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As agricultural production approaches a bottleneck due to limited arable lands, extreme weather, and increasing food

demand, novel tools are needed to produce more resilient, efficient, and high-yielding crops to ensure global food security.

Modern biotechnology tools with improved specificity and efficiency could eventually become the main driver of

agricultural improvement, overcoming the limitations of conventional practices in improving crops. 
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1. Improved Crop Yield and Efficient Land Use

In the Green Revolution era, the widespread utilization of fertilizers and pesticides has significantly boosted agricultural

production. Unfortunately, their usage as agricultural inputs has been reported to be a limiting factor towards the end of

the Green Revolution era as the global yield has begun to plateau for some major cereal crops . A prominent benefit of

genetic modification (GM) technology is its ability to increase crop yield within the same cultivation area with fewer inputs,

mitigating the shrinking size of arable lands available for crop cultivation. According to the Food and Agriculture

Organization (FAO), the arable land for food production per person will decrease from 0.24 ha in 2014 to only 0.18 ha in

2050. This does not include the additional usage of land to produce biofuel feedstock or the effects of urbanization or soil

degradation . Thus, there is a compelling need to produce higher agricultural yields by adopting GM technology to

increase the food supply.

The main impact of GM technology on improving crop yields has been through better weed control and reducing the

damage caused by pests through the cultivation of herbicide-tolerant and insect-resistant crops. As a result, from 1996 to

2018, the application of GM technology has increased the global production of the main crops by producing an additional

498 million tons of corn, 278 million tons of soybean, 32.6 million tons of cotton lint, and 14.1 million tons of canola .

Without the cultivation of GM crops during this period, additional arable land of 12.3 million ha of soybeans, 8.1 million ha

of corn, 3.1 million ha of cotton, and 0.7 million ha of canola would have been needed to cultivate the conventional crop

equivalent . This would have required the clearance of more areas from the tropical forests for cultivation and the use of

more fertilizers, herbicides, and pesticides, as well as irrigation, to gain the same reported yield. The increase in crop yield

is supported by a meta-analysis of 147 original studies from 1996 to 2014, which reported that GM technology had

increased crop yields by 22%, with the yield gains larger for insect-resistant crops than for herbicide-tolerant crops .

Another interesting meta-analysis of data from 130 publications found that gene overexpression, or the ectopic expression

of transporter genes or other gene types, in three major GM cereals (rice, wheat, and corn) had significantly increased the

overall grain yield by 16.7% on average . Studies on these GM crops have mainly focused on genes with probable

essential roles in improving the nitrogen uptake efficiency of crops. One example is the overexpression of alanine

aminotransferase (AlaAT) genes, which are responsible for the increase in nitrogen utilization efficiency (NUtE; the

biomass or grain yield per unit of nitrogen uptake) in canola and rice . Li et al.  further suggested that the increased

yield in the GM crops might depend on the higher shoot biomass, nitrogen uptake efficiency (NUpE; plant roots capacity

to acquire nitrogen from the soil), and partial factor productivity of nitrogen (PFPN; grain yield per unit of nitrogen applied

in soil). In another meta-analysis study on peer-reviewed literature (from 1996 to 2016) on GM corn, the study found

strong evidence of higher grain yield, ranging from 5.6 to 24.5%, higher than for the true non-GE or near-isogenic line .

The GM lines also contained lower concentrations of mycotoxins (~28.8%), fumonisin (~30.6%), and thricotecens

(~36.5%) . The evidence clearly shows the benefits of GM technology in improving crop yield and reducing the

accumulation of harmful toxins in the grain.

2. Economic Benefits to Farmers and Consumers

Through better management of weeds and pests and reduction in cost production, GM technology has significantly

benefited farmers, with an additional gross income of USD 225.1 billion for the period 1996–2018 . In 2018, most of the
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income benefits were earned by farmers in developing countries, where they received 53.7% of total income benefits, with

an average of USD 4.41 received for each extra dollar invested in GM crop seeds . This is consistent with previous

studies showing that biotechnology applications in agriculture have brought economic benefits to numerous small-scale

landholders in developing countries . Moreover, GM technology not only benefits farmers and agribusinesses, but

also consumers through lower costs of food supplies. It is conceivable that without the adoption of agricultural

biotechnology that helped boost food supplies, commodity prices would have risen .

3. Reduced Environmental Impacts of Agriculture

The adoption of biotechnology in agriculture from 1996 to 2018 has lessened agriculture’s environmental impact by

reducing pesticide spraying by 775 million kg, representing a global reduction of 8.3% . A meta-analysis demonstrated

an overall reduction in chemical pesticide use by 37% from 1996 to 2014 due to biotechnology adoption . The shift from

conventional tillage (CT) to reduced tillage or no-tillage (RT/NT) farming systems in the cultivation of GM crops has

resulted in a further reduction in fuel use by 12,799 million liters which have led to a significant reduction in global

greenhouse gas (GHG) emissions of 34,172 million kg of carbon dioxide. Consequently, soil quality was enhanced by the

retention of about 302,364 million kg of carbon dioxide .

4. Increased Tolerance to Crop Diseases

The global crop yield loss due to emerging and re-emerging pests and diseases is relatively high and was estimated to be

21.5%, 30%, 22.5%, 17.2%, and 21.4% for wheat, rice, corn, potato, and soybean, respectively . The food-deficit

regions of the Indo-Gangetic Plain and sub-Saharan Africa are reported to have suffered the highest crop losses .

Since the development of virus-resistant tobacco expressing the tobacco mosaic virus (TMV) coat protein , various

biotechnological strategies have been applied to confer disease resistance in crops. These strategies include intervention

in pathogen recognition/perception, pathogen effector binding, altering the expression of genes in plant defense signaling,

targeting recessive resistance traits/susceptibility genes, interspecies transfer of dominant plant resistance genes, and

utilization of antimicrobial peptides and RNAi . One of the most successful stories of biotechnological application in

crops to mitigate virus infection is the papaya ringspot virus (PRSV)-resistant papaya, which can resist PRSV infection

through the expression of a coat protein from PRSV . The development of the transgenic cultivar successfully averted

the devastating loss of the papaya industry caused by PRSV in Hawaii .

5. Nutrient Enhancement of Staple Crops

Staple crops, such as rice, contain low levels of beneficial phytonutrients (nutraceuticals) and micronutrients, often below

the recommended daily allowance . In 2020, it was estimated that nearly 10% of the world’s population (around 768

million people) were undernourished. More than half of all undernourished people live in Asia (418 million), while more

than a third live in Africa (282 million) and a smaller proportion (60 million) in Latin America and the Caribbean . Low-

and middle-income countries rely more on starchy food staples, such as rice, banana (Musa  spp.), cassava (Manihot
esculenta), and corn. However, the majority are deficient in beneficial phytonutrients and micronutrients. The adoption of

biotechnology is believed to offer an effective and sustainable strategy to produce GM biofortified crops with specific

nutrient-enriched content. This is particularly important in countries where technology is urgently needed to help alleviate

nutrient-deficiency-related illnesses .

There has been considerable progress in developing biofortified staple crops, predominantly via synthetic metabolic

engineering . The best-known example, and the first biofortified staple crop utilizing this method, is the β-carotene-

enriched ‘Golden Rice’ . The bioavailability of the β-carotene in rice, a precursor of provitamin A, could reduce vitamin A

deficiency, which affects an estimated 190 million preschool-age children worldwide, of whom 91.5 million reside in

Southeast Asia . The Golden Rice was produced by introducing the entire β-carotene biosynthetic pathway through the

multigene transformation of rice endosperm on two T-DNAs . The first T-DNA carried the daffodil (Narcissus
pseudonarcissus) phytoene synthase gene,  NpPSY1, and the bacterial (Erwinia uredovora) phytoene desaturase

gene,  EuCRT1, controlled by an endosperm-specific glutelin (Gt1) promoter and constitutive cauliflower mosaic virus

(CaMV) 35S promoter, respectively. The second T-DNA carried the daffodil lycopene β-cyclase, NpLYC-b gene under the

control of a rice glutelin promoter and a selectable marker. While the β-carotene enhancement in rice was successful, the

carotenoid concentration was only increased by 1.6 μg/g dry weight (DW) . This prompted the production of ‘Golden

Rice 2′ (GR2), where the rice was engineered with corn ZmPSY and E. uredovora EuCRTI genes, both controlled by the

native rice glutelin promoter . The GR2 form contains a higher carotenoid accumulation of up to 23-fold (about 37 µg/g

DW) than the original Golden Rice. Although GR2 is registered as safe in Australia, the USA, Canada, and New Zealand
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and possesses import approvals, the Philippines is the only country so far that has authorized the direct use of GR2 in

food, feed, and processing. Since the production of GR2, increases in β-carotene levels through GM technology have

been observed across an array of food crops, such as sorghum, corn, wheat, banana, and canola .

The successful generation of biofortified crops that involved the simultaneous expression of multigenes, with some

generating multiple essential nutrients, was also reported. Enhancement of multiple vitamins, such as β-carotene, folate,

and ascorbate, in the rice endosperm was achieved through the introduction of  ZmPSY1  and  EuCRTI  (carotenoid

pathway), rice dehydroascorbate reductase, OsDHAR (ascorbate pathway), and  folE (folate pathway) using an unlinked

direct DNA transfer co-transformation strategy . In a more recent study, multi-nutrient biofortified rice was developed by

expressing Arabidopsis thaliana NICOTIANAMINE SYNTHASE1 (AtNAS1), Phaseolus vulgaris FERRITIN (PvFERRITIN),

bacterial CRT1, and ZmPSY in a single genetic locus that increased the levels of iron, zinc, and β-carotene content in the

rice endosperm . In an example that employed the multigene stacking strategy, the production of ‘second generation’

folate (Vitamin B )-biofortified rice was achieved through simultaneous expression of four transgenes

(GTPCHI, ADCS, FPGS, and FBP) . Through this strategy, the folate content was increased significantly by 150-fold

and has improved stability during post-harvest storage. Hence, this showed that the multigene stacking strategy is a

highly efficient method for folate biofortification in rice, since the expression of a single transgene GTPCHI  led only to

about a 10-fold increase of folate concentration, whilst the co-expression of GTPCHI  and ADCS  resulted in a 100-fold

folate enhancement .

6. Production of Plant-Based Pharmaceuticals

Global immunization coverage has declined from 86% in 2019 to 83% in 2020 due to the lack of access to immunization,

aggravated by the straining of health systems due to the COVID-19 pandemic . Children have been particularly

affected, with the number of completely unvaccinated children increasing by 3.4 million in 2020 . Vaccination coverage,

specifically in underdeveloped countries, may be increased by developing a plant-based vaccine or ‘edible vaccine’. This

innovation offers an exciting alternative by delivering a vaccine that can be easily administered and stored without

refrigerated conditions . An edible vaccine is produced by integrating specific genes encoding the desired antigenic

protein into the plant host genome. Once the plant-derived vaccine is consumed, the release of antigens will stimulate a

specific autoimmune response via mucosal immunity. Various candidates for plant-derived vaccines using economically

important crops are currently under development, such as potato  and banana  expressing hepatitis B vaccine,

tomato expressing triple vaccines against shigellosis, anthrax, and cholera , spinach (Spinacea oleraceae) expressing

HIV-1 vaccine  and carrot (Daucus carota) expressing Helicobacter pylori vaccine . An identical technique has been

applied in chloroplast transformation, allowing a much higher accumulation of antigen protein because of the multi-copy

nature of the chloroplast genome compared to the single-copy nature of the nuclear genome .
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