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Abstract

This paper draws on the importance of science-based agriculture in order to throw light on the way scientific achieve-
ments are at the basis of modern civilization. An overview of literature on plant biotechnology innovations and the
need to steer agriculture towards sustainability introduces a series of perspectives on how plant biotech can contrib-
ute to the major challenge of feeding our super population with enough nutritious food without further compromise of
the environment. The paper argues that science alone will not solve problems. Three major forces - science, the
economy and society - shape our modern world. There is a need for a new social contract to harmonize these forces.
The deployment of the technologies must be done on the basis of ethical and moral values.
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Introduction

Agriculture is probably the biggest early success of
human ingenuity. It initiated the development of environ-
mental changes without which we would not exist as a pres-
ent-day society, for the best and worst. Humans have con-
tinuously improved agriculture since the dawn of
civilization, wheat being the first domestication recorded
by historians some 9,000 years ago. Human civilizations
have spread agriculture far and wide, and, as some call it,
“manipulation of species” by early agriculturalists is the
foundation of modern agriculture. The application in our
lifetime of the genetic knowledge for crop improvement
has led to unprecedented growth in agricultural productiv-
ity. It is largely recognized that without these advances in
plant breeding, global food shortages would be a much
more critical issue today. But it is not enough.

Although it is true that per capita agricultural produc-
tion of current intensive agriculture has outpaced popula-
tion growth, the rich of the world reap most of the benefits.
Moreover, externalities such as climate change are ex-
pected to offset the positive effect of economic growth on
food security. Climate change will not only compromise
food security but also food safety, by increasing food-borne
pathogens or inducing chemical changes that can increase
the prevalence of toxic compounds in food (FAO, 2018). At
the same time, as we learn about the value of soil microor-
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ganisms to agriculture, we understand the collateral
damage of crop protection chemicals.

The issue of food security and safety is a global issue
that affects the whole food system. Questions arise on how
to change food habits and ways to reduce waste in the food
chain, from harvest to the moment of consumption. Al-
though it is important to tackle these issues, it does not
change the fact that we will need to change our dominant
agricultural model in order to feed a growing global popu-
lation in a way compatible with the sustainable use of
global resources. Innovative agriculture and food systems
must be tailored to a diverse global population whilst pre-
serving the variety of its cultures i.e., fitting the characteris-
tics and needs of various individuals, cultures, and social
groups.

Our societies have managed to keep war, pandemics,
and famine at manageable levels thanks to the technologi-
cal, economic and political developments we brought about
in the past decades. Today, biotechnology developments
are delivering an array of powerful tools to medicine and
agriculture. Physics and chemistry, associated with infor-
mation technology are providing us with a power unimag-
inable before.

Take a moment to observe how the world is changing:
fueled by information and communication technology we
have generated a global flow of networks of activity and in-
teraction that has integrated the global economy, media,
legal practices, and scientific research. Globalization is
promoting a steady integration of different societies and
customs. At the same time, the global society is about to
change radically. Routine skills used by the industrial revo-
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lution are no longer sufficient as we are approaching the
post-digital transformation. Disruptive technologies such
as Al (artificial intelligence), robotics, IoT (internet of
things), and blockchain have the potential of transforming
business models, companies and jobs. Although these tech-
nologies have great potential to change the world for the
better, an uneasy dystopian climate of opinion is growing.
Many among us worry: Is it really going to be for the best?
Aren’t the negative outcomes outpacing the benefits? Are
we ready for these changes? How well do we understand
life science?

As well observed by Juma (2016), technology, econ-
omy and society coevolve as a whole. Technological trans-
formation must be followed by adequate institutional
adjustments to avoid rupture of the social tissue. It will re-
quire a new social contract to harmonize the interest of all
parties. The deployment of technologies must be done ac-
cording to society’s ethical and moral values. In humans,
the process of decision making uses both rational argu-
ments and emotions. Emotional thinking can help us to
make judgments in an uncertain environment. Till very re-
cently, non-verifiable arguments as well as emotional thin-
king were the only tools we had to recognize a problem and
try to solve it. Starting from the Enlightenment, Western
society slowly moved to scientific, fact-based arguments as
the main support for decision making. Emotional thinking
is nonetheless a powerful force for decision making as well.
The problem has ethical roots. If emotions are manipulated
by unethical pressure groups or problematic scientific dis-
sidents, they can block a worthy innovative technology.

Plant biotechnology is a mature technology

Modern biotechnology was a scientifically obvious
outcome of the striking advances in molecular biology that
followed the discovery of the bacterial DNA restriction-
modification system (Luria and Human, 1952; Luria, 1953;
Dussoix and Arber, 1962; Nathans and Smith, 1975). Mi-
croorganisms and plants were the first organisms to be ma-
nipulated to serve humankind. In the field of plant sciences,
biotechnology was possible thanks to the discovery of
Agrobacterium tumefaciens’ Ti plasmid and its role in the
natural bacteria-plant transgenesis (for historical review
see Van Montagu, 2011; Chilton, 2018; Heimann, 2018).

Plant biotechnology with focus on seed-varietal im-
provement, such as GM technology and molecular-assisted
breeding, has generated products that help agriculture to
achieve enhanced yields in a more sustainable manner.
Since the proof-of-concept in tobacco plants, the number of
plant species with GM varieties approved worldwide in-
creased sharply. As of January 2019, a total of 44 countries
granted regulatory approvals to 40 GM crops and 509 GM
events, covering 41 GM commercial traits for use in food,
feed and/or for cultivation (ISAAA’s GM Approval Data-
base, 2019). Approved GM varieties include food/feed
crops (maize, rice, soybean, colza, wheat, bean, chicory,
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eggplant, tomato, sweet pepper, flax, potato, squash, apple,
melon, papaya, plum), cash crops (cotton, sugar beet, sugar
cane, creeping bent grass, safflower, tobacco), ornamental
plants (petunia, carnation, rose), and forestry trees (euca-
lyptus, poplar). The GM traits are numerous and diverse. A
non-exhaustive list spans from input traits (herbicide toler-
ance, insect resistance, drought stress tolerance, bacterial
and virus disease resistance), to output traits to improve
yield (enhanced photosynthesis, increased ear biomass),
product quality (anti-allergy, delayed fruit softening, de-
layed ripening/senescence, enhanced provitamin A, low-
ered reducing sugars, mannose metabolism, modified
starch/carbohydrate, modified amino acid, modified
oil/fatty acid, nicotine reduction, non-browning phenotype,
altered lignin production, volumetric wood increase, modi-
fied flower colour), and pollination control (male sterility,
fertility restoration).

GM-technology is largely considered the technology
that most affected agriculture in recent times. Indeed, by
2017, the global adoption of GM crops reached 189.8 mil-
lion hectares (ISAAA, 2017). The striking amount of ap-
proved GM varieties and hybrids shows that GM technol-
ogy does not narrow the genetic diversity of the crop plant.

For over 20 years humans and animals have been eat-
ing GM food of different types without ill effects. Whereas
nobody can ever say that anything, including any food, is
safe, the evidence of GM consumption and use in massive
quantities validate the premise that GM crops are at least as
safe as any non-GM crop. A number of meta-analyses of
peer-reviewed scientific publications across two decades of
commercialization confirm that the GM crops pose no risk
to human and livestock health (e.g., Swiatkiewicz et al.,
2014; de Vos and Swanenburg, 2018; Pellegrino et al.,
2018).

The scientific consensus is that there is no evidence of
hazards in the movement of genes between unrelated or-
ganisms, or in the use of recombinant DNA techniques.
Respected scientific organizations such as World Health
Organization, the American Medical Association, the U.S.
National Academy of Sciences, the British Royal Society
have come to the same conclusion after a careful scrutini-
zation of the evidence: “consuming foods containing ingre-
dients derived from GM crops is no riskier than consuming
the same foods containing ingredients from crop plants
modified by conventional plant improvement techniques”.
The analysis of Pellegrino et al. (2018) on two decades of
GM maize consumption not only confirmed that GM maize
pose no risk to human or livestock health, but also showed
that GM insect resistant varieties could have a substantive
positive impact on human and livestock health. This is
because insects weaken the plant’s immune system. Trans-
genic maize with decreased insect damage is less suscepti-
ble to fungal infection. Hence, biotech maize contains
substantially fewer mycotoxins. Mycotoxins are both toxic
and carcinogenic to humans and animals.
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Scientists have also scrutinized the environmental
safety of GM crops. The EU has invested more than 300m
EUR in more than 130 research projects involving 500 in-
dependent groups, covering a period of more than 25 years
of research to arrive at the conclusion that “biotechnology,
and in particular GMOs, are not per se more risky than e.g.
conventional plant breeding technologies.” (European
Commission, 2010). In fact, GM crops with input traits for
insect resistance and herbicide tolerance have contributed
to reduce agriculture’s environmental footprint by facilitat-
ing environmentally friendly farming practices (Brookes
and Barfoot, 2015). Klumper and Qaim (2014) conducted a
meta-analysis based on primary data from farm surveys or
field trials in different regions worldwide. This comprehen-
sive study demonstrates that GM insect resistant (IR) traits
have reduced pesticide usage by 36.9% on average.

GM herbicide tolerance (HT) traits also bring sub-
stantial contribution to sustainable agriculture. GM HT al-
lows the application of more environmentally friendly her-
bicide (e.g., glyphosate) in a more rational way and enables
the adoption of conservation tillage. Sowing seeds direc-
tedly into the fields without previous ploughing preserves
beneficial soil insects and earth worms, retains soil mois-
ture - which is good for water conservation - and keeps car-
bon in the soil. Abdalla et al. (2016) carried out a meta-
analysis of peer-reviewed publications comparing CO,
emissions over entire seasons or years from tilled and un-
tilled soils, across different climates, crop types, and soil
conditions. The authors concluded that, on average, tilled
soils emitted 21% more CO, than untilled soils. Moreover,
less pesticide and no/less ploughing have also reduced the
use of powered agricultural machines. Less tractor traffic
causes indirect benefits to soil quality, conserves fossil
fuel, and decreases CO, emissions to the atmosphere.

Habitat destruction is the biggest single threat to bio-
diversity. The higher productivity of the currently commer-
cialized GM crops alleviates the pressure to convert
additional land for agriculture. For example, if the world
were no longer to use GM crops, an additional 22.4 Mha
would be required to maintain the global production at
2016 levels (Brookes and Barfoot, 2018). For GM HT
crops alone, the land use impact would be more 762 Mha of
cropping area, of which 53% would be new land brought
into agriculture, including 167 Mha of deforestation. Be-
sides a major impact on wildlife habitats, the increase in
cropping area would generate 234 billion kg more of CO,
emissions (Brookes et al., 2017)

Farmers’ acceptance is impressive; when given the
opportunity, they quickly adopted GM crops. Since the in-
troduction of the technology in the mid 1990s till 2016, 18
million farmers planted biotech crops (ISAAA, 2017). Bio-
tech crops have a historical track record of economic bene-
fits, logistical advantages, and risk reductions. Twenty-one
years of GM crop agriculture produced a net economic ben-
efit at farm level of $ 186.1 billion, of which 52% were

reaped by farmers in developing countries. These gains are
mostly yield and productivity gains (65%); the remaining
35% are from cost savings (Brookes and Barfoot, 2018).

Although impressive, the outcome of GM crops is far
below what it could be. Only a dozen genetically modified
crops are available today, of which four (soybean, maize,
cotton, and canola), carrying only two traits (herbicide tol-
erance and insect resistance) out of 41 that have been ap-
proved, occupy 99.2% of the global GM planted area. The
vast majority of approved GM varieties are kept on the lab-
oratory shelf.

Nonetheless, sound R&D projects continue to be car-
ried out, thanks to the advances in plant molecular biology
and genome sequencing at low costs. Many of these pro-
jects are being developed in and for low income countries,
particularly in Africa, often through collaborative consor-
tiums between public institutions, philanthropic organiza-
tions, and agrobusiness corporations. A wide variety of
plants is being made to be resilient to biotic and abiotic
stresses, to have increased water or nitrogen use efficiency
(NUE), and nutritional improvements (Ricroch and Hé-
nard-Damave, 2016). Other relevant innovations for non-
food purposes, such as biopharmaceuticals, biofuel, starch,
paper, and textile industries are progressing in developed
countries (De Buck et al., 2016).

Traditionally, breeding strategies have been focused
on increasing crop productivity through yield increase and
disease and pest resistance. Breeders have often neglected
the nutritional value of food crops. The outcome of this tac-
tic was the rise of micronutrient malnutrition or “hidden
hunger”, particularly in food-insecure regions, where diets
are dominated by staple food crops. Food biofortification is
of particular interest for low income countries. Micro-
minerals and vitamins regulate important metabolic pro-
cesses that play crucial roles in human physical and mental
development. Childhood stunting is associated with micro-
nutrient malnutrition in children, starting from fetal devel-
opment to four years of age (FAO, IFAD, UNICEF, WFP
and WHO, 2018).

Plant biotechnology is the only alternative for engi-
neering metabolic pathways to improve micronutrients in a
crop where they do not occur naturally. Furthermore, a
given GM biofortification can be replicated to multiple tar-
get crops (Garg et al., 2018). There have been significant
advances in the development of GM biofortified plants.
Numerous crops have been engineered to enhance the con-
tend in vitamins, minerals, essential amino acids, and es-
sential fatty acids; Golden Rice being the best known-
example. The same or similar strategies used in Golden
Rice have been used with success to engineer pro-VitA in
different crops such as banana, cassava, potato, sorghum,
soybean, and sweet potato. Reports are available for bio-
fortified cereals, legumes, vegetables, oilseeds, fruits, and
fodder crops. Successful examples include high lysine mai-
ze, high unsaturated fatty acid soybean, and iron and zinc



rich cassava, folate rich rice (Garg ef al., 2018). None have
entered the commercialization phase in low income coun-
tries, where they are mostly needed.

Biotechnology tools are constantly evolving. New
powerful technologies for gene editing (Doudna and Char-
pentier, 2014) are now made available for plant ameliora-
tion and are expected to revolutionize the breeding
programs in the near future. These so-called new breeding
techniques are likely to be applied in the amelioration of a
wider variety of plants, boosting the germplasm resource
for agriculture worldwide. Genome editing will greatly fa-
cilitate the engineering of complex traits, such as stacked
disease tolerance and insect resistance mechanisms, resil-
ience to abiotic stress, as well as nutritional and orga-
noleptic properties (Halewood, 2018). Besides disrupting
gene function, or editing existing sequences to reproduce
ancient alleles, the technology allows the introduction of
novel alleles or any other novel genetic material. Some re-
cent remarkable examples of the potential of precision ge-
nome engineering for crop improvement are the de novo
domestication of wild tomato, a showcase on how to exploit
the genetic diversity of wild plants (Zsdgon et al., 2018),
and the engineering of apomix in rice to produce hybrids
(Khanday et al., 2018).

A very interesting genome editing target are epi-
genetic markers, such as histone modification and DNA
methylation. Epigenetics has emerged as a new way of reg-
ulating cellular functions in plants, as epigenetic changes
are essential to adaptation to the environment. Modification
of plant epigenomic patterns can be very useful to develop
crops tolerant to environmental stresses such as drought
and salinity. Although such research is still in its infancy,
the first bricks have been laid, paving the way for the next
generation of breeding. Lowder ef al. (2015) successfully
targeted a methylated promoter to activate an imprinted
gene in A. thaliana, showing that it is possible to modify
epigenetic markers to modulate gene expression.

Genome editing is quicker and cheaper than other
techniques for crop improvement, such as induced muta-
genesis and even transgenesis. Therefore, it can be a major
game changer for agriculture in environmentally fragile re-
gions, where many crops of local interest are niche-specific
and well adapted to local environment and farming system.
These crops have not yet received much attention by the
scientific community for amelioration, because they repre-
sent only a small fraction of the international commodity
trade (Varshney ef al., 2012).

The above overview allows us to assert that plant
technology is a mature technology, safe, and with an ex-
traordinary record of benefits, both economic and humani-
tarian. Genetic engineering and genome editing are ready to
be deployed to improve crop breeding and build a more sus-
tainable global agriculture.
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Why should we use plant biotechnology?

Future farming system

Homo sapiens has altered Earth environments since
its emergence as a species — probably as other species did,
since life and environment are one. Environmental pertur-
bations caused by humankind have evolved continuously
since the beginning of civilization some 12,000 years ago.
But, in the past century or two, we have changed ecosys-
tems with such intensity, on such a scale, and such speed
that a new geological era, the Anthropocene, has been pro-
posed. The impact of mankind in Earth ecosystems is desta-
bilizing the warm period of the past 10-12 millennia (Holo-
cene), which is the only state of the planet that we know for
sure can support contemporary human societies (Crutzen,
2002). As the global population expands to 10billion peo-
ple, the pace of change is faster than ever before. There is an
urgent need of a paradigm shift to maintain Earth in a safely
operating space for humanity and for the millions of species
with which we share this home. The dramatic negative im-
pact that the massive scale of deforestation has caused not
only to the habitat for millions of species, but also in over-
shooting key Earth system parameters (Steffen et al.,
2015). Undeniably, deforestation and intensive agriculture
with “traditional’ crops are major human risk factors push-
ing the Earth system beyond the bounds of safety.

Although our inventiveness is the driver of the global
problems we face, it is also the source of innovative solu-
tions. The United Nations 2030 Agenda for Sustainable De-
velopment represents an important framework for tackling
challenges. The UN 2030 agenda acknowledges that sus-
tainable development goals (SDGs) cannot progress with-
out strong engagement by science. Indeed, the robust
knowledge-creation of the recent decades shows that sci-
ence is accelerating its pace to bring the solutions that soci-
ety is asking for. The transformative steps which are needed
to shift the world onto a sustainable and resilient path need
not leave anyone behind. The engagement by science - in-
cluding the economic and social sciences - in the SDGs
must involve all countries, developed and developing alike
(UN Sustainable Developmental Goals).

Agriculture plays a crucial role in the SDGs because
it is a main human activity that permeates most of the
SDGs, from hunger and malnutrition to poverty alleviation,
education, gender equality, water use, energy use, sustain-
able consumption and production, climate change, and eco-
system management. Agriculture acts as an engine of
overall economic growth and development in many econo-
mies, notably in Least Developed Countries, where the ma-
jority of the poor are rural people. Global agriculture has
been successful in providing sufficient food for expanding
populations and their changing consumption patterns over
recent decades. Per capita agricultural productivity has out-
paced population growth. The steady long-term decline in
real commodity prices attests to the success of the current
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dominant agricultural model. Intensification, rather than
the spread of agricultural land, has been the prime driver of
global agriculture productivity since the mid twentieth cen-
tury (Pretty and Bharucha, 2014). Agriculture intensifica-
tion was the only way forward, with the scientific
knowledge then available, to cope with the dramatical rise
in population in recent centuries. Between 1900 and 2000,
the increase in world population was three times greater
than during the entire previous history of humanity — an
increase from 1.5 to 6.1 billion in just 100 years (Our World
in Data). But this agriculture intensification has been ac-
complished at great expense to the environment, causing
water scarcity, soil degradation, ecosystem stress, bio-
diversity loss, high levels of greenhouse gas emissions, and
a significant decrease in forest cover.

Livestock is the world’s largest user of land resour-
ces. Grazing land and cropland dedicated to the production
of animal feed represents almost 80% of all agricultural
land (FAO-a). Agriculture and food production currently
account for about 30% of energy consumption and about
one-third of greenhouse gases (FAO-b). Agriculture also
accounts for 40% of the Earth’s land surface, 70% of the
world’s fresh water, with predictions that irrigation de-
mands will increase by up to 100% by 2050 (UN Sustain-
able Developmental Goals). During the 20th century, the
area under irrigation and the number of agricultural ma-
chines grew about two-fold, fertilizer consumption by
four-fold, and nitrogen fertilizers by seven-fold (Pretty and
Bharucha, 2014). The world consumed 186.67 million tons
of fertilizers in 2016 (FAO-c), and about 6.8 million tons of
pesticides in 2017 (IndexBox). Global fertilizers and agri-
cultural chemicals manufacturing industry reached a reve-
nue of $ 377 billion in 2018 (IbisWorld). Meanwhile,
programs to control exposures to pesticides are limited or
non-existent in several developing countries and as many
as 25 million agricultural workers worldwide experience
unintentional pesticide poisonings each year (Alavanja,
2009).

Allow me here a few words about glyphosate, the
world’s most widely used active ingredient in herbicides
and possibly the most heavily debated plant protection
product. Recently, both EU and US biosafety agencies,
concluded that human health risk levels associated with
glyphosate exposure from food, drinking water, and resi-
dential sources are below levels of concern. Notwithstand-
ing, both in Europe and the United States, these decisions
were met by expressed public concerns about the possible
risks of chemical exposures and the role of large multina-
tional companies (van Straalen and Legler, 2018). Gly-
phosate illustrates a fundamental societal issue. Concerns
about the control of food system by big agrobusiness com-
panies influence people’s acceptance of scientific facts that
attest to the safety of the product, and blinds some to the
benefits of glyphosate for the environment. Anyway, the
intensive agriculture concept of “getting more for more” —

i.e., to produce as much biomass as possible with vast
monocultures dependent on irrigation systems, fertilizers,
and pesticides — is not acceptable any more. Yet transfor-
mation of agriculture is likely to be the greatest challenge of
the UN 2030 Agenda for Sustainable Development.

Debates over the future of agriculture are being
framed in two different ways: organic agriculture and sus-
tainable intensification of agriculture. Organic farming re-
lies on the use of natural inputs and ecological processes to
make farms more sustainable, and deliberately excludes the
use of external chemical inputs, such as fertilizers and syn-
thetic pesticides, as well as GM crops. Organic agriculture
practices are followed by 2.4 million farmers in about 87
countries that observe some sort of regulation or certifica-
tion. It accounts to only 1.1% of the global agricultural land
(Willer and Lernoud, 2017). Sustainable intensification
(ST) takes the best idea of both conventional agriculture and
organic farming. SI emphasizes the use of locally adapted
management systems and gives preference to in-farm in-
puts (Timsina, 2018).

The potential for organic agriculture to feed the world
is very debatable. Comparisons of yield data between or-
ganic and conventional agriculture report a lower yield for
organic agriculture from 8% to 50% (reviewed by Timsina,
2018). Some studies suggest that adoption of organic agri-
culture under conditions of optimal performance might
close the yield gap between organic and conventional
crops. But these findings have been fiercely refuted by nu-
merous scientists who claim faulty methodology. Accord-
ing to Connor (2018), “one limitation alone, however, is
sufficient to disqualify the notion of feeding the world or-
ganically, and that is the supply of nitrogen (N).” The re-
placement of soil N removed by the product cannot be
postponed without yield penalty. In organic fields, N must
be supplied by in situ biological N fixation (BNF) of inter-
cropped/rotated legumes and by ex sifu BNF through use of
organic material (manures, crops residues, green manures,
bio fertilizers, etc.). Advocates of organic fertilizer often
claim that there is enough organic material to supply the
amounts as per the crop demand for high yield. The facts,
though, are a bit different. First, organic materials are not
universally available in large quantities. Second, when esti-
mating organic productivity, organic farming supporters do
not properly acknowledge the land that must be allocated —
to both in situ and ex situ BNF - to supply nitrogen for the
growth of non-legume crops. Alas, Lavoisier’s law also ap-
plies here. The data available clearly suggest that extra land
and water would be needed if such sources of N were to be
promoted (Timsina, 2018). By using more land to produce
the same yield, current organic practices may ultimately ac-
crue larger environmental costs.

The SI strategy is “to get more from less”. It seeks to
produce the biomass needed by the growing human popula-
tion on less land, with less adverse impact on the environ-
ment. SI does not specify particular technologies or



practices. In particular, it focuses on increasing yields of
farmland as a way to spare forest and other uncultivated
land. A recent comprehensive study of the effect of land
sparing that includes 17 organizations around the world
concluded that more intensive agriculture that uses less
land can be one way forward. The study found that inor-
ganic nitrogen improved yields without increasing green-
house gas. Intensification also produces fewer pollutants,
causes less soil loss, and consumes less water (Balmford ez
al., 2018). A global assessment for SI estimates that 163
million farms (29% of all worldwide) is practicing some
form of SI on 453 Mha of agricultural land (9% of world-
wide total) (Pretty et al., 2018). Yet, SI acknowledges that
there is no perfect solution due to the multi-objective nature
of sustainability. The process is dynamic, and the technolo-
gies and practices will not fit everywhere and forever. For
example, population growth is shifting to Africa that is pro-
jected to equal the Asian population in 2100 (United Na-
tions, Department of Economic and Social Affairs,
Population Division, 2017). Africa needs new sustainable
intensification approaches to deal with the challenge of
feeding an exponentially growing population. The solution
will not come only from new management strategies. It is
clear that the use of proper crop variety is the ultimate solu-
tion. Improved crop varieties suited to local conditions and
weather extremes, as well as pest and disease resistant
cultivars, increase yields and reduce pesticide use. As such,
they are indispensable for SI ambition.Plant biotechnology
has the tools to tailor crop varieties to the environment and
help to meet the goal of producing more food without de-
grading ecosystems.

Under the umbrella of SI, management systems are
developed to build on-farm soil fertility and in sifu nutrient
application. Sharing crop/pasture land with complementary
species that do not compete for resources has been praised
as a “win-win” management approach. Trees are ideal part-
ners for crops, because they do not compete for the same
source of nutrients. Tree roots go deeper into the soil and
get nutrients and water from sources that are unavailable to
crop species (Smith et al., 2013). Well-designed agro-
forestry systems for sustainable intensification represent
indeed an interesting sustainable strategy, particularly in
those areas where the need for landscape restoration is as-
sociated with the need for increased food and biomass pro-
duction. A rich scientific literature demonstrates the
multiple benefits of this approach (reviewed by Timsina,
2018). Agroforestry does not require extra land because
trees are planted around and among crops and pastures. De-
pending upon which woody species are used and how they
are managed, agroforestry can build-up on-farm soil fertil-
ity, increasing resource-use efficiency, whilst reducing nu-
trient runoff. Research in Africa has demonstrated that the
integration of fertilizer trees and shrubs into conventional
agriculture can dramatically enhance soil fertility and food
production (Garrity et al., 2010). Other benefits of agro-
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forestry include more favorable microclimates with en-
hanced biodiversity and reduced wind velocity, enhanced
suppression of insect pests and weeds, decreased levels of
soil erosion, increased water infiltration, improved produc-
tion potential by increasing crop yield, and diversification
of production by generating products from the intercropped
trees.

Typically, agroforestry is associated with farming in
tropical and subtropical arid regions. However, there are
also opportunities for agroforestry in temperate regions
(Smith et al., 2013). The challenge lies in the political will
to promote the research required to the adoption of agro-
forestry as a mainstream agricultural management ap-
proach. A number of plant biotechnology innovations are
ready to boost agroforestry systems, including trees with a
variety of GM traits (ISAAA, 2017).

Future food system

Our food system is highly dependent of agriculture.
Crop production and livestock provide the vast majority of
the diverse, safe, and nutritious foods we need. But the
challenge of delivering food and nutrition security for one
and all in a sustainable way goes beyond agriculture. It re-
quires wider transformation of the entire food system, from
production to consumption. Starting by consumption be-
haviors: reducing the over-consumption of calorie-dense
food will improve the overall sustainability of agriculture
and food systems, whilst addressing a major threat to
health. Globally, more than 1.9 billion adults, over 340 mil-
lion children and adolescents aged 5-19, and 41 million
children under the age of 5 were overweight or obese in
2016 (WHO). Obesity is often associated with low income.
A healthy diet has become more expensive and, for poor
people, food rich in sugar, fat, and salt is often more acces-
sible than nutritious food. For these people, overconsump-
tion of calories coexists with malnutrition in terms of
micronutrients. Obesity is a risk factor for several diseases
such as non-communicable diseases (NCDs), diabetes,
heart disease, and cancer, with significant consequences for
both individual health and public health.

Another issue that needs to be addressed is where the
food is produced. Although there is a consensus that per ca-
pita agricultural production has outpaced population
growth, food is not produced where it is mostly consumed
or needed. In 2017, one in nine persons in the world suf-
fered from some form of hunger. The number of stunted
children is still “unacceptably high”, in view of the target to
reduce stunting by 40% by 2025 (FAO, IFAD, UNICEF,
WEFP and WHO, 2018). Amelioration of crops that are es-
sential parts of the diet of those who live in poor arid re-
gions can have a major impact on food security. Crops
indigenous to these regions have the potential to mitigate
the impact of climate change on food production, because
they tolerate fluctuations in growing conditions and are re-
sistant to local diseases and pests. Compared to the world’s
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major crops, indigenous crops are better adapted to their
niche environments. However, many of these local variet-
ies are being abandoned by farmers in favor of major crops
that are sometimes promoted even in less suitable areas
(Chivenge et al., 2015). Now, triggered by concerns about
climate change and the sustainability of food production,
these “neglected and underutilized species” or “orphan
crops” are receiving the attention they deserve from the re-
search community. Public sector and public-private part-
nerships, particularly in Africa, are advancing research on
orphan crops for nutrition and resilience (Pretty et al.,
2014; Ricroch and Hénard-Damave, 2016; De Buck et al.,
2016).

Another major hurdle of the current food system is
food wastage. According to FAO “Roughly one third of the
food in the world produced for human consumption every
year —approximately 1.3 billion tons — gets lost or
wasted.” Global loss or waste estimates are: 30% of cereals
production, 20% of dairy products, 35% of fish and sea-
food, 20% of meat, 20% of all oilseeds and pulses, and 45%
of roots, tubers, fruits and vegetables (FAO, 2013). These
values are important. Minimization of food losses could in-
deed be of great help in achieving global food security. A
number of GM traits have been developed that improve
food storage stability in crops, e.g., oxidative browning was
reduced in potatoes and apples by downregulation of the
polyphenol oxidase gene (Bachem ef al., 1994; Maxmen,
2017); GM tomato with high-level polyphenol accumula-
tion presented extended shelf life and decreased suscepti-
bility to grey mould, Botrytis cinerea (Zhang et al., 2013);
actually the first commercialized transgenic product, to-
mato FLAVR SAVR was designed to delay fruit softening
by silencing of the polygalacturonase gene.

Food loss or waste arises at all phases of the food sup-
ply chains, from harvest, post-harvest, and processing, to
marketing, retail, and consumption stages. The uneaten
food accounts for about 8% of the greenhouse gas emis-
sions. The pattern of food waste is different between high-
and low-income regions. While in high income countries
food waste is higher at the processing, distribution, and
consumption stage, in low income countries, food losses
occur primarily at production and post-harvest phases, i.e.,
from harvesting to marketing (FAO, 2013).

Developed regions, such as the European Union
(EU), are more concerned in reducing food waste at an ex-
tended post-harvest stage, i.e., losses between harvest and
the time of consumption. These are substantial losses, rang-
ing from 5-10% to more than 50%, depending on output
and geographical area. The causes of the loss vary from im-
proper or inadequate handling, threshing, drying, cleaning,
or processing, or because of faulty or deficient storage,
transporting, or packaging of the food (Global Knowledge
Initiative, 2017). Strategies to solve these problems are rel-
atively simple and require no or few innovative inputs.
They are considered “low hanging fruit” and are being pri-

oritized in EU countries. This approach can also be useful
for low income countries. Public and private sectors are co-
operating to bring practices, protocols, and cold-chain
equipment to less developed countries. However, we can-
not forget that low-income regions suffer more from losses
at stages of harvest and strict post-harvest, i.e., between the
harvesting and marketing. Plant biotechnology innovations
that could bring solutions to reduce losses during harvest
and post-harvest are being overlooked because “it is still a
sensitive subject with no political clarity” (Global Knowl-
edge Initiative, 2017). This is a regrettable mistake.

The role of science in a global and intercultural
world

In my view there are three major forces that shape our
modern world: science, economy, and society. These forces
are intertwined and interdependent. Science is the driver of
innovation, which in turn is the central force of a society’s
economic transformation. Society defines science priorities
and pushes innovation forward (or backward). Our modern
multicultural society is fashioned by individuals whose at-
titudes are shaped by core values of what is considered
good or bad, acceptable or unacceptable, desirable or unde-
sirable. Values are learned ideas that are molded by differ-
ent forces, including family, history, education system,
religion, media, and economics. Core values of a culture do
not change quickly or easily, they are passed on from gener-
ation to generation. Paraphrasing Haidt (2012) core values
‘bind and blind’. Beyond behaviors and practices that are
apparent to the casual observer (e.g., language, food, flags,
festivals, and aesthetics), core values shape the concept of
self, morality, beliefs, and the decision-making capacity of
an individual. I wonder if educational systems have been
efficient in drawing attention to the value of scientific rea-
soning in shaping core values.

In debates about the proper place of science in soci-
ety, we often hear arguments that the scientific method has
its limits and that methods employed in the humanities or in
philosophy are the best tools to understand society (Boudry
and Pigliucci, 2017). I sustain the controversial view that
scientific reasoning is the only worthwhile mode of inquiry
and, by its very essence, it cannot overstep its proper limits.
Scientific reasoning is built upon principles of re-evalua-
tion and questioning of authority. Scientific progress hin-
ges on continual discovery and the extension of previous
discoveries. When a new and better methodology is estab-
lished, a prevailing hypothesis is questioned again in the
light of new tools. Scientific theories change with adequate
reasoning and verifiable evidence, and previous discover-
ies serve as the basis for subsequent breakthroughs. So, if a
given problem cannot be approached by verifiable evi-
dence, science does not have a word to say. But it is never
definitive. If a new method is suitable to revisit a given em-
pirical hypothesis, science is up to tackle the subject. In that



way, as science progresses and new techniques are devel-
oped, science, without overstepping its limits, can study
disciplines that before were approached only through em-
pirical knowledge.

Indeed, I argue that scientific methods used in the life
science can bring great contribution to the social sciences,
as the latter deal ultimately with human beings. The enor-
mous progress that we are witnessing in neurobiology and
cognitive sciences is unravelling the mystery of conscious-
ness and is starting to reveal how nature and nurture shape
our feelings and the making of cultures. This realization
had already begun by the end of the nineteenth century.
Several scientists, among them, Darwin, James, Freud, and
Durkheim have acknowledged the role of biology in the
shaping of cultural events. The field of evolutionary psy-
chology is now shedding new light on the biological trans-
mission of culture-related traits. (Damasio, 2018).

Compelling scientific evidence in neuroscience and
psychology indicate that emotions play a major role in deci-
sion-making. Patients suffering injuries in the ventromedial
prefrontal cortex, which is involved in the interaction of
emotion and cognition, have both reduced abilities to feel
emotions and difficulty in making optimal decisions (Da-
masio, 1994; Bechara ef al., 1999). The psychological field
of affective science have provided strong evidence that
emotions influence the processes of decision making in a
manner that is neither random nor epiphenomenal, and that
emotions constitute powerful and predictable drivers of de-
cision making. Current opinion among psychologists sug-
gests that emotions influence decision-making via changes
in both the content and depth of thought, as well as in the
content of implicit goals (reviewed by Lerner et al., 2015).
Emotions per se are probably not detrimental to decision-
making; sometimes they are helpful. Whether a specific
emotion ultimately improves or degrades a specific judg-
ment or decision depends on how it interacts with the pro-
cesses of thinking. One current theory proposes that human
decision-making operates in two parallel but linked think-
ing processes — System 1 and System 2. System 1 operates
very quickly with little conscious awareness. Generally,
this method consists of systematic simplifications and devi-
ations that are largely on the basis of pattern-matching, as-
sociative memory, assumptions, and emotion. Most of the
time we use System 1, as it helps us to gather information
quickly, being very useful for managing the sheer number
of decisions we take daily. The System 2 cognitive process
is slower, more logical and deliberative. It recalls previous
information and weighs the strength of variables before
coming to a decision (Kahneman, 2012). Emotions are elic-
ited rapidly and can trigger swift action, consistent with
System 1. But some emotions (e.g., sadness) can trigger
System 2.

I like to call the mental shortcuts that help us gather
information and make decisions quickly as our ‘innate in-
telligence’ by analogy to ‘innate immunity’. Innate intelli-
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gence is experienced but not well studied. Innate intelli-
gence is based on ancient knowledge, which is not acquired
through experience. Ancient knowledge is our innate abil-
ity of combining pattern-matching and associative memo-
ries with feelings generated by negative. as well as positive
emotions. Innate intelligence was crucial to the survival of
early humans because it assisted our species in finding food
and recognizing predators in savannas and jungles. Today,
our innate intelligence can be a handicap when we have to
make decisions on how to keep our society nourished,
healthy, and at peace whilst maintaining the Earth System
within its boundaries.

The human thinking system is part of human biology
and cannot be updated as easily as computers operating sys-
tem, at least not with today’s scientific knowledge. We can-
not have a healthy life without emotions. But we can try to
keep our thinking processes out of the control of emotions,
so that our decisions are less prone to biases. This is indeed
critical in our ‘post-truth society’ where emotion and per-
sonal beliefs are more influential in shaping public opinion
than are objective facts. Peoples’ fears are being manipu-
lated by dishonest people who are using digital tools to
spread superficial and fake news at a scale and speed never
seen before. One dramatic example is the reckless spread of
false claims and half-truths of today’s populists, which is
damaging the democratic system in Europe and in the
Americas (Wodak, 2015). People’s attitudes towards plant
biotechnology is another example on how dishonest activ-
ists and problematic scientific dissidents are tapping into
people’s emotion and intuitive preferences to spread un-
substantiated negative representations of GMOs (Blancke
et al., 2015). This is not only a challenge for scientists, but
also for policy makers and society as a whole.

Irrational feelings are nourished by ignorance, which
is an easy prey to intellectual dishonesty. When ideological
views are contradicted by the consensus of scientific opin-
ion regarding the evidence, it is all too common for ill-
informed people to reject the science, particularly if they
have been under the pressure of a massive marketing cam-
paign (Van Montagu, 2016). Decisions on the use of tech-
nologies must be taken on the basis of serious scientific
peer-reviewed analysis of risks and benefits. If society can-
not make factual decisions, monetary greed, ideological
dogmas, and myths will take over.

Concluding remarks

It is acknowledged that the degraded state of nature is
the outcome of the dramatic population increase. There we
are, and there is no way back. Human ingenuity is the
cause, human ingenuity will have to find the remedies. Sci-
ence has provided many tools to help humanity to reduce
global environmental risks and promote global sustaina-
bility. But science alone will not solve problems and shape
the future. The three pillars that sustain human civilization
— society, science and the economy - must be in correct
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symmetry and based upon solid ethical and moral grounds;
there is no place for nationalistic, xenophobic, racist, and
anti-science rhetoric.

We have witnessed, in the case of plant biotech in Eu-
rope, situations that illustrate the imbalance of the three pil-
lars and the poor quality of the soil of values on which our
societies rests: Society, through governments, financed
knowledge creation in public research institutions, which
allowed industry to deliver GM crops to the market. But
while industry favored products that were the most profit-
able for the commercial producer, numerous innovations
with clear benefits to the public in general where kept on
the shelf at public institutions due to lack of industrial part-
ners. In a number of cases, industry acquired start-ups, fre-
quently spin-offs of public sector research, with the
purpose of phasing out innovations that could compete with
industry’s own products. The lack of products that bring
clear benefit to the consumer generated uneasiness among
the public, which was susceptible to campaigns, claiming
that GM products were not safe, and asking for strict regu-
lations for planting and marketing GM foods. This severely
limited others from entering the market because of expen-
sive or impossible hurdles to the entry of new GM products.
Only the holders of the patents to the few early GM prod-
ucts were able to continue to sell their few products. The
consequent monopoly of GM seeds by transnational agro-
business companies accrued the campaign of ideology
groups, which in turn lobbied with politics to ban the culti-
vation of GM crops in EU. The political decision triggered
the shrinking of public funds for research on plant biotech-
nology, severely delaying the development of innovations
that are badly needed to promote agricultural sustainability.

The above example shows that the same technology
that fosters development can also become the source iner-
tia. Avoiding this trap will demand a more enlightened so-
ciety, able to make its choices on the basis of facts strongly
supported by scientific reasoning, not fiction. Our world
will continue to evolve. Human progress is inevitable. To-
day, the whole social arena, be it legal, economy, food sys-
tem, healthcare, energy, education, etc., is wide open to
revolutionary developments. The so-called disruptive tech-
nologies, in particular infotech and biotech, have a huge
transformative potential. But advances must be accompa-
nied by adaptations in the social, political, and cultural are-
nas in order to attain the paradigm shift our society calls for.
There is a need to reconsider the relationship between mar-
ket, state, and society. As observed by Mazzucato (2018), it
is critical to acknowledge that it is society through govern-
ment, not private business, that finances fundamental re-
search and education. The state has often been a tremen-
dous force for technological innovation and radical risk
taking. With the financial sector outpacing the growth of in-
dustry, and industry maximizing shareholder values at the
expense of society, we misidentify who really creates
value. Scientific knowledge must be deployed to help in the

construction of a better and inclusive future, with healthy
and stable economies, fair and well-governed societies, re-
spect for human rights, respect for the environment, and
consequently world peace.

Conflict of Interest

The author declares no conflict of interest for the
views expressed in this article.

References

Abdalla K, Chivenge P, Ciais P and Chaplot V (2016) No-tillage
lessens soil CO 2 emissions the most under arid and sandy
soil conditions: results from a meta-analysis. Biogeoscien-
ces 13:3619-3633.

Alavanja MC (2009) Introduction: pesticides use and exposure
extensive worldwide. Rev Environ Health 24:303-309.
Bachem CW, Speckmann GJ, van der Linde PC, Verheggen FT,
Hunt MD, Steffens JC and Zabeau M (1994) Antisense ex-
pression of polyphenol oxidase genes inhibits enzymatic

browning in potato tubers. Nat Biotechnol 12:1101.

Balmford A, Amano T, Bartlett H, Chadwick D, Collins A, Ed-
wards D, Field R, Garnsworthy P, Green R, Smith P and Wa-
ters H (2018) The environmental costs and benefits of high-
yield farming. Nat Sustain 1:477-485.

Bechara A, Damasio H, Damasio AR and Lee GP (1999) Differ-
ent contributions of the human amygdala and ventromedial
prefrontal cortex to decision-making. J Neurosci 19:5473-
5481.

Blancke S, Van Breusegem F, De Jaeger G, Braecckman J and Van
Montagu M (2015) Fatal attraction: The intuitive appeal of
GMO opposition. Trends Plant Sci 20:414-418.

Boudry M and Pigliucci M (2017) Science Unlimited?: The Chal-
lenges of Scientism. University of Chicago Press Books,
Chicago.

Brookes G and Barfoot P (2015) Environmental impacts of genet-
ically modified (GM) crop use 1996-2013: Impacts on pes-
ticide use and carbon emissions. GM Crops Food 6:103-133.

Brookes G and Barfoot P (2018) Farm income and production im-
pacts of using GM crop technology 1996-2016. GM Crops
Food 9:59-89.

Brookes G, Taheripour F and Tyner WE (2017) The contribution
of glyphosate to agriculture and potential impact of restric-
tions on use at the global level. GM Crops Food 8:216-228.

Chilton MD (2018) My secret life. Annu Rev Plant Biol 69:1-20.

Chivenge P, Mabhaudhi T, Modi AT and Mafongoya P (2015)
The potential role of neglected and underutilised crop spe-
cies as future crops under water scarce conditions in Sub-
Saharan Africa. Int J Environ Res Publ Health 12:5685-
5711.

Connor DJ (2018) Organic agriculture and food security: A de-
cade of unreason finally implodes. Field Crops Res
225:128-129.

Crutzen PJ (2002) Geology of mankind. Nature 415:23-23.

Damasio AR (1994) Descartes’ error: Emotion, Reason, and the
Human Brain. G. P. Putnam’S Sons, New York.

Damasio AR (2018) The Strange Order of Things: Life, Feeling,
and the Making of Cultures. Pantheon Books, New York.

De Buck S, de Oliveira D and Van Montagu M (2016) Key inno-
vations in plant biotechnology and applications in agricul-



ture, industrial processes and healthcare. In: De Buck S,
Ingelbrecht I, Heijde M and Van Montagu M (eds) Innova-
tive Farming and Forestry Across the Emerging World: The
Role of Genetically Modified Crops and Trees. International
Industrial Biotechnology Network, Gent, pp 13-33.

de Vos CJ and Swanenburg M (2018) Health effects of feeding ge-
netically modified (GM) crops to livestock animals: A re-
view. Food Chem Toxicol 117:3-12.

Doudna JA and Charpentier E (2014) The new frontier of genome
engineering with CRISPR-Cas9. Science 346:¢1258096.

Dussoix D and Arber W (1962) Host specificity of DNA produced
by Escherichia coli. 11. Control over acceptance of DNA
from infecting phage lambda. J Mol Biol 5:37-49.

European Commission (2010) A Decade of EU-Funded GMO Re-
search 2001-2010. European Commission, Brussels.

FAO (2013) Food wastage footprint: Impacts on natural resour-
ces. FAO, Rome.

FAO (2018) The State of Agricultural Commodity Markets 2018:
Agricultural trade, climate change and food security. FAO,
Rome.

FAO, IFAD, UNICEF, WFP and WHO (2018) The State of Food
Security and Nutrition in the World: Building climate resil-
ience for food security and nutrition. FAO, Rome.

Garg M, Sharma N, Sharma S, Kapoor P, Kumar A, Chunduri V
and Arora P (2018) Biofortified crops generated by breed-
ing, aagronomy, and transgenic approaches are improving
lives of millions of people around the world. Front Nutr
5:12.

Garrity D, Akinnifesi F, Ajayi O, Sileshi GW, Mowo JG, Kalin-
ganire A, Larwanou M and Bayala J (2010) Evergreen agri-
culture: A robust approach to sustainable food security in
Africa. Food Secur 2:197-214.

Haidt J (2012) The righteous mind: Why good people are divided
by politics and religion. Pantheon Books, New York.
Halewood M, Chiurugwi T, Sackville Hamilton R, Kurtz B, Mar-
den E, Welch E, Michiels F, Mozafari J, Sabran M et al.
(2018) Plant genetic resources for food and agriculture: op-
portunities and challenges emerging from the science and
information technology revolution. New Phytol 217:1407-

1419.

Heimann JM (2018) Using nature’s shuttle: The making of the
first genetically modified plants and the people who did it.
Wageningen Academic Publishers, Wageningen.

ISAAA (2017) Global Status of Commercialized Biotech/GM
Crops in 2017: Biotech Crop Adoption Surges as Economic
Benefits Accumulate in 22 Years. ISAAA Brief, Ithaca.

Juma C (2016) Innovation and its enemies: Why people resist new
technologies. Oxford University Press, Oxford.

Kahneman D (2012) Thinking, fast and slow. Penguin Books,
London.

Khanday I, Skinner D, Yang B, Mercier R and Sundaresan V
(2018) A male-expressed rice embryogenic trigger redi-
rected for asexual propagation through seeds. Nature
565:91-95.

Klimper W and Qaim M (2014) A meta-analysis of the impacts of
genetically modified crops. PLoS One 9:e111629.

LernerJS, Li Y, Valdesolo P and Kassam KS (2015) Emotion and
decision making. Annu Rev Pychol 66:799-823.

Lowder LG, Paul JW, Baltes NJ, Voytas DF, Zhang Y, Zhang D,
Tang X, Zheng X, Hsieh TF and Qi Y (2015) A

Van Montagu

CRISPR/Cas9 toolbox for multiplexed plant genome editing
and transcriptional regulation. Plant Physiol 169:971-985.

Luria SE (1953) Host-induced modifications of viruses. Cold
Spring Harb Symp Quant Biol 18:237-44.

Luria SE and Human ML (1952) A nonhereditary, host-induced
variation of bacterial viruses. J Bacteriol 64:557-569.
Maxmen A (2017) Genetically modified apple reaches US stores,

but will consumers bite? Nat News 551:149.

Mazzucato M (2018) The Value of Everything: Making and
Taking in the Global Economy. Penguin Books, London.

Nathans D and Smith HO (1975) Restriction endonucleases in the
analysis and restructuring of DNA molecules. Annu Rev
Biochem 44:273-293.

Pellegrino E, Bedini S, Nuti M and Ercoli L (2018) Impact of ge-
netically engineered maize on agronomic, environmental
and toxicological traits: a meta-analysis of 21 years of field
data. Sci Rep 8:e3113.

Pretty J and Bharucha ZP (2014) Sustainable intensification in ag-
ricultural systems. Ann Bot 114:1571-1596.

Pretty J, Bharucha ZP, Hama Garba M, Midega C, Nkonya E, Set-
tle W and Zingore S (2014) Foresight and African agricul-
ture: Innovations and policy opportunities,
https://www.gov.uk/government/uploads/sys-
tem/uploads/attach-
ment_data/file/300277/14-533-future-african-agriculture.p
df.

Pretty J, Benton TG, Bharucha ZP, Dicks LV, Flora CB, Godfray
HC, Goulson D, Hartley S, Lampkin N, Morris C and Pier-
zynski G (2018) Global assessment of agricultural system
redesign for sustainable intensification Nat Sustain
1:441-446.

Ricroch AE and Hénard-Damave MC (2016) Next biotech plants:
New traits, crops, developers and technologies for address-
ing global challenges. Crit Rev Biotechnol 36:675-690.

Smith J, Pearce BD and Wolfe MS (2013) Reconciling productiv-
ity with protection of the environment: Is temperate agro-
forestry the answer? Renewable Agric Food Syst 28:80-92.

Steffen W, Richardson K, Rockstrom J, Cornell SE, Fetzer I,
Bennett EM, Biggs R, Carpenter SR, De Vries W, De Wit
CA and Folke C (2015) Planetary boundaries: Guiding hu-
man development on a changing planet. Science
347:€1259855.

Swiatkiewicz S, Swiatkiewicz M, Arczewska-Wlosek A and
Jozefiak D (2014) Genetically modified feeds and their ef-
fect on the metabolic parameters of food-producing animals:
A review of recent studies. Anim Feed Sci Technol 198:1-
19.

Timsina J (2018) Can organic sources of nutrients increase crop
yields to meet global food demand? Agronomy 8:¢8100214.

United Nations (2017) World Population Prospects: The 2017 Re-
vision, Key Findings and Advance Tables. United Nations,
New York.

van Straalen NM and Legler J (2018) Decision-making in a storm
of discontent. Science 360: 958-960.

Van Montagu M (2011) It is a long way to GM agriculture. Annu
Rev Plant Biol 62:1-23.

Van Montagu M (2016) GM crops: Not the science but the regula-
tory policy is the problem. Acta Hortic 1124:1-10.

Varshney RK, Ribaut JM, Buckler ES, Tuberosa R, Rafalski JA
and Langridge P (2012) Can genomics boost productivity of
orphan crops? Nat Biotechnol 30:1172.



GMO, environment and society

Willer H and Lernou J (2017) The World of Organic Agriculture:
Statistics and Emerging Trends. FiBL, Frick.

Wodak R (2015) The Politics of Fear: What right-wing populist
discourses mean. Sage, London.

Zhang Y, Butelli E, De Stefano R, Schoonbeek H, Magusin A,
Pagliarani C, Wellner N, Hill L, Orzaez D, Granell A et al.
(2013) Anthocyanins double the shelf life of tomatoes by de-
laying over-ripening and reducing susceptibility to gray
mold. Curr Biol 23:1094-1100.

Zsogon A, Cermak T, Naves ER, Notini MM, Edel KH, Weinl S,
Freschi L, Voytas DF, Kudla J and Peres LE (2018) De novo
domestication of wild tomato using genome editing. Nat
Biotechnol 36:1211-1216.

Internet Resources

FAO-a, http://www.fao.org/animal-production/en/ (accessed 10
January 2019).

FAO-b, http://www.fao.org/energy/home/en/ (accessed 29 Janu-
ary 2019).

FAO-c, http://www.fao.org/3/a-16895¢.pdf (accessed 29 January
2019).

Global Knowledge Initiative (2017) Innovating the future of food
systems: A global scan for the innovations needed to trans-
form food systems in emerging markets by 2035,

11

http://globalknowledgeinitiative.org/wp-content/uploads/2
018/01/GKI-Innovating-the-Future-of-Food-Systems-Repo
rt-October-2017.pdf (accessed 20 December 2018).

IbisWorld,  https://www.ibisworld.com/industry-trends/global-
industry-reports/manufacturing/fertilizers-agricultural-
chemicals-manufacturing.html (accessed 20 January 2019).

IndexBox,
https://www.indexbox.io/blog/global-pesticide-market/
(accessed 29 January 2019)

ISAAA’s GM Approval Database,
http://www.isaaa.org/gmapprovaldatabase/ (accessed 16
January 2019).

Our World in Data,
https://ourworldindata.org/world-population-growth  (ac-
cessed 20 January 2019)

UN Sustainable Developmental Goals,
https://www.un.org/sustainabledevelopment/ (accessed 16
January 2019)

WHO, https://www.who.int/news-room/fact-sheets/detail/obe-

sity-and-overweight (accessed 29 January 2019).

Associate Editor: Rogério Margis

License information: This is an open-access article distributed under the terms of the
Creative Commons Attribution License (type CC-BY), which permits unrestricted use,
distribution and reproduction in any medium, provided the original article is properly cited.





