cry1Ab for protection against the European corn borer and cry 3Bb against the corn rootworms, Diabrotica spp., which are major pests of corn in North America. Several other companies are also reported to be working on different transgenic crops which are at various stages of regulatory approval. 

5. INDIA joins TRANSGENIC WORLD with bt-cotton
India recently made its long-awaited entry into commercial agricultural biotechnology  when the Genetic Engineering Approval Committee (GEAC), Ministry of Environment and Forests, Govt of India, at its 32nd meeting held in New Delhi on 26th March 2002 approved three Bt-cotton hybrids for commercial cultivation.  This is a historic decision as Bt-cotton became the first transgenic crop to receive such an approval in India. These transgenic hybrids were developed by MAHYCO (Maharashtra Hybrid Seed Company Limited) in collaboration with Monsanto. These contain Monsanto’s lepidopteron specific Bollgard® Bt gene, cry1Ac, which offers protection against all the major species of Indian bollworms - Helicoverpa armigera, Pectinophora gossypiella, Earias vittella and E. insulana. These bollworms, especially H. armigera, have been responsible for heavy yield losses.  Annual losses caused by bollworms alone are estimated at about US$ 300 million despite repeated spraying of insecticides (6 to 16 times or more for each crop). It is estimated that insecticides valued at $700 million are used on all crops annually in India, of which about 50% are used on the cotton crop alone.  Since dependable alternative methods were not available, farmers had no option except to ‘spray’ or ‘pray.’ Bt-cotton has brought in a ray of hope (Barwale et al., 2004; Mohan and Manjunath, 2002; Manjunath, 2004).  

The approval of Bt-cotton or Bollgard®  (Bollgard® is the registered brand name for Monsanto’s Bt-cotton) in India was preceded by about 500 field trials carried out in different agro-climatic regions between 1998 and 2001 to assess its efficacy against bollworms and the concomitant agronomic benefits.  Experimental data on the bio-safety of Bt-cotton were generated by several public funded research institutions as per the direction of Department of Biotechnology (DBT), Ministry of Science & Technology, Government of India

In addition to many trials conducted by MAHYCO as per DBT’s guidelines and supervision, several Bt-cotton hybrids were also evaluated by ICAR (India Council of Agricultural Research) in multi-location field trials in 2001.  These trials have indicated that Bt-cotton provided effective control of bollworms, requiring no or fewer application of chemical insecticides.  The approval by GEAC was based on the strength of such scientific data.  The Bt-cotton hybrids approved were MECH 12, MECH 162 and MECH 184.  Following the approval, Mahyco-Monsanto Biotech Limited (MMB), a joint venture of Mahyco and Monsanto, which had only a limited stock of the Bt cotton seeds, sold these in six states of south and central India (Andhra Pradesh, Karnataka, Tamil Nadu, Maharashtra, Madhya Pradesh and Gujarat) to cover about 29,415 hectares .  Thus, the first commercial planting of Bt-cotton occurred in the second half of 2002.  Following its success, the area of Bt-cotton increased to 86,240 ha in 2003 and to 530,800 ha in 2004. 

Realizing the potential of Bt-cotton, 19 other Indian seed companies have already become sub-licensees of MMB.  These companies will introduce the Bt-gene into their own cotton hybrids developed for different agroclimatic regions and seek regulatory approvals. In fact, a hybrid namely RCH 2 developed by Rasi Seed Company, one of the major sub-licensees, has already completed the trials and received regulatory approval in 2004. At the same time, illegal Bt-cotton and spurious seeds have already found their entry into market. This issue is discussed separately.

TRANSGENIC RESEARCH ON OTHER CROPS IN INDIA:

Several public sectors and private companies in India are engaged in doing research on some 17 crops for various transgenic traits (Mangal Rai and Prasanna, 2000; Manju Sharma et al., 2003).  These are listed in Table 4. 

    Table 4. Transgenic Research in Public & Private Sectors India with Various 
                   Traits and Crops (crops in bold letters are undergoing or getting ready   
                   for field trials)

	Traits
	Crops

	Insect resistance
	Blackgram, brinjal, cabbage, cauliflower, chickpea, cotton, maize, pigeon pea, potato, rice, tobacco, tomato, wheat



	Disease resistance
	Blackgram, brinjal, chickpea, coffee, rice, tomato


	Herbicide tolerance
	Blackgram, cotton, mustard, rice


	Stress tolerance
	Mustard, rice



	Edible vaccines
	Muskmelon, tomato



	Fruit ripening
	Banana, potato, tomato



	Nutrition enhancement
	Mustard, potato


Some of the following research has generated a lot of interest:  Nutritional enhancement in potato by deploying a non-allergenic seed albumin gene AmA I derived from the plant Amaranthus hypochondriacus (Subra Chakraborty et al., 2000);  improving the beta carotene level in the Indian mustard;  Bt-crops, notably brinjal, totamo, chickpea, pigeon pea, groundnut, cotton (in addition to Mahyco/Monsanto’s) and rice for protection against serious insect pests; and attempts to develop drought resistant crops.  These are at various stages of experimentation or regulatory approvals. 

Some of the research institutions involved in these efforts include IARI; various ICAR institutions; ICRISAT; TERI; State Agricultural Universities; Jawaharlal Nehru University, New Delhi; Delhi University, New Delhi; Bose Institute, Kolkata; Madurai Kamaraj University, Madurai, etc. The major private companies that have made considerable progress in transgenic research include Mahyco, Jalna; Proagro PGS (India) Ltd, Gurgaon; and Syngenta India Ltd., Pune. Several other companies also have very interesting programmes.  
6. Regulation of Transgenic crops
In every country, the prescribed bio-safety requirements are to be fulfilled before a transgenic product is approved for commercialization.  All the transgenic crops that have been commercialized so far have undergone and passed extensive safety trials with regard to potential for food toxicity, food allergenicity, cross pollination and effect on non-target beneficial organisms including biological control agents. Proactive measures have also been taken to prevent or delay the development of pest resistance to Bt proteins expressed in-planta.

In India, the major responsibility for regulation of Genetically Modified Organisms (GMOs) is with the Ministry of Science & Technology (MoST) and Ministry of Environment & Forests (MoEF), Govt of India. Other ministries and also other institutions are involved as and when required. For example, the Ministry of Agriculture, Indian Council of Agricultural Research (ICAR), Indian Agricultural Research Institute (IARI), Agricultural Universities, State Dept of Agriculture etc. may be involved for issues related to agricultural biotechnology. The Department of Biotechnology (DBT) is the nodal agency for biotech research and promotion and it functions under MoST.  Two important committees, namely Institutional Bio-Safety Committee (IBSC) and Review Committee on Genetic Manipulation (RCGM), work under the guidance of DBT. Another major committee, namely Genetic Engineering Approval Committee (GEAC), is constituted under MoEF. These committees are represented by experts drawn from various fields and organizations across the country and are responsible to ensure that proactive safety studies are carried out on GM products before they are approved for commercialization. 

In the USA, the regulation of genetically modified organisms (GMOs) is overseen by three federal agencies: United States Dept of Agriculture (USDA), Environmental Protection Agency (EPA) and Federal Drug Administration (FDA).  Similar regulatory bodies exist in other countries also. 

7. SAFETY ASSESSMENT AND RISK MANAGEMENT

Safety assessment and risk management have been accorded the highest priority for biotech products, both by the official regulatory authorities as well as by the product registrants.  Every country which has permitted or in the process of commercialization of transgenic crops has developed necessary bio-safety guidelines. International efforts, including the Cartagena Protocol, have been formulated to bring about all the regulations on the same platform.  Based on such protocols, which lay emphasis on the precautionary principle, all biotech products including transgenic crops, undergo a comprehensive and rigorous assessment process to demonstrate their safety and benefits before they are given due regulatory approvals. Despite such efforts, there has been an endless debate in certain  quarters on  their  safety and  benefits.    Certain facts related to A) safety assessment and B) risk management  are discussed below.

A). SAFETY ASSESSEMENT

The major issues with transgenic crops are biosafety-related. These include the potential of cry proteins for toxicity, allergenicity, effect on non-target beneficial organisms including biological control agents, feed safety, cross pollination, fate of protein in the soil, pest resistance etc. The results of studies carried out to address such issues are summarized below.  

a). Safety of Bt  cry proteins and other proteins :

The Bt genes incorporated for insect tolerance include cry 1Ac or cry 1Ac stacked with cry 2Ab in cotton for control of bollworms; cry 1Ab for control of corn borer or cry 3Bb against corn rootworm in corn; and cry 3Ab in potato against Colorado potato beetle.  The  gene  utilized for herbicide tolerance is EPSP synthase, also derived from a bacterium, while NPTII is deployed as the selectable marker gene. Elaborate screening tests indicated that the ‘foreign’ proteins produced by these are from sources with no history of toxicity or allergy; do not resemble known toxins or allergens; have functions which are specific and well understood; are rapidly degraded in the stomach within minutes; and are safe to non-target beneficial organisms and animals.  

The cry proteins are known to have selective toxicity to certain category of insects and require certain specific conditions for their effective action. The protein has to be ingested by the target insects which happens when they feed on the transgenic plant tissues. It requires an alkaline pH of 9.5 or above for effective processing into an active molecule which binds to specific receptors (on the brush-border membrane of mid-gut epithelium cells of target insect) for binding before it can kill the target insect. All these conditions are available in the target insects and therefore they succumb when they feed on Bt-plants. These proteins cannot act in the human or animal intestine because their intestine is acidic, pH is about 1.5 and there are no receptors. The cry proteins produced in Bt-crops have been shown to degrade when crop residues are incorporated into the soil, like any other protein added to soil.  Thus,  the impact of these crops on environment and  human safety is negligible. This is further supported by the long history of safe use of Bt microbial spray formulations for control of insect pests on a variety crops all over the world for more than 40 years. 

b). Cross pollination and gene flow:  

The potential movement of transgenes from Bt-plants into related weeds, through pollen flow, has been one of the concerns. This issue has been addressed for each Bt-crop that has been approved and experimentally demonstrated that there is no significant risk of capture and expression of any Bt cry gene by wild or weedy relatives of cotton, corn, or potato. The low risk has been ascribed to sexual incompatibility (due to differences in chromosome number) and differences in crop phenology (i.e., periodicity or timing of events within an organism’s life cycle as related to climate, e.g., flowering time) and  habitat.

Weed relatives of cotton are very few. In the USA, Gossypium tomentosum is a weed related to cotton, but it is found only Hawaii and is already on the decline. Nevertheless, there is restriction on growing Bt-cotton in Hawaii as a precautionary measure. In India, cotton has only one weed relative, Gossypium stocksii. It is found only in the northern part of Gujarat where cotton is not cultivated. Moreover, there is no serious lepidopteron common to this weed and any economic crops. Thus, it poses no problem.  In India, Bt gene has been introduced into hybrids developed from the new world cotton species (Gossypium hirsutum and G. barbadens) which are tetraploid.  The ‘Desi’ (local) cotton (G. arboreum and G. herbaceum)  are diploid. Even if cross pollination occurs between the diploid and tetraploid cotton plants, the zygotic embryo will not develop.  

The potential for horizontal gene transfer from Bt-crops was also considered and evaluated.  Various sub-species or strains of Bacillus thuringiensis already naturally occur in soil and therefore various cry genes have been available for long periods of time for any potential horizontal transfer from this bacterium to other soil species. Therefore, Bt crops are not adding anything new to the already existing flux of cry genes among the soil micro-organisms. There is no evidence that horizontal gene transfer has occurred from plants to microbes. 

The StarLink® issue in the United States was an unfortunate incident. StarLink®, a Bt-corn developed by Aventis Company, was given regulatory approval only for animal feed purposes. However, in due course, this corn was found mixed with corn meant for human consumption and a lot of hue and cry was made of this issue. Although regrettable, this situation did not represent a failure of the risk assessment process. StarLink® heightened the difficulty of producing a crop that was approved for feed use, but not yet approved for food use. StarLink® will not happen again in the US because regulatory policy now prohibits such a split approval.

c). Fate of Bt proteins in soil:

It is feared that soil organisms may be affected on being exposed to cry proteins being leached from roots of Bt-crops or from incorporation of above-ground plant tissues into soil after harvest, or by the pollen deposited on soil. Exposure may occur by feeding on living or dead Bt roots or, theoretically, by ingestion or absorption after secretion of cry protein into soil.  Experiments have been conducted to determine the amount and persistence of cry protein in the soil and the data reviewed by the regulatory authorities.  It is concluded that Bt insecticidal proteins cannot bio-accumulate causing delayed effects.

An accumulation through the food chain is therefore not expected to take place and there are no data to support this possibility for proteinaceous substances.  The basic biological properties of proteins also make Bt cry proteins readily susceptible to metabolic, microbial and abiotic degradation once they are ingested and excreted into the environment.  Although there are reports of soil binding under certain circumstances, the bound cry proteins are also reported to be rapidly degraded by microbes upon elution from soil.  

d). Effect on non-target organisms:

Another apprehension is that non-target organisms exposed to Bt cry proteins expressed in transgenic plants may suffer from undesirable deleterious effects. Several experimental studies were carried out to examine this issue.

Experimental animals like mice, rats, rabbits and sheep fed with unusually high doses (500, 1000 and 4300 mg/kg body weight) of cry protein showed no acute toxic effect on their health. These animals were found to be substantially equivalent to those not fed with cry  protein in respect of body weight, food consumption and other respects.

Proximate analysis showed that there was no difference between Bt-cotton and its non-Bt counter part in terms of protein, carbohydrates, ash and moisture contents. 
 Forage composition of Bt-cotton is substantially equivalent to non-Bt cotton in respect of gossypol and other acid contents. 

The U.S. Environmental Protection Agency (EPA) has concluded “that toxicity and infectivity risks of cry proteins  to non-target organisms like avian, freshwater fish, freshwater aquatic invertebrates, estuarine and marine animals, arthropod predators/parasitoids, honey bees, annelids, and mammalian wildlife will be minimal to non-existent  at the label use-rates of registered  B. thuringiensis active ingredients.”  This provides strong support that cry proteins produced in Bt-crops approved for commercial cultivation will pose low risk to non-target organisms.  A published report of toxicity to monarch butterfly caterpillars when force-fed with un-naturally high doses of Bt protein from Bt corn in the laboratory does not hold good for the natural situation where such high levels on plants are highly improbable. 

In India, as per the direction of Department of Biotechnology (DBT), several studies relating to bio-safety were conducted.  Feed-safety studies of Bt cottonseed meal were carried out with goats, buffalos, cows, rabbits, birds and fish. The results revealed that the animals fed with Bt-cottonseed meal showed no ill-effects and were comparable to control animals in the various tests. These studies were carried out at the Industrial Toxicological Research Institute (ITRC), Lucknow;  National Dairy Research Institute, Karnal; Central Institute of Fisheries Education, Mumbai;  Central Avian Research Institute, Bareily;  National Institute of Nutrition, Hyderabad: and Govind Vallabh Pant University for Agriculture and Technology, Pantnagar. In short, the various feed-safety studies conducted showed Bt cottonseed meal to be substantially equivalent to the non-Bt counterpart. 

Studies were also conducted on the effect of leachate from Bt cotton plant on soil rhizosphere and non-rhizosphere microflora, soil collembola and earthworms. The results showed no difference between the soils obtained from Bt and non-Bt plants. There was a mischievous propaganda that Bt cotton contained the so-called ‘Terminator Technology.’ Experiments were also conducted to demonstrate that it was not true. 

B). RISK MANAGEMENT: INSECT RESISTANCE MANAGEMENT (IRM):

Pest populations exposed to Bt-crops continuously for several years have the potential to develop resistance to cry proteins.  This phenomenon is not unique to Bt.  In view of this, proactive insect resistance management (IRM) strategies have been developed and are in place so as to prevent or delay resistance development. A key element of these plans is that growers should plant sufficient non-Bt crops to serve as a refuge for producing Bt-susceptible insects.  The recommendation includes growing 20% non-Bt cotton in the periphery of Bt-cotton as refuge and taking necessary control measures against bollworms in the refuge crop as and when required. The alternative is to grow only 5% non-Bt as refuge without taking any control measure. The refuge strategy is designed to ensure that Bt-susceptible insects will be available to mate with Bt-resistant insects, should they arise.  The offspring of these mating will be Bt-susceptible, thus mitigating the spread of resistance in the population.

Gene stacking or gene pyramiding, expression of optimum dose of Bt protein, and deployment of Bt-crops as one of the components of integrated pest management are the other options for IRM. Bollgard® II developed by Monsanto which has been approved for commercialization in Australia and the USA in 2002 is an example for gene stacking. This contains two Bt genes, cry 1Ac and cry 2Ab2. The proteins produced by these have different mode of action, thus making it very difficult for the pest to develop resistance to both the proteins simultaneously.

Planting refuge for Bt-cotton is mandatory in India as in the USA, Australia and other countries. In India, Helicoverpa armigera, by far the most predominant bollworm, besides cotton, has a large number of alternative host crops like chickpea, pigeon pea, tomato, sunflower, maize and sorghum which are substantially grown around the same area at the same time as cotton.  These crops, especially chickpea and pigeon pea, support large populations of H. armigera, thereby serving as natural refuge and helping IRM.  Further, as the area presently occupied by Bt-cotton is very small (about 6% of the total cotton area), a huge crop of non-Bt hybrids and varieties are also available as refuge.  In view of this, whether there is need to deliberately grow non-Bt cotton as refuge needs to be re-examined.

There have been several theoretical models suggesting that pest resistance would occur within a few years. However, although it is more than nine years of continuous large scale commercial cultivation of Bt-cotton and Bt-corn in various countries (22.5 million hectares in 17 countries in the year 2004), there has been no evidence of field resistance to the in planta expressed Bt protein by any pest insect so far. While this is encouraging, regular monitoring should be continued. 

8. OPPOSITION TO BT-COTTON

Bt-cotton had faced opposition from a couple of organizations and a few individuals right from the beginning of its introduction and even before it could complete any regulatory studies in India. The issues raised were mostly speculative, complex and confusing and ranged from scientific to social, ethical to emotional, economical to egoistic, political to publicity, ignorance to arrogance, legal to illegal, and reasonable to unreasonable!    

A farmers’ organization in Karnataka, namely Karnataka Rajya Raitha Sangha (KRRS), uprooted and burnt a few approved experimental crops in 1998 and also in 1999, wrongly accusing that Bt-cotton contained the so-called ‘Terminator Technology’ and the gene would escape and cause ‘Gene pollution’ and sterility in other plants!! They also alleged that Bt protein is harmful to humans, farm animals, other beneficial organisms and soil! Obviously they were oblivious of the real technology and the highly selective action  of the concerned Bt-protein. They threatened the farmers with serious consequences if they planted Bt-cotton. They also held repeated public demonstrations against this technology.

There were also a few other critics who were busy projecting themselves as saviours of the environment and farmers. Whenever the cotton crop failed in certain areas, be it due to drought or other environmental stress, wilt or other diseases, sucking pests or any other reason, they mischievously attributed it to failure of the Bt-technology and blamed the company as well as the government. They tried to instigate the farmers to claim compensation from the company, ignoring the fact that Bt-cotton has been developed specifically to offer protection against bollworms, not against any other adverse factors. Their action and statements had received prominent coverage in the print and electronic media and created a lot of doubt and confusion in the minds of innocent farmers and public. Incorrect knowledge is more dangerous than ignorance!  It took enormous efforts on the part of Monsanto and Mahyco to mitigate such negative publicity and make people realize the true value of Bt-cotton. The role played by DBT, which stood by this technology and organized several educational seminars on biotechnology in several states in this regard, is commendable. Except for a very few scientists, the rest of the scientific community remained silent when this emerging technology was so unreasonably attacked and misinformation was spread!

Opposition to GM crops in the European Union is well known. A few NGOs and individuals who mostly have international network are engaged full time in ridiculing and challenging this technology.

The practical results obtained with Bt-crops in several countries have demonstrated that these are safe and beneficial.  A number of scientific publications are available in this regard. Yet, the opponents are continuing their tirade against this technology and churn out their own data. They seem to thrive on controversies and try to be in the news somehow. Protesting has become a profession! However, of late, it has little impact on the farmers as they have personally cultivated these crops and realized the benefits. It is apparent that as the technology wins, the controversy wanes (Manjunath, 2004).

9. ILLEGAL BT-COTTON IN INDIA

Realizing the potential of Bt-cotton in India, certain agencies are exploiting the situation through sales of unapproved Bt-cotton or spurious seeds. In fact, such seeds were introduced into the market while Mahyco was still carrying out the regulatory trials and waiting patiently for government approval. It was first discovered in Gujarat in 2000 and Navbharat Seeds Pvt. Limited was identified as the offender.  Later, such illegal seeds were found in several other states also where they occupied, and continue to occupy, several thousand hectares. It has the following implications:

· Unapproved research on GMOs and commercialization is a blatant violation of bio-safety norms and is a punishable offense 

· Spurious producers are not accountable for purity, performance and safety. They may spoil the credibility of the product and technology 

· Can afford to sell their products at a much lower price as their investment on research is meagre
· Will affect the confidence and enthusiasm of genuine technology developers who invest a lot of time, talent and money in developing new products and getting their approval through due regulatory procedures 

· Users will be misled and confused

Illegal Bt-cotton is a blatant contravention of bio-safety norms and business ethics. Although the government has shown some concern and initiated action, this serious issue needs to be curbed more urgently and more strictly with severe penalty (Jayaraman, 2001; Prakash, 2001; Manjunath, 2004).  

10. BENEFITS FROM TRANSGENIC CROPS

The first generation of transgenic crops that are currently under commercial cultivation is dominated by crop protection traits i.e., insect-resistance and herbicide tolerance, either alone or stacked.  These have benefited the farmers mainly through increased yields owing to effective control of pests/weeds and reduced application of chemicals.  In turn, this has brought in several ecological benefits such as less exposure of human and animals to chemicals and conservation of biological control and other beneficial organisms on which a monetary value cannot be placed.

It is estimated that the total economic benefit to US farmers who planted GM crops on a total of about 35 million hectares in 2001, was estimated at $1.5 billion. They had obtained a yield increase by about 4 billion pounds and reduced pesticide use by 46 million pounds.  These cultivars included insect resistant corn and cotton; herbicide tolerant soybean, canola, corn and cotton; and virus resistant papaya and squash (Gianessi et al., 2002). Net economic benefits to producers from biotech crops in the USA in 2003 were estimated at $1.9 billion (James, 2004).

In China, an average Bt-cotton farmer has reduced pesticide sprayings for the cotton bollworm, H. armigera, from 20 to 6 times per year and produced a kilogram of cotton for 28% less cost than the farmer using non-Bt varieties (Huang et al., 2002).  The derived benefits per hectare for small farmers ranged from $330 to $400. For the three-year period from 1999 to 2002, the national benefit was $1.4 billion.  The insecticide reductions at the national level were 20,000 tons in 1999, 25,000 tons in 2000 and 78,000 tons in 2001 of formulated insecticide (James, 2002). China has projected potential gains of $5 billion in 2010 - $1 billion from Bt-cotton 4 billion from Bt-rice, expected to be approved in the near term.

In India, the results of extensive trials clearly indicated that Bt cotton increased the income of farmers (Barwale et al.,1999; Jayaraman, 2002; James,2002; Qaim & Zilberman, 2003). However, according to Suman Sahai (2003), it is a failure in India.  A nation-wide survey carried out in 2003 showed that Bt-cotton growers in India were able to obtain, on average, a yield increase by about 29% over non-Bt hybrids due to effective bollworm control, a 60% savings in insecticides and an overall increase in net income of Rs.7,850 ($175) per hectare (Neilson-ORG MARG, 2004; Barwale et at., 2004).  

Similar benefits with Bt cotton were also obtained in other countries like Australia (($50/ha in 1999-2000), Mexico ($626/ha in 1998), Argentina (up to $65/ha in 2001), South Africa (up to $50/ha in 2002) and Indonesia (James, 2002). Such benefits were obtained from other insect resistant and herbicide tolerant crops also. The increasing global demand for biotech seeds is a clear reflection of such benefits and farmers’ acceptance of this technology.

11. PROSPECTS AND CONCLUSION

The first generation of transgenic crops that are currently cultivated are mainly insect resistant (Bt-crops) or herbicide tolerant, or both stacked. These have significantly benefited the farmers through better insect and weed management, higher yields and reduced use of chemical pesticides. Research on extending these traits to other select crops is in progress.  Other efforts include developing transgenic plants with virus resistance, delayed ripening, enhanced nutritional content etc. Work is also in progress to develop fruits such as tomato, banana and muskmelon as  edible vaccines. The recent work on ‘Golden Rice’ fortified with vitamin A and iron, ‘Golden Mustard’ with enhanced beta-carotene, and protein-rich potato with an increase in all amino acids has opened up new avenues to solve malnutrition and deficiency disorders. Research on developing transgenic crops that are tolerant to abiotic stresses such as drought, cold and salinity has been accorded very high priority and encouraging results have been obtained.  

Transgenic technology is highly precise and powerful.  It is not a panacea, but has the potential to usher in the much-needed 'Gene Revolution' in the face of a burgeoning population.  Transgenic crops undergo rigorous bio-safety tests before they are approved for commercial cultivation and their subsequent performance is also closely monitored. Never before in the history of agriculture has food and feed been subjected to such extensive tests before they are declared fit for commercialization.  In this respect, GM food is as safe as, if not safer than,  conventional food.  The fact that this technology has not caused any untoward incident with regard to human safety or pest resistance emphasizes the high regulatory standards. It is important that such positive messages reach the public so as to remove any misconception or apprehension about this remarkable new technology.  India, being predominantly an agricultural country with vast land and human resources, has the potential to become a supreme power in agriculture if modern technologies are appropriately reviewed and suitably adopted. 
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