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Abstract
Colombia is currently one of the most promising countries with regard to
its potential for agricultural development and for generating food supply
for current and future human generations. This is owing to factors such
as availability of land, water, topographical diversity, as well as political
factors. Nevertheless, Colombia will reach this full potential if it adopts
available technologies that can meet the current global challenges faced
by the agriculture in the 21st century: among others, world population
growth, increase in average life expectancy, high degree of malnutrition,
climate change, wrong agricultural practices. Here is presented how modern biotechnology is an important ally as a wide range of technologies
and innovative systems can be applied where they are most needed: for increasing cultivation productivity, resisting both biotic and abiotic factors,
and ensuring food safety. In this study is showed evidence with regard to
significant benefits of adopting biotechnological crops to contribute to food
safety and how they are already being implemented in both developed and
developing countries. Using modern technology, there are open opportunities for the country in search of circular bio-based economy, strengthen
its food sovereignty and to serve as an agricultural breadbasket to Latin
America and the World.
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Biotecnología Moderna para el Desarrollo de la
Agricultura en Colombia
Resumen
Colombia es actualmente uno de los países más prometedores en cuanto a
su potencial para el desarrollo agrícola y para generar alimentos para las
generaciones humanas actuales y futuras. Esto se debe a factores como la
disponibilidad de tierra, agua, diversidad topográfica, así como a factores
políticos. Sin embargo, Colombia alcanzará su pleno potencial de desarrollo
agrícola sostenible si adopta las tecnologías disponibles que puedan hacer
frente a los desafíos globales actuales que enfrenta la agricultura en el siglo
XXI: entre otros, el crecimiento de la población mundial, el incremento
en el promedio de la esperanza de vida, alto grado de desnutrición, cambio climático, uso de practicas agrícolas equivocadas. Aquí es presentado
cómo la biotecnología moderna es un aliado importante ya que se puede
aplicar una amplia gama de tecnologías y sistemas innovadores donde más
se necesitan: aumentar la productividad y sostenibilidad del cultivo, resistir los factores de estrés bióticos y abióticos y garantizar la seguridad
alimentaria. En este estudio se muestra evidencia sobre los beneficios significativos de la adopción de cultivos biotecnológicos para contribuir a la
inocuidad de los alimentos y como ellos ya se están implementando en los
países desarrollados y en vía de desarrollo. Usando tecnologías modernas,
hay oportunidades abiertas para el país en la búsqueda de una economía
circular de base biológica, que fortalezca su soberanía alimentaria y para
servir como despensa agrícola para América Latina y el mundo.
Palabras clave: Cultivos biotecnológicos; cultivos genéticamente
modificados; cultivos transgénicos; desafíos agrícolas; desarrollo sostenible;
producción de los cultivos; seguridad alimentaria.

1

Introduction

In 2009, the Food and Agriculture Organization of the United Nations
(FAO) identified the following as the greatest global challenges currently
facing the agricultural sector: 1) production of more food and fiber with a
smaller labor force to feed a growing population; 2) production of more raw
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materials for a potentially enormous bioenergy market (potential for alternative energy production); 3) contribution to the global development of numerous countries currently undergoing development, which are dependent
on agriculture; 4) adoption of more effective and sustainable production
methods; and 5) adaptation to climate change [1]. These challenges must
be taken into account in Colombia as it initiates agricultural development
in the present century by considering the following factors that provide
opportunities for the country’s development: first, Colombia is one of the
seven countries with the potential to become “agricultural breadbaskets”
for the world [2]; second, the political scenario in Colombia is favorable
for growth because a peace accord has been signed by the government and
the Revolutionary Armed Forces of Colombia (FARC), thus putting an end
to more than 50 years of conflict [3], and the government, along with the
FARC, has established important basic rules for rural and agricultural development [4]; and third, the results of the most recent Agricultural Census
conducted in the country are favorable [5].
The measures that must be adopted to face the challenges described
above must permit a growth in the sustainability, productivity, and resilience of agriculture in Colombia, and a great deal of effort must be made
in and priority must be given to research and development. Otherwise,
food production in the country and regions that are already facing a great
deal of food insecurity will be seriously compromised [2]. The current paper presents a brief overview of the challenges that have been identified for
the agricultural sector in the 21st century and demonstrates why modern
biotechnology, which can help develop technological alternatives for the
agricultural sector in Colombia, is considered an important ally for facing
these challenges.

2
2.1

Greatest challenges for agriculture in the 21st century
A growing world population

Projections for the growth of the world population have revealed that by
2050, the total number of people worldwide will surpass 9 billion, a number
that will have increased to 10.9 billion by 2100 [1], with Africa and Asia
being the continents expected to have the highest density of people. In
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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addition, the average life expectancy has substantially increased over the
last few decades, from 46 years in 1840 to 85 years in 2000 [6], with an
average of a 4-month increase in each year. This is especially true of the
life expectancy of women and is a direct result of the contributions made
by advances in science and technology toward the reduction of mortality,
thereby extending the average human life expectancy [7]. As a result of such
advances the World is facing other challenges such as accommodating more
people, living longer, a growing need for food resources and demanding
better nutritious and diverse diets.
In conjunction with the growing number and increasing life expectancy
of the world population, the degree of malnutrition known to exist in many
countries must also be considered. It is estimated that malnutrition currently affects 13 of every 100 people worldwide, resulting in an estimated
total of 1 billion people currently suffering from malnutrition, 143 million
of whom are children aged under 5 years who are critically affected [2].
These statistics are also observed in Colombia, where 4% to 14% of the
population is at a moderate risk of malnutrition [8],[9].
Considering the population factor alone (without considering life expectancy), the projections show that to feed a world population of 9.1
billion people in 2050, food production must be increased by 70% between
the present and that year [1], a challenge that would undoubtedly involve
the use of more land areas. For example, the annual grain production
would have to increase by almost 1 billion tons, not to mention the quantum leap that would be necessary in meat production, involving more than
200 million tons, which would allow a constant production and securing of
approximately 470 million tons of meat by 2050 [1].

2.2

Availability of land suitable for agriculture

With a growing world population, increasing average life expectancy, and
significant levels of malnutrition, one potential solution might be to simply
plant more crops on larger land areas. However, studies have indicated that
the available land that is suitable for agriculture is not unlimited. According to FAO [2], approximately 1.6 billion hectares (ha) were available for
cultivation in 2016, whereas projections have indicated that the total area
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of land available for cultivating agricultural crops in 2050 is estimated to be
1.68 billion ha, representing only a 5% increase in land availability, this due
to several aspects, for instance dietary changes in favor of vegetable food
and less land-demanding meat as well as faster growth in livestock productivity [10],[11]. Contrasting the two growth rates (i.e., those of world
population and land availability for agriculture) projected for 2050, a significant difference may be observed because land available for agriculture
will grow by 5%, whereas the human population will grow by 21.3%. This
reality leads to an even greater challenge of achieving food security, with
the understanding that the requirement for more food may not be satisfied
by political-economic strategies, which aim to simply increase the land area
currently available for agriculture.
2.3

Climate change

Another important challenge facing humanity and agriculture is climate
change. The Fifth Report of the Intergovernmental Panel on Climate
Change (IPCC) has indicated that global climate change is currently occurring, caused by the increase in greenhouse gases, originating principally
from human activities, such as the wide usage of fossil fuels (petroleum,
natural gas, or coal), the decomposition of urban and livestock waste, and
changes in land usage [12]. Although climate change is a relatively slow
process, change in land usage is a process that may contribute drastically
to the phenomenon, i.e., it occurs much more quickly and may therefore
have damaging effects on ecosystems and environmental processes [11].
One-fifth of the Earth’s surface is occupied by mountain ecosystems
that support biodiversity on land and supply water to more than half of
the planet, a factor that helps protect and preserve the world’s natural
resources [13]. The high degree of biological diversity, agrobiodiversity, and
endemism; the large reserves of organic carbon in the soil; the provision of
water for energy and agriculture; minerals; and general materials required
for urban use all originate from high mountain ecosystems [14],[15],[16].
However, these ecosystems are considered to be one of the most fragile
ecosystems on Earth due to their high vulnerability and low capacity for
recovery [13],[16]. These considerations create a discouraging scenario for
the sustainability of human activities, including agriculture.
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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Therefore, agriculture is considered to be “threatened” or “pressured” by
large-scale climate change because this change directly affects the frequency
of meteorological phenomena, modalities of agricultural production, and
spread of pests and pathogens [17],[18], resulting in severe consequences
in areas experiencing serious problems of malnutrition, where poverty is
abundant and capacity for adaptation is reduced [12].
However, as described in the above paragraph, although agriculture is
a “passive” subject that experiences the consequences of climate change, it
is undoubtedly, at the same time, an “active” subject that positively contributes to global warming because of the routine activities of agriculture.
Agriculture directly favors global warming by its use of machinery and
products that are mostly composed of chemicals derived from petroleum,
thus accounting for up to 15% of CO2 emissions. In particular, agricultural sector generates direct greenhouse gases emissions through nitrous
oxide emissions from soils, applications of fertilizers, dejections from grazing animals, methane production by ruminant animals [19]. In addition,
agriculture indirectly favors global warming because the lack of land suitable for cultivation drives humans to resort to the destruction of forests
reserved for conservation, thus indirectly contributing to CO2 emissions by
almost 26% [18].

3

Colombia: An agricultural breadbasket for the world

The most recent Agricultural Census conducted in Colombia began its activities in 2014 and concluded its work with the 30th report published
in 2016 [5]. This census covered 98.9% of the territory and included 32
analyzed departments. In total, 773 indigenous reserves, 181 territories
belonging to communities of African descent, and all 56 National Nature
Parks were investigated by an army of 25,000 people who participated as
census officers [5]. This census allowed the government to identify the
distribution and main use of the 111.5 million ha that comprise the total land area of continental Colombia (equivalent to 1,115,000 km2) [20].
According to the report by DANE [5], 56.7% of the total area of continental Colombia is reserved as forest reserves (corresponding to 63.2 million
ha), 38.6% is reserved for agricultural and livestock purposes (corresponding to 43.1 million ha), and 2.2% (equal to 2.5 million ha) is reserved for
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usage other than as forest reserves or for agriculture/livestock purposes.
Although these numbers reflect a significant usage of land in Colombia for
agriculture, upon greater scrutiny, the census revealed that only 7.1 million of the total 43.1 million ha is suitable or reserved for the cultivation
of food crops (equivalent to 6.3% of the total national land area) and that
the remaining 34.4 million ha is reserved for animal feeding (Figure 1), an
activity that is globally considered to be a critical factor for environmental
problems because livestock contributes approximately 14.5% of all greenhouse gas emissions, increases soil degradation, contaminates water and air,
and leads to a decline in regional biodiversity [21],[22]. This fact illustrates
the necessity to correct the gap in the current distribution of land and
thus regain an equilibrium in production (Table 1). This is undoubtedly
an important opportunity for the growth of agricultural production in the
country, which has been identified by the rest of the world [23].

Figure 1: Current use of the 43.1 million hectares (ha) in Colombia suitable for
agriculture.

Colombia is characterized by its vast diversity in climate and life forms
(biodiversity) [20], which is directly related to its location in the intertropical equatorial zone, more specifically in the northwestern corner of South
America (at the convergence of Central America, South America, and the
costal zones of both the Caribbean and the Pacific Ocean). In addition,
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.

175|

Modern Biotechnology for Agricultural Development in Colombia

the continental territory includes diverse altitudinal ranges due to topographical aspects, such as the three ranges into which the Andes range
separates at the Colombian Massif, formations such as the Sierra Nevada
of Santa Marta and the Serrania de la Macarena, the presence of interAndean valleys, and the vast extensions of planes and tropical rainforests
in the south and west of the country [20]. Despite such diversity in climate and topography, an agricultural “X-ray” shows little diversity in the
crops being produced, only seven of which are widely used and consumed
within the countries (coffee, panel cane, sugar cane, cotton, tobacco, palm,
rubber), most of these being agroindustrial crops [5].
Table 1: Distribution and land use in Colombia: Contrast between the rural
agriculture and livestock plan for territorial organization (UPRA) and data from
2014-2016 census.
Ideal land distribution: UPRA
58% Conservation zones
16% Agroforest
13% Agriculture
7% Livestock
3% Forest
2% Bodies of water
0.2% Establishment of urban zones

4

Land distribution: 2016 Census
56.7% Conservation zones
0.0002% Agroforest
5.8% Agriculture
30.9% Livestock
0.5% Forest
2% Bodies of water
0.3% Establishment of urban zones

Agriculture: A development strategy for Colombia

The promotion of agriculture as a development strategy for a country such
as Colombia is undoubtedly a key factor for achieving food security. Therefore, the following four areas must be prioritized in an agricultural development plan: increasing agricultural research, enhancing the access of
each person to food, improving governmental policies for commercialization of food products, and increasing productivity while preserving natural
resources [24]. In other words, it is fundamental that agricultural productivity be increased without expanding the agricultural frontier [3].
With the world’s attention on Colombia, a country in which agriculture
is considered as a strategy for economic and social development, the identification and engagement of the weak links (needs) must be prioritized to
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seek sustainable agricultural development in Colombian. A list of such factors that are currently preventing agricultural development in Colombia is
as follows: poor (without nutrients) or contaminated soils, plants that are
fragile or unable to adapt to inclement changes in climate, seeds and plants
that are not resistant to biotic factors (plagues and pathogens), crops with
a low level of productivity, low availability of fertilizers, inadequate irrigation systems, absence of climatic modeling, use of high-tech equipment
that is not appropriate for the topographical characteristics of the country, lack of innovation in the post-harvest techniques, scarcity of routes for
efficiently transporting the food to collection points, and excessive market
intermediation, among other factors [25],[26].

5

Humankind and biotechnology

In view of all the challenges facing the agricultural sector in Colombia,
which are the same as those facing the entire globe, how might it be possible
to transform the country into a global agricultural breadbasket? Although
the answer is not simple, one must envision the qualities that 21st century
agricultural crops must possess. They must be resistant to pathogens and
pests, easily adaptable to abiotic stress, possess higher nutritional value,
and demonstrate a high yield potential to feed a growing human population using the same currently available area of arable land [27]. However,
how can this be achieved? Although the answer is not simple, modern
biotechnology can be considered an important ally.
The term “biotechnology” is derived from two single words: biology and
technology [28]. Article 2 of the agreement concerning biological diversity
defines biotechnology as “any technological application that uses biological systems and living organisms or their derivatives for the creation or
modification of products or processes for specific uses” [29]. Beyond this
definition, the concept of biotechnology has acquired a great deal of importance in the development of science in the last two decades, and perhaps,
as a result, the term appears to have originated recently. Most people are
unaware that in reality, the beginnings of such technology are to be found
at the inception of agriculture, beginning with the use of biodiversity [30].
To clearly illustrate what is explained in the above paragraph, one must
take a brief tour of human history. As sufficiently dealt with by Wieczorek
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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and Wright [30] in their report, it is estimated that approximately 10,000
years B.C., humans first began cultivating their food using the naturally
existing biodiversity as a starting point and eventually domesticating both
crops and animals. During the process of domestication, people selected
the best plants for propagation as well as the best animals for reproduction (breeding), with the clear intention of improving their products. Over
several thousand years, the inclusion of desirable characteristics in the cultivar has allowed them to circumvent inclement climates, increase their
resistance to pests and disease-causing pathogens, and improve productivity and nutritional value, among other achievements. Continuing the
narrative, Verma et al [28] has described how after the domestication of
crops (plants) and wild animals, humans began to make other discoveries,
such as cheese and curd, which may perhaps be considered the first biotechnological developments because of the fact that enzymes originating from
the stomach of a calf are added to sour milk, a process that at the time
was not completely understood. Similarly, yeast is one of the earliest-used
microbes that humans have exploited for their own benefit. Development
of food products, such as bread, vinegar, and other fermentation products
(including the production of alcoholic beverages, such as whisky, wine and
beer), have been made possible by the use of microorganisms. Despite this
long history, it was only in 1919 that the term “biotechnology” was first
used by Karl Ereky, who applied it to define the interaction between biology and technology [31]. Since then, the term has been redefined on various
occasions.
However, the most important event occurred in 1953, when Watson
and Crick [32] reported the structure and function of DNA, the molecule
considered to be the basis of life and of the function of cells and living beings, knowledge that is essential for scientific developments. As a result of
their memorable contribution and of Kary Mullis’s development that enabled the amplification of DNA in a test tube (polymerase chain reaction)
[33], research in biological sciences was revolutionized and the foundations
were laid so that in the 1970s, what we know today as modern biotechnology could emerge, involving the utilization of recombinant microorganisms
for manufacturing highly valued proteins and peptides for biopharmaceutical applications [34]. Today, the potential of modern biotechnology is
widely known, which makes use of recombinant DNA technology to geneti-
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cally modify microorganisms, plants, and animals, with the goal of making
them more suitable for a myriad of potential applications [35],[36], including improved agricultural products [37], the production of new antibiotics
and hormones [38], [39], xenotransplantation [40], gene therapy [41], bioremediation [42], and the most recent technique: genome editing [43]. As a
result of all this potential, it has generated a protocol to guarantee adequate protection in the sphere of activities involving the safe transference,
manipulation, and utilization of living organisms modified using modern
biotechnology, which may have adverse effects on the conservation and sustainable use of biological diversity [36]. It also takes into account human
health risks, focusing especially on movement across borders.

6

Use of biotechnology for agricultural innovation

Since 1999, the FAO has issued advice concerning the benefits of biotechnology in agriculture for increasing the supply of food and alleviating hunger
by withstanding adverse biotic and abiotic conditions [44]. Increasing crop
productivity will depend on the use of technological tools, such as biotechnology [45]. Agricultural biotechnologies, encompassing the use of molecular markers, reproductive technologies, cryopreservation, and genetic
engineering, play a fundamental role in the characterization, conservation,
and improvement of crops, animals, forests, and microbe resources in both
soil and water; they are currently being used in developed and developing
countries to improve agriculture and contribute to food security [45],[46].
Considering the above information and the report by FAO [23], biotechnology can contribute in various developmental aspects of the agricultural
sector. Because of the impoverishment and degradation of soil due to overplanting, we have fallen in significant challenges around water, nutrients
and climate, which directly or indirectly affect crop production, due to
plants are facing increasing biotic and abiotic stress, thus diminishing their
productivity [47]. As a result, it is necessary to develop plants that are
capable of resisting such living organisms (biotic stress), such as microbes
causing plagues, pathogens, and undesirable plants [48], as well as of withstanding adverse environmental conditions, such as salinity, climate, and
heavy metals, among other factors (abiotic stress) [49] (Figure 2).
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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Figure 2: Factors for which biotechnology may contribute to the development
of the agricultural sector.

The last factor seen in Figure 2 is especially relevant given the current context in Colombia. According to the data reported by Cordy et
al. [50], Antioquia and Colombia are the greatest global mercury polluters
per capita in the realm of small-scale gold mining. Another area in which
biotechnology may contribute to the development of the agricultural sector
in Colombia is the improvement of crop production. Given the context
described earlier involving a growing global population and limited availability of agricultural lands, it is necessary to develop seeds capable of producing high quantities of products (such as fruit, seeds, and biomass) in the
same currently available land area, thereby reducing the impact on environment, a process described by the term “sustainable intensification” [51].
A final factor that is relevant in the development of the agricultural sector
and is related to food security is the essential nutritional value [37]. The
potential of biotechnology to add nutritional value to food crops by means
of enrichment with quality proteins, vitamins, iron, zinc, cerotenoids, antocyanins, etc. Datta [52] would undoubtedly contribute categorically to
the achievement of food safety. It is important to highlight that traditional
plant breeding is time-consuming and requires extensive screening of large
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germplasm collections. In contrast, genome editing (GE) tools (modern
biotechnology) (i) provide a precise means to alter just a few nucleotides,
(ii) can be used to replace/modify a pre-existing allele with another orthologous one derived from wild/landrace progenitors, and (iii) enable the
insertion of a new gene(s) into pre-determined regions of the genome [53].
Table 2: Biotechnologies that may contribute to the development of the
agricultural sector.
Agricultural challenge
New cultivars

Selection and screening
Production and management of
agricultural systems

Biotechnologies
Technology based on cultivation of tissues
Mutagenesis
Genetic modification
Interspecific hybridization
Marker-assisted selection
Improvement assisted by genomics
Micropropagation
Diagnosis of diseases
Bioprotection (Biopesticides)
Vegetable nutrition (Biofertilizers)

In Table 2 and according to the data reported by FAO [46], one may
consider the biotechnologies that provides solutions to the agricultural challenges and consequently lead to the development of this sector in Colombia. The table presents, in a clear and condensed manner, the way in which
various biotechnologies may contribute solutions to the challenges currently
faced in the agricultural sector. These include the following: the induction
of genetic variations in crops by directed mutagenesis; development of new
varieties of vegetables (using genetic engineering and genome editing techniques), generation of interspecific crossings; selection of promising crops
with the assistance of modern molecular markers that also allow one to perform improvements assisted by genomics; generation of massive propagation systems that allow the use of vegetable material free from endogenous
contamination caused by microorganisms; early diagnosis of pathogens that
allows for efficient and precise use of tools and pathogen-control, environmentally friendly products; development of bioproducts that control
plagues and disease-causing pathogens; development of formulations based
on microbe complexes that permit the fixation of essential plant elements
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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(P and N, among others); and finally (but not of least importance), conservation of the germplasm of the genetic varieties, allowing access to sources
of genetic material for future development (improvement programs).
According to the FAO, since humans began to engage in agriculture
(approximately 11,000 years ago), approximately 7000 different species of
plants have been cultivated, but today, only 30 crops are intensively used,
fulfilling approximately 90% of the energetic food needs of the global population [54]. This clearly indicates the genetic erosion that has been caused
by traditional agricultural practices e.g. the plow. mechanization and industrialization (dependence on fossil fuels) and chemical fertilizers-intensive
methods. Fortunately, different research centers have been putting germplasm
conservation plans into practice, for which biotechnology is a fundamental aspect [55]. In Colombia, International Tropical Agricultural Center
(CIAT) maintains more than 36 thousand bean accessions, 6.5 thousand
cassava accessions, and 23 thousand fodder accessions [56].

7

Biotechnological agricultural crops worldwide

Biologists have been using genetic engineering since the 1980s to express
new characteristics in agricultural crops [57] and could secure approval for
the commercial release of the first biotechnological crop in 1996. The year
2015 marked the 20th anniversary (1996–2015) of the commercialization of
this type of crop, also known as genetically modified (GM) or transgenic
crops, now commonly referred to as “biotech crops.” In a more recent publication published during the first week of May of 2017, the International
Service for the Acquisition of Agro-Biotech Applications (ISAAA) [58] reported that in 2016, 185.1 million ha of biotech crops were planted [58]. To
better appreciate the dimensions of this area, one must keep in mind that
185.1 million ha is equivalent to 20% of the total land area of China (total
area of China: 956 million ha) or the United States (total area of United
States: 956 million ha) and is also equivalent to 1.6 times the total area of
Colombia (total area of Colombia: 111.5 million ha). A total of 26 countries, seven of which are considered as developed and 17 are considered as
developing, had adopted and planted biotech crops as of 2016. The top five
countries in the list of biotech crop producers are as follows: the country
with the largest planted area of biotech crops was the United States (72.9
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million ha), followed by Brazil (49.1 million ha), Argentina (23.8 million
ha), Canada (11.6 million ha), and India (10.8 million ha) [58]. Likewise,
there are many reports on crops that have been genetically altered for different characteristics, such as increase in grain production during drought
for maize [59], increase in grain production for rice [60], and resistance in
wheat against disease- causing fungi [61].
Despite worldwide adoption of biotech crops and the great potential of
biotechnology as a tool for developing the global agricultural sector and
promoting food security, the claims concerning the positive and negative
effects of existing biotech crops are many. Scientific studies concerning the
agronomic, economic, and environmental impact of biotech crops have been
conducted, demonstrating benefits that are wide-ranging, positive, and significant, and center on an increase in agricultural productivity and a reduction in the use of products of chemical origin, resulting in a lesser impact
on the environment and substantial decrease in greenhouse gas emissions
[62],[63],[64].
Accordingly and as a result of the worldwide adoption of these crops
during the last two decades, the National Academy of Science conducted
a wide-ranging study that compiled and extensively reviewed all scientific
research conducted globally during the last 20 years, with the aim of verifying the problems (negative claims) and evaluating any direct relationships
to the use and the adoption of biotech crops [57]. This study reported
that there is no conclusive evidence linking biotech crops to environmental
problems in a cause–effect relationship. The conclusions were overwhelming, keeping in mind certain factors, such as the decline in the genetic
diversity of agricultural crops due to factors, such as monetary reasons
(the price of the crops and their production), that cause the grower to
avoid crop rotation; however, no direct consequence was found involving
the wide adoption of biotech crops after their global adoption in 1996.
In addition, the National Academies of Sciences-Engineering-Medicine
[57] also reported the results of experiments comparing foods derived from
biotech crops currently on the market and foods derived from non-GM
crops ; these analyses were based on composition, acute and chronic toxicity tests in animals, long-term data involving the health of evaluated
animal models that had been fed with transgenic foods, and epidemiological
data. The results of these analyses concluded that no difference exist in
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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terms of risks to the security of human health between GM foods and their
conventional, non-GM counterparts. This proposed conclusion cautiously
took into account the fact that any food, whether GM or non-GN, may
exhibit minimal effects considered favorable or adverse to human health,
which may not have been detected despite the exhaustive nature of the
research conducted. It also took into account that the effects on health
may develop over time.

7.1

Colombia: Biotech agricultural crops planted on a
commercial scale

According to the data reported by the Colombian Agricultural and Livestock Institute [65] and published by Agro-Bio [66], Colombia joined the
list of countries that adopted biotech crops in 2002 (approved in this country since 2000), initially with the planting of blue carnations. In Colombia
the use of GM cotton was approved in 2003, and maize was approved for
planting under a controlled planning scheme in 2007. More recently, at
the end of 2009, Colombia approved the commercial planting of GM blue
roses. This evolution of the adoption of biotechnology for use in agriculture
has made Colombia one of 26 countries that have adopted biotech crops as
a tool for meeting the challenges currently faced in agriculture, and since
2010 it has been one of 19 mega-countries that has plant 50 thousand ha
or more of biotech crops [58].
In 2017 alone, Colombia planted 110,000 ha of biotech crops, 100,000 ha
of which were GM maize planted in 23 departments (equivalent to 22% of
the total maize planted in the country), where Meta, Córdoba and Tolima
were the departments of Colombia with highest biotech maize plantation.
On the other hand, 9,800 ha of GM cotton planted in six departments of
the country (equivalent to 97% of the total cotton planted in the country),
and 12 ha of GM blue carnations (under greenhouse conditions) in the
department of Cundinamarca [66] (Figure 3). It was observed that Tolima,
Córdoba, and Valle del Cauca (in that order) were the departments of
Colombia that had highest biotech cotton plantation.
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Figure 3: Hectares planted with biotech crops (maize, cotton, and blue flowers)
in Colombia during 2017. Adapted from Agro-Bio [66].

7.2

Colombia: Research for developing biotech agricultural crops

Table 3 presents the current state of the institutions authorized to conduct
research for developing agricultural crops using modern biotechnological
techniques, along with their respective level of authorization (laboratory,
biosecurity greenhouse, and field under confined conditions). The source
used for collecting this information was the report by Chaparro-Giraldo
[67], corroborated and updated using information from the ICA database
[65], in which the resolutions issued by the institution are recorded. In
addition to the information contained in Table 3, here is also presented:
Agrosavia (before CORPOICA) conducts research on peas and cotton on
the laboratory scale; the Universidad de Antioquia conducts research on
stevia, also on the laboratory scale; and the Pontificia Universidad Javeriana conducts studies on the passion flower. It must be noted that it was
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.
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not possible to find the authorization resolutions in the ICA database [65]
for the information described for these last three entities.
Thus, the importance of biotechnology in Colombia as a tool for conducting development and innovation in the agricultural sector is demonstrated. In addition to the adoption of the commercial biotech crops described above, various stages of advances (under laboratory, greenhouse or
experimental field conditions) have been made in the agricultural crops sugarcane, cassava, rice, potatoes, coffee, tobacco, sacha inchi, castor bean,
soybean, maize, pea, cotton, and stevia, which certainly will be on the
market in the country for mid-term and therefore on the map of biotechnological countries in the world.
Table 3: Institutions in Colombia authorized by the Instituto Colombiano
Agropecuario (ICA) to conduct research in the development of biotech agricultural
crops. All phases (at level of laboratory, greenhouse and field) under controlled
conditions.
Institution
CENICAÑA

CIAT

CIB

CENICAFE
EAFIT UNIV.

UNAL
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Resolution (ICA)
3402 (16/11/2001)
2508 (15/09/2003)
3995 (23/12/2005)
3854 (16/12/2005)
3855 (16/12/2005)
3856 (16/12/2005)
858 (18/03/2008)
4041 (06/12/2010)
1628 (18/05/2010)
4040 (06/12/2010)
2186
2492
4310
4011

(31/08/2000)
(26/07/2010)
(15/12/2014)
(14/04/2016)

3523 (14/10/2008)

Research phase
Laboratory
Greenhouse
Field
Laboratory
Greenhouse
Field
Laboratory
Greenhouse
Field
Laboratory
Greenhouse
Laboratory

Laboratory

Crop
Sugar Cane

Cassava
Rice

Potato
Coffee
Tobacco
Sacha inchi
Castor bean
Potato
Rice
Potato
Soybean
Maize
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Conclusions

As described in this article, Colombia is experiencing a post-agreement political scenario, a scenario of peace, which has provided new opportunities
for the country looking forward to pursue a circular bio-based economy,
strengthen its food sovereignty and why not function as an agricultural
breadbasket to serve Latin America and the world. This opportunity is
supported by the amount of land available in Colombia for agriculture,
it strategic location (the tropics), and the availability of water, among
many other natural resources. However, this can occur only if competent
technologies are adopted, which allow farming and agriculture to face the
challenges (growing world population, increasing life expectancy, climate
change, and limited lands available for planting at other latitudes in the
world) in sustainable agricultural development in the 21st century. This is
where modern biotechnology presents itself as the principal tool for facing
the challenges described above, thereby generating alternative technologies
for developing the agricultural sector in Colombia, aiming to increase the
productivity, sustainability, and resilience of crops. The positive and significant benefits of adopting biotech crops to achieve food security with
respect to natural resources (sustainable development of agriculture) have
been scientifically verified, models of which have been implemented by developed and developing countries. It is everyone’s responsibility to not
compromise food production in the country and its regions as well as to
contribute to the desired food security of the entire world.

Acknowledgements
The author would like to thank Enago (www.enago.com) for the English
language review.

References
[1] FAO, “La agricultura mundial en la perspectiva del año 2050,” Rome, Tech.
Rep., 2009. 171, 172
[2] ——, El estado mundial de la agricultura y la alimentación. Rome: Departamento de Comunicación FAO, 2016. 171, 172
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.

187|

Modern Biotechnology for Agricultural Development in Colombia

[3] B. Baptiste, M. Pinedo-Vasquez, V. H. Gutierrez-Velez, G. I. Andrade,
P. Vieira, L. M. Estupiñán-Suárez, M. C. Londoño, W. Laurance,
and T. M. Lee, “Greening peace in Colombia,” Nature Ecology
& Evolution, vol. 1, no. 4, p. 0102, 2017. [Online]. Available:
http://www.nature.com/articles/s41559-017-0102 171, 176
[4] V. Fisas Armengol, Negociar la paz con las FARC: una
experiencia innovadora, Icaria and M. Madera, Eds. Barcelona: Icaria,
2016. [Online]. Available: http://www.icariaeditorial.com/libros.php?
id=1616 171
[5] DANE, “Censo nacional agropecuario Colombia,” DANE, Bogotá D.C., Tech.
Rep., 2014. 171, 174, 176
[6] J. Oeppen and J. W. Vaupel, “Demography: Broken limits to life
expectancy,” Science, vol. 296, no. 5570, pp. 1029–1031, 5 2002.
[Online]. Available: https://doi.org/10.1126/science.1069675 172
[7] National Institute on Aging, Global health and aging, Department of Health
and Human Services, Ed., Washington, DC., 2011. 172
[8] Z. Fonseca, A. Heredia, R. Ocampo, Y. Forero, O. Sarmiento, M. Álvarez,
A. Estrada, B. Samper, J. Gempeler, and M. Rodríguez, Encuesta nacional
de la situación nutricional en Colombia 2010 - ENSIN, Da Vinci, Ed. Bogotá
D.C.: Da Vinci Editores & CIA, 2011. 172
[9] E. F. Quiroga, “Mortalidad por desnutrición en menores de cinco años,
Colombia, 2003-2007,” Biomédica, vol. 32, pp. 499–509, 2012. [Online].
Available: http://dx.doi.org/10.7705/biomedica.v32i4.741 172
[10] P. Alexander, C. Brown, A. Arneth, J. Finnigan, and M. D.
Rounsevell, “Human appropriation of land for food: The role of diet,” Global
Environmental Change, vol. 41, pp. 88–98, 11 2016. [Online]. Available: https:
//www.sciencedirect.com/science/article/abs/pii/S0959378016302370 173
[11] M. A. Rajib, L. Ahiablame, and M. Paul, “Modeling the effects of future
land use change on water quality under multiple scenarios: A case study
of low-input agriculture with hay/pasture production,” Sustainability of
Water Quality and Ecology, vol. 8, pp. 50–66, 11 2016. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S2212613916300216 173
[12] IPCC, Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Geneva, Switzerland: IPCC, 2014. [Online].
Available: http://epic.awi.de/37530/1/IPCC_AR5_SYR_Final.pdf 173,
174

|188

Ingeniería y Ciencia

Diego F. Villanueva-Mejía

[13] P. W. Bierman-Lytle, “Climate Change Impact on High-Altitude Ecosystems
and Their Impact on Human Communities,” in Climate Change Impacts
on High-Altitude Ecosystems. Cham: Springer International Publishing,
2015, pp. 289–341. [Online]. Available: http://link.springer.com/10.1007/
978-3-319-12859-7_12 173
[14] A. Gibbon, M. R. Silman, Y. Malhi, J. B. Fisher, P. Meir, M. Zimmermann,
G. C. Dargie, W. R. Farfan, and K. C. Garcia, “Ecosystem carbon storage
across the grassland–forest transition in the high andes of manu national
park, Peru,” Ecosystems, vol. 13, no. 7, pp. 1097–1111, 11 2010. [Online].
Available: http://link.springer.com/10.1007/s10021-010-9376-8 173
[15] W. Buytaert and B. De Bièvre, “Water for cities: The impact of
climate change and demographic growth in the tropical Andes,” Water
Resources Research, vol. 48, no. 8, pp. 1–13, 8 2012. [Online]. Available:
http://doi.wiley.com/10.1029/2011WR011755 173
[16] J. L. Rolando, C. Turin, D. A. Ramírez, V. Mares, J. Monerris,
and R. Quiroz, “Key ecosystem services and ecological intensification of
agriculture in the tropical high-Andean Puna as affected by land-use
and climate changes,” Agriculture, Ecosystems & Environment, vol. 236,
pp. 221–233, 1 2017. [Online]. Available: http://linkinghub.elsevier.com/
retrieve/pii/S016788091630593X 173
[17] P. Zhang, J. Zhang, and M. Chen, “Economic impacts of climate change
on agriculture: The importance of additional climatic variables other than
temperature and precipitation,” Journal of Environmental Economics and
Management, vol. 83, pp. 8–31, 2017. 174
[18] P.
Kurukulasuriya
and
S.
Rosenthal,
“Climate
change
and
agriculture:
a
review
of
impacts
and
adaptations,”
Washington DC, Tech. Rep.,
2013. [Online]. Available:
https://openknowledge.worldbank.org/bitstream/handle/10986/
16616/787390WP0Clima0ure0377348B00PUBLIC0.pdf?sequence=1 174
[19] M. Agovino, M. Casaccia, M. Ciommi, M. Ferrara, and K. Marchesano,
“Agriculture, climate change and sustainability: The case of eu-28,”
Ecological Indicators, 2018. [Online]. Available: http://www.sciencedirect.
com/science/article/pii/S1470160X18303170 174
[20] Ministerio de Medio Ambiente y Desarrollo Sostenible, “Política nacional
para la gestión integral de la biodiversidad y sus servicios ecosistémicos,”
2012. 174, 175, 176
[21] J. Bellarby, R. Tirado, A. Leip, F. Weiss, J. P. Lesschen, and
P. Smith, “Livestock greenhouse gas emissions and mitigation potential
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.

189|

Modern Biotechnology for Agricultural Development in Colombia

in Europe,” Global Change Biology, vol. 19, no. 1, pp. 3–18, 1 2013.
[Online]. Available: http://www.ncbi.nlm.nih.gov/pubmed/23504717http:
//doi.wiley.com/10.1111/j.1365-2486.2012.02786.x 175
[22] M. M. Rojas-Downing, A. P. Nejadhashemi, T. Harrigan, and S. A.
Woznicki, “Climate change and livestock: Impacts, adaptation, and
mitigation,” Climate Risk Management, vol. 16, pp. 145–163, 2017. [Online].
Available: http://dx.doi.org/10.1016/j.crm.2017.02.001 175
[23] FAO, Biotechnologies for agricultural development. Rome: FAO, 2011.
[Online]. Available: http://www.fao.org/docrep/014/i2300e/i2300e00.htm
175, 179
[24] ——, “Feeding the world, eradicating hunger,” Rome, pp. 1–18, 2009. 176
[25] OCDE, “Estudios económicos de la OCDE COLOMBIA,” 2015. [Online].
Available:
http://www.oecd.org/eco/surveys/Overview_Colombia_ESP.
pdf 177
[26] MADR, “Plan Estratégico de Ciencia, Tecnología e Innovación del Sector
Agropecuario Colombiano (2017-2027),” Ministerio de Agricultura y Desarrollo Rural, Bogotá D.C., Tech. Rep., 2017. 177
[27] R. Ortiz, “La adopción de la biotecnología moderna y su compatibilidad con
una agricultura sustentable,” Idesia, p. 8, 2012. 177
[28] A. S. Verma, S. Agrahari, S. Rastogi, and A. Singh, “Biotechnology in the realm of history.” Journal of pharmacy &
bioallied sciences, vol. 3, no. 3, pp. 321–3, 7 2011. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/21966150http:
//www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC3178936 177,
178
[29] United Nations, “Convention on biological diversity,” Tech. Rep., 1992. 177
[30] A. Wieczorek and M. Wright, “History of agricultural biotechnology:
how crop development has evolved,” Nature Education
Knowledge, vol. 3, no. 3, pp. 1–9, 2012. [Online]. Available:
http://people.forestry.oregonstate.edu/steve-strauss/sites/people.forestry.
oregonstate.edu.steve-strauss/files/HistOFAgBiotech_Nature2012.pdf 177,
178
[31] M. J. Kennedy, “The evolution of the word ‘biotechnology’,” Trends in
Food Science & Technology, vol. 3, pp. 154–156, 1 1992. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/092422449290176W 178

|190

Ingeniería y Ciencia

Diego F. Villanueva-Mejía

[32] J. Watson and F. Crick, “A structure for deoxyribose nucleic acid,” Nature,
vol. 171, pp. 737–738, 1953. 178
[33] D. P. Clark, N. J. Pazdernik, D. P. Clark, and N. J. Pazdernik, “Polymerase
chain reaction,” in Molecular Biology, second ed. ed. Elsevier, 2013, pp.
e55–e61. [Online]. Available: http://linkinghub.elsevier.com/retrieve/pii/
B9780123785947000305 178
[34] N. S. Mosier and M. R. Ladisch, Modern biotechnology:
connecting innovations in microbiology and biochemistry to engineering
fundamentals. New Jersey: John Wiley & Sons, Inc., 2009.
[Online]. Available: http://www.wiley.com/go/permission. 178
[35] C. McCullum, C. Benbrook, L. Knowles, S. Roberts, and T. Schryver, “Application of Modern Biotechnology to Food and Agriculture: Food Systems
Perspective,” Journal of Nutrition Education and Behavior, vol. 35, no. 6,
pp. 319–332, 2003. 179
[36] Secretaria del Convenio sobre la Diversidad Biológica, Protocolo de
Cartagena sobre seguridad de la biotecnología del convenio sobre la
dIversidad biológica, Montreal, 2000. [Online]. Available: https://
www.cbd.int/doc/legal/cbd-es. pdf 179
[37] D. Francis, J. J. Finer, and E. Grotewold, “Challenges and opportunities for
improving food quality and nutrition through plant biotechnology,” Current
Opinion in Biotechnology, vol. 44, pp. 124–129, 4 2017. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S0958166916302658 179, 180
[38] K. Mallela, “Pharmaceutical biotechnology - concepts and applications,”
Human Genomics, vol. 4, no. 3, p. 218, 2010. [Online]. Available:
http: //humgenomics.biomedcentral.com/
articles/10.1186/1479-7364-4-3-218 179
[39] G. Niu and H. Tan, “Nucleoside antibiotics: biosynthesis, regulation,
and biotechnology,” Trends in Microbiology, vol. 23, no. 2, pp. 110–119,
2 2015. [Online]. Available: http://linkinghub.elsevier.com/retrieve/pii/
S0966842X14002170 179
[40] J. Denner, “Xenotransplantation — A special case of One Health,”
One Health, vol. 3, pp. 17–22, 6 2017. [Online]. Available:
http: //linkinghub.elsevier.com/retrieve/pii/S2352771416300775 179
[41] H. Herweijer and J. A. Wolff, “Progress and prospects: naked DNA gene
transfer and therapy,” Gene Therapy, vol. 10, no. 6, pp. 453–458, 3 2003.
[Online]. Available: http://www.nature.com/doifinder/10.1038/sj.gt.
3301983 179
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.

191|

Modern Biotechnology for Agricultural Development in Colombia

[42] S. Hussain, T. Siddique, M. Arshad, and M. Saleem, “Bioremediation
and phytoremediation of pesticides: recent advances,” Critical Reviews
in Environmental Science and Technology, vol. 39, no. 10, pp. 843–907,
10 2009. [Online]. Available: http://www.tandfonline.com/doi/abs/10.1080/
10643380801910090 179
[43] L. Bortesi and R. Fischer, “The CRISPR/Cas9 system for plant genome
editing and beyond,” Biotechnology Advances, vol. 33, no. 1, pp. 41–52, 2015.
[Online]. Available: http://dx.doi.org/10.1016/j.biotechadv.2014.12.006 179
[44] FAO, “Comité de Agricultura: Biotecnología,” Rome, Tech. Rep., 1999.
[Online]. Available: http://www.fao.org/unfao/bodies/COAG/COAG15/
x0074s.htm 179
[45] J. Ruane and A. Sonnino, “Agricultural biotechnologies in developing
countries and their possible contribution to food security,” Journal of
Biotechnology, vol. 156, no. 4, pp. 356–363, 2011. [Online]. Available:
http://dx.doi.org/10.1016/j.jbiotec.2011.06.013 179
[46] FAO, “Status and trends of biotechnologies applied to the conservation and
utilization of genetic resources for food and agriculture and matters relevant
for their future development,” Working Document CGRFA-13/11/3 for the
13th Regular Session of the FAO Commission on Genetic Resources for Food
and Agriculture, no. July, 2011. 179, 181
[47] J. García-Cristobal, A. García-Villaraco, B. Ramos, J. Gutierrez-Mañero,
and J. Lucas, “Priming of pathogenesis related-proteins and enzymes
related to oxidative stress by plant growth promoting rhizobacteria
on rice plants upon abiotic and biotic stress challenge,” Journal of
Plant Physiology, vol. 188, pp. 72–79, 9 2015. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S0176161715002205 179
[48] R. K. D. Peterson and L. G. Higley, Biotic stress and yield loss, R. Peterson
and L. Higley, Eds. Boca Raton: CRC Press Inc, 2001. 179
[49] R. Mittler, “Abiotic stress, the field environment and stress combination,”
Trends in Plant Science, vol. 11, no. 1, pp. 15–19, 1 2006. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S1360138505002918 179
[50] P. Cordy, M. M. Veiga, I. Salih, S. Al-Saadi, S. Console, O. Garcia,
L. A. Mesa, P. C. Velásquez-López, and M. Roeser, “Mercury
contamination from artisanal gold mining in Antioquia, Colombia: The
world’s highest per capita mercury pollution,” Science of The Total
Environment, vol. 410-411, pp. 154–160, 12 2011. [Online]. Available:
http://linkinghub.elsevier.com/retrieve/pii/S0048969711010059 180

|192

Ingeniería y Ciencia

Diego F. Villanueva-Mejía

[51] H. C. J. Godfray, J. R. Beddington, I. R. Crute, L. Haddad,
D. Lawrence, J. F. Muir, J. Pretty, S. Robinson, S. M. Thomas, and
C. Toulmin, “Food security: the challenge of feeding 9 billion people,”
Science, vol. 327, no. February, pp. 812–818, 2010. [Online]. Available:
http://www.elgaronline.com/view/9780857939371.xml 180
[52] A. Datta, “Genetic engineering for improving quality and productivity of
crops,” Datta Agriculture and Food Security, vol. 2, p. 15, 2013. 180
[53] M. Abdelrahman, A. M. Al-Sadi, A. Pour-Aboughadareh, D. J. Burritt,
and L.-S. Phan Tran, “Genome editing using CRISPR/Cas9–targeted
mutagenesis: An opportunity for yield improvements of crop plants grown
under environmental stresses,” Plant Physiology and Biochemistry, vol. in
press, 2018. [Online]. Available: www.elsevier.com/locate/plaphy 181
[54] FAO, “The state of food and agriculture 2007,” Rome, Tech. Rep., 2007. 182
[55] CIMMYT, “CIMMYT germplasm bank,” 2017. [Online]. Available:
http://www.cimmyt.org/es/banco-de-germoplasma/ 182
[56] CIAT, “CIAT germplasm bank database,” 2017. [Online]. Available:
https://cgspace.cgiar.org/handle/10568/43737 182
[57] National Academies of Sciences-Engineering-Medicine, Genetically engineered crops: experiences and prospects. Washington, DC: U.S.: National
Academies Press, 2016, vol. xlv, no. 43. 182, 183
[58] ISAAA, Global Status of Commercialized Biotech/GM Crops: 2016,
ISAAA, Ed.,
Ithaca,
NY, 2016,
vol. 52. [Online]. Available:
http://www.isaaa.org/resources/publications/briefs/52/download/
isaaa-brief-52-2016.pdf 182, 183, 184
[59] J. Shi, H. Gao, H. Wang, H. R. Lafitte, R. L. Archibald, M. Yang, S. M.
Hakimi, H. Mo, and J. E. Habben, “ARGOS8 variants generated by CRISPRCas9 improve maize grain yield under field drought stress conditions,” Plant
Biotechnology Journal, vol. 15, no. 2, pp. 207–216, 2017. 183
[60] M. Li, X. Li, Z. Zhou, P. Wu, M. Fang, X. Pan, Q. Lin, W. Luo,
G. Wu, and H. Li, “Reassessment of the four yield-related genes Gn1a,
DEP1, GS3, and IPA1 in rice using a CRISPR/Cas9 system,” Frontiers
in Plant Science, vol. 7, no. March, pp. 1–13, 2016. [Online]. Available:
http://journal.frontiersin.org/Article/10.3389/fpls.2016.00377/abstract 183
[61] Y. Wang, X. Cheng, Q. Shan, Y. Zhang, J. Liu, C. Gao, and
J.-L. Qiu, “Simultaneous editing of three homoeoalleles in hexaploid
bread wheat confers heritable resistance to powdery mildew,” Nature
ing.cienc., vol. 14, no. 28, pp. 169?194, julio-diciembre. 2018.

193|

Modern Biotechnology for Agricultural Development in Colombia

Biotechnology, vol. 32, no. 9, pp. 947–951, 7 2014. [Online]. Available:
http://www.nature.com/doifinder/10.1038/nbt.2969 183
[62] J. E. Carpenter, “Peer-reviewed surveys indicate positive impact of
commercialized GM crops,” Nature Biotechnology, vol. 28, no. 4, pp.
319–321, 2010. [Online]. Available: http://www.nature.com/doifinder/10.
1038/nbt0410-319 183
[63] W. Klümper and M. Qaim, “A meta-analysis of the impacts of genetically
modified crops,” PLoS ONE, vol. 9, no. 11, 2014. 183
[64] G. Brookes and P. Barfoot, “Global impact of biotech crops: environmental
effects, 1996-2008,” AgBioForum, vol. 13, no. 1, pp. 76–94, 2010. 183
[65] ICA, “Indice de Normatividad,” 2017. [Online]. Available: http://www.ica.
gov.co/Normatividad/Indice-de-Normatividad.aspx 184, 185, 186
[66] Agro-Bio, “Transgénicos en el mundo, Colombia y la Región
Andina,”
2018.
[Online].
Available:
http://www.agrobio.org/
transgenicos-en-el-mundo-colombia-region-andina/ 184, 185
[67] A. Chaparro-Giraldo, “Genetic Engineering of Plants in Colombia: A Road
Under Construction,” Acta Biol. colomb, vol. 20, no. 2, pp. 13–22, 2015. 185

|194

Ingeniería y Ciencia

