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should be studied and dealt with agronomically on a case-by-case basis.

1 Introduction

It is a pleasure to participate in this discussion of the
role of GM plants in agriculture, now and in the future.
The proportion of world agriculture devoted to such
crops increases every year, but the promise that this
particular form of plant breeding offers for increasing
crop productivity in a rapidly-changing and hungry
world is much greater than those we have realized so
far. We are here to discuss present accomplishments,
possible problems, and future promise. (The present
review is essentially an updating of Raven papers' ™ in
which I covered the state of thinking about this area as
of that date.)

As background, we may note that horizontal
gene transfer is common in nature; that in the first
years after the successful application of transgenic
methods for organisms, thirty years ago, thoughtful
discussions revealed no generic problems concerning
the safety of such organisms; and that nearly twenty
years of consumption of foods from GM organisms
by hundreds of millions of human beings and billions
of farm animals have led to the detection of not a
single case of sickness, abnormality, or other problem
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associated with their use. In addition, virtually all beer
and cheese manufactured anywhere in the world and
a large proportion of our medicines involve products
synthesized by transgenic organisms, with no objections
registered. The trial medicines for the Ebola virus, as
well as the only practical strategy for saving the global
citrus industry from Huang Long Bing disease involve
transgenic organisms too. Every national academy of
sciences in the world has concluded on the basis of
peer-reviewed evidence and comprehensive studies
of the scientific literature that there is no intrinsic
problem with these methods. Based on these facts and
relationships, I conclude that those who continue to
insist that there is some underlying problem with such
methods either lack an understanding of science or for
some reason don’t care to accept scientific findings and
conclusions.

According to the ISAAAP GM crops were planted
in a record 175.2 million hectares by 18 million farmers
in 27 countries in 2013. Despite the rapid adoption
of such crops, some continue to assert that they pose
some mysterious unknown, intrinsic danger that should
preclude their use. In fact, there is no objective reason
that China or any other nation should choose to be left
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behind in the use or further development of this area of
technology while their economic rivals forge rapidly
ahead. There is nothing gain but serious economic
loss and increased difficulty in alleviating malnutrition
and starvation by continuing to act contrary to the
findings of science and the practical experience of the
past two decades. For example, China’s environmental
problems are extensive”, and any delay in adopting
contemporary scientific programs will weaken the
nation, increase the problems, and make regional
poverty more difficult to conquer than it would be
otherwise.

In our review of the world food situation, Perry
Gustafson, Norman Borlaug, and I" listed seven
contemporary methods that are used regularly to
improve the genetic characteristics of crop plants:
tissue culture, anther culture, mutagen technology, the
utilization of marker-assisted selection, the application
of genome-wide selection, whole genome sequencing,
and plant transformation technology to produce GMOs
while by passing the sexual process. These seven are
but the latest ways to produce more productive crops
designed to flourish in our rapidly-changing world. It
seems bizarre that some chose to argue that the crops
resulting from one of these methods as dangerous and
to be avoided, whereas the others are never mentioned
in this context!

2 The domestication of crops

Crop agriculture was developed by our ancestors
about 12 000 years ago, when, after a history that
extended back more than 2 million years, there were
still only about 1 million human beings in the entire
world. Pre-agriculturists secured their living as hunter-
gatherers, living in bands of usually about 20-40
people, continually searching for food and necessarily
eating it soon after finding it. Early agriculturists
would have improved the characteristics of their crops
continuously by selecting and sowing seeds from the
more fertile or larger individuals, those that were easier
to harvest, and those that grew well in the places where
the farmers lived. When these farmers succeeded in
obtaining a major portion of their food from their
crops, enough of the surplus could be stored to provide
food for them during unfavorable seasons. As a result,
it became possible for people to live together in
increasing numbers in villages, towns, and eventually
cities. Individuals could choose to follow specialized
careers in such centers, this specialization gradually
leading to the development of most features of what we

recognize as civilization. Human progress was spurred
on by the invention of writing about 5 000 years ago,
a development that allows facts and discoveries to be
recorded accurately for review, comment, and future
use.

As agricultural lands spread gradually over the earth,
our numbers have climbed to 7.2 billion people, a
number that is continuing to increase by about 250 000
people net every day. Unfortunately, there is no firm
evidence that the growth of our numbers will slow even
in the next century. This obviously poses a problem of
enormous proportions, since about 1 billion of us are
malnourished currently. The minds and bodies of the
people who are malnourished fail to develop properly,
and these individuals never become fully functional
human beings. At the same time, about 100 million
people are in imminent danger of starving to death.
Significantly improving this situation will be very
difficult in view of the fact that weare already using an
estimated 156% of the world’s sustainable productivity,
the proportion growing every year (http://www.
ootprintnetwork.org) as our numbers and our demands
for increased consumption continue to swell.

3 Ecological damage from GM crops?

How likely is it that ecological damage will result from
the cultivation of transgenic crops, and what would the
nature of such damage be? In order to understand these
relationships, we first must understand clearly that
agriculture itself is perhaps the single human activity
that has been and remains the one most destructive to
biodiversity. The area that human beings devote to food
production has grown from none to about a third of the
world’s land surface over the past 12 000 years!It is
clear that the accompanying conversion of grasslands,
forests, and other types of natural vegetation over such
a short period must have resulted in the extinction
of tens or hundreds of thousands of species of
organisms, most of them never recognized before
they disappeared. In modern agriculture, we seek to
limit the occurrence of weeds and pests in our fields,
to conserve soil fertility, and to achieve maximum
productivity. Certainly we need to use our agricultural
lands as efficiently and productively as possible, so
that we will not attempt to expand their extent widely
into surrounding, less productive lands. Doing so will
increase greatly to the damage to biodiversity in a
given region. Most of the world’s land that can usefully
be cultivated or grazed is already occupied. Within
these limits, food production is growing more slowly
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than our constantly increasing human population, with
demands for more food and especially for more meat
and fish, environmentally very expensive to produce,
rising rapidly in the world’s more affluent countries.
It is estimated that we must produce an estimated 50
percent more food than we do now by mid-century to
feed the world’s growing population, a goal that we can
achieve largely by increasing productivity on the lands
we are already cultivating.

About the domestication of crops, we may say the
following. As soon as wild plants were brought into
cultivation, the genetic diversity of those plants began
to decrease. With the advent of scientific agriculture
and accurate measurements of inherited characteristics
about two centuries ago, the pace of crop improvement
accelerated as the genetic homogeneity of cultivated
fields became greater. Following major advances, such
as the development of hybrid maize in the 1930s, the
size of cultivated fields in many regions has increased.
Against this background, it should come as no surprise
that farmers would choose to grow transgenic (GE) or
otherwise improved strains of crops in these large fields
if such strains proved to be more productive than the
ones they had grown earlier. To assert that the use of
GE strains somehow made the fields more homogenous
genetically, however, is patent nonsense: that process
has been underway since the time when the first crops
were cultivated, the difference being that we can pursue
it better and more efficiently at present than we could
formerly. In fact, the application of transgenic methods
sometimes actually leads directly to the preservation of
crop genetic diversity. Where hundreds of genetically
distinct strains of crops are grown, as for example in
the cultivation of soybeans in the United States, GE
versions of all of the individual strains have been made
available. The overall genetic diversity in the fields
remains as high as it was before transgenic methods
were applied to improving the crop.

4 Two kinds of biodiversity:agro-
biodiversity (crop diversity)

Discussions of the effects of cultivating GE crops on
biodiversity often confuse the genetic diversity of
particular kinds of crops and their relatives with the
survival of biodiversity in general. As I pointed out
earlier, the genetic diversity of crops has decreased
steadily ever since plants were first brought into
cultivation. At the same time, farmers have made
a conscious effort to develop crops with uniformly
high productivity, based on such features as drought

resistance; pest or disease resistance; and larger and
more abundant seeds, fruits, leaves, or whatever parts
of the plant were ultimately harvested for use, efforts
in which the genetic diversity remaining in the crops
has been important. Especially since the fundamentally
important studies of the Russian scientist N. I. Vavilov
in the 1920s and 1930s, attention has also focused
on the wild relatives of cultivated plants as important
reservoirs of genetic diversity. The centers of origin of
crops began to be seen as places where a high degree
of variability often persists in the crop species and its
relatives. Examples of such centers would be southern
Mexico for maize, the Western Plains of the United
States for sunflowers, and temperate to subtropical
eastern Asia for soybeans. The wild relatives of rice
persist, but very locally, from India to China.
Improved crop varieties are cultivated in all of
the areas in which the individual kinds of crops
were originally derived. And gene flow to wild or
weedy relatives of crops has been a constant feature
of agriculture ever since people began to cultivate
plants. As many authors, starting especially with Edgar
Anderson, have documented, hybridization between
distinct races and species has played and continues
to play a major evolutionary role for many groups of
plants. In view of this characteristic of plant evolution
in general, it should not be surprising that hybridization
between crops and their wild and weedy relatives
is important in enhancing the genetic variability of
both the crops, facilitating the selection of suites of
desired characteristics, and of their weedy or wild
relatives. In some cases, as for example in the origin
of hexaploid (2n=42) bread wheat (7riticum aestivum),
the hybridization has been followed by polyploidy,
stabilizing the hybrid and its characteristics as an object
for further selection through selective planting in the
mixed fields. In another example, maize (Zea mays)
originated about 8 000 years ago with the selection of
plants with improved agronomic characteristics from
teosintes, wild grasses that occurred in the region.
There are no naturally-occurring plants that resemble
either bread wheat or maize, and of course bread wheat
can form fertile hybrids only with other hexaploids.
Maize, by contrast, can hybridize with teosintes that
have the same chromosome number (2n=20) and the
characteristics of the wild and cultivated plants can
be recombined in different ways both in the crops and
in their wild relatives. The diversity of local strains,
land races, of maize in Mexico and elsewhere has
a great deal to do with the recombination of these
features following hybridization of the sort discussed.
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When hybrid maize and other improved varieties
were introduced into Mexico starting more than a
century ago, the genetic traits of these new strains
were combined with those of the existing “land races”.
Even before these introductions, the “land races”
were changing continuously because of selection by
the farmers cultivating them and the introduction of
new races of maize from elsewhere. It is unreasonable
to regard the “land races” as fixed strains that have
persisted for all time, but more accurate to view them
as we do the colors seen in a Kaleidoscope, shifting
continuously and being improved according to the
preferences of the people growing them and the genetic
resources available to them.

The two examples just reviewed have parallels in
the origin and subsequent improvement of virtually all
cultivated crops; therefore, it should not be surprising
that GE crops hybridize in the same way and to the
same degree as takes place in the evolution of all other
crops hexaploid®”. It needs to be stressed that whether
transgenes are involved has no bearing on the spread of
genes between cultivated and wild plants of the same
species, or on the likelihood that they may present
special problems in the habitats where they occur. The
only points that matter concern the nature of particular
genes and their adaptive value in the new genetic
context that they may reach as a result of hybridization.

5 How do transgenes behave in
crops and in nature?

Since they are widely discussed, we now turn our
attention to transgenes to see what special behavior
they may have in populations of crops and their wild
and weedy relatives. The principal transgenes that
are in widespread use at present include especially Bt
protection from pests; glyphosate-ready crops; and
virus resistance. Although genes obviously differently
in natural situations, we may use these as examples
of the whole. Therefore, we might first ask what the
consequences of these genes occurring in wild or weedy
relatives might be. If the weeds or wild plants gained Bt
protection from their pests, and if the pests generated
significant selective pressures in the particular
environment, the genes might persist in the wild or
weedy populations. If they did persist, the plants would
be better protected from the pests that were attacking
their cultivated relatives than they would be otherwise.
Snow et al.” and Poppy and Wilkinson" have analyzed
a concrete example of such a process, concerning the
movement of a Bt transgene from cultivated to wild

sunflowers (Helianthus annuus). In the wild plants,
the Bt gene was demonstrated to reduce herbivory and
increase fecundity over the levels observed in wild
populations of the same species that lacked the Bt gene.
Such a transfer could enhance the weediness of the
wild plants in the fields of their cultivated relative, but
other agronomic practices could be used to eliminate
the transgenic weeds.

The question of herbicide resistance is more
complex. Whenever herbicides are used in agriculture,
resistant strains of the target species and other species
that are regularly exposed to the herbicides will
eventually appear. For example, the widespread use of
glyphosate has resulted in the appearance of several
resistant strains of weeds in different areas, especially
in the United States. This is a general property of
herbicide (or pesticide) use and in principle has
nothing specifically to do with whether GE crops are
the ones treated or not, but everything to do with how
the herbicides were applied. Various strategies have
been employed to deal with herbicide-resistant weeds,
similar to the strategies used for dealing with antibiotic
resistance in human beings or other animals; and they
will continue to be needed in agricultural situations
whether or not GE plants are involved. In the case of
bentgrass, Agrostis stolonifera, glyphosate-resistant
strains appeared up to 21 km from the plots where the
GE plants were cultivated, although most of the gene
flow took place within 2 km"". This is considered a
problem in the sense that glyphosate is the principal
means of controlling this introduced European grass,
widely grown as turf but weedy, for example, in
clearings in forests and parks. This example also
demonstrates the fact that the mode of pollen dispersal
greatly affects the effects of growing GE crops, or any
cultivated crops, at certain distances from their wild or
weedy relatives. Clearly alternative herbicides could
be found for such infestations, but the advantages and
disadvantages of planting glyphosate resistant turf need
to be considered on their own merits in the context of
the environmental situation overall.

These examples illustrate some of the diverse
situations that can arise with the transgenes that
are currently in widespread use and, again, how the
particular genes got to the crops has no bearing on their
adaptive value in particular situations in nature. As
additional genes are introduced in various crops, they
should be evaluated for their possible effects if they
were transferred into wild or weedy relatives regardless
of how the genes were added to the genomes of the
respective crops. It is certainly the case that herbicide
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resistance, for example, could spread directly from
a crop to closely related weeds growing with it; but
overuse of the herbicide will lead to the same result
even more directly. Clearly, every situation must be
dealt with by appropriate agronomic practices, as
would be the case even if GE traits were not involved.

6 Preserving the genetic diversity
of crops

What can be done practically to preserve genes that are
still present in the crops and in cultivated plants and
their wild or weedy relatives?We recognize that these
genes can prove valuable to improve the performance
of the crops in the future, especially in our rapidly-
changing world. For “land races” and their equivalents,
older cultivated strains, it is not reasonable to expect
farmers to go on cultivating older strains that are not as
productive or not seen by them as being as desirable as
the newer ones, or ones they could select from hybrids
with newer strains introduced into their vicinity. We
could theoretically subsidize the farmers to keep
growing traditional strains, but there has been no real
activity along these lines. Probably the most effective
way to protect the genetic diversity is to conserve seed
samples representing the genetic diversity that exists
now in seed banks, both for cultivated, weedy, and wild
plants of a given crop, as has been done for maize by
CIMYT, a vitally important agricultural institution in
central Mexico. In addition, we should clearly try to
protect the wild strains and species related to the crops
in the areas where they grow naturally.

In summary, the movement of transgenes (genes
that have been transferred to GE crops to improve
their characteristics) among the crop and its wild or
weedy relatives appears to pose no challenge for the
survival of the biodiversity of the crop and its relatives,
and might actually improve the retention of genetic
diversity in either situation.

7 Biodiversity overall

The second kind of biodiversity that merits discussion
and analysis here is biodiversity in general, the
estimated 12 million kinds of prokaryotic organisms
and the additional millions of kinds of bacteria and
Archaea that form the basis of life on Earth. Not only
did the life activities of these organisms over billions
of years mold the current characteristics of the soil
itself, the waters, and the atmosphere, they continue
to maintain them now and to sustain us. Thus plants

supply all of our food directly or indirectly and a major
proportion of our medicines; ecosystems as a whole
maintain the soil and water on which we depend;
and the beauty and diversity of organisms nourishes
us spiritually. A major portion of human progress
in the future will depend on our ability to maintain
biodiversity and use the properties of organisms
sustainably, often doubtless in ways that we do not yet
recognize.

For these reasons, it is of fundamental importance
to ask whether the cultivation of transgenic crops
may threaten the continued existence of biodiversity
generally. We know many of the reasons why species
are becoming extinct so rapidly. Among them is the
destruction of natural habitats, often for agriculture
or because of urban sprawl, forestry, or other reasons;
the spread of invasive species, pests, and pathogens;
and global climate change. Global climate change is
advancing rapidly and according to estimates published
in the latest report of the Intergovernmental Panel on
Climate Change (IPCC) might itself be responsible
for the loss of a fifth or more of all species by the end
of this century. As a result of all these factors, more
than half of all species on Earth, the great majority of
which will be unknown to us at the time of their is
appearance, may become extinct by the end of this
century. The loss of such a high proportion of the
existing organisms would lead to an increasingly
significant loss of our ability to rebuild global
sustainability; we clearly have a great common interest
in slowing down the loss for our common present and
future benefit.

What is the relationship between the cultivation
of GE crops and biological extinction?As we have
already noted, agriculture itself is a powerful driver
of biological extinction, and low-grade agriculture
much more so than intensive, productive agriculture,
because it impacts more species over much wider
areas. Agriculture has traditionally been focused on
the exclusion of plants and animals other than those
being cultivated from the productive fields, and its
success has often been judged in part by the degree to
which such exclusion has been successful. It is clearly
beneficial to maintain habitats among the fields where
pollinating insects and other beneficial organisms
can persist, but the fields themselves by and large
are kept as free from biodiversity as possible. In the
case of GE crops that lessen or eliminate the need for
pesticide applications to the crops, the neighboring
natural communities actually benefit by not receiving
substantial amounts of such chemicals on a regular
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basis. As I have mentioned earlier, the more productive
intensive agriculture can be, the greater the chances for
preserving biodiversity in the areas not devoted to the
cultivation of crops or pasturing animals. In general,
it is clear that the relationship between the cultivation
GE crops and the survival of biodiversity is a positive
one, and it is a mystery to me why the Convention
on Biological Diversity has historically put such a
premium on restricting the cultivation and movement
of such crops between countries.

8 Effects of GE crops on non-target
species

To speak of a few particular examples of effects outside
of the fields, it has been claimed that those crops that
have been modified to produce Bt toxin, a natural
toxin from the bacterium Bacillus thuringiensis, may
have a detrimental effect on other organisms that were
not intended as targets. The same is true of Roundup
(glyphosate) resistance, where transgenic plants
resistant to a particular herbicide are used to eliminate
weeds from cultivated fields. If the herbicides are
spread outside of the field, real damage to ecosystems
may occur; but if they make greater productivity in
the fields more likely, that will prove a benefit for the
survival of biodiversity in neighboring areas. If the
herbicides or pesticides are used deliberately outside of
the fields or drift there, there is of course a problem. On
the other hand, by avoiding the application at the levels
routinely applied, for example, in Europe, that major
negative effects both on biodiversity and on human
health are avoided.

9 Transfer of genes from a GE crop
to non-GE crops of the same kind

The problem here is essentially one that we have
created for ourselves. It arises to a large extent because
of the irrational classification of GE crops as “non-
organic” by the U. S. Department of Agriculture, which
in turn drives a concern about their “purity”, a strange
notion given the ways in which plants actually evolve
and the numerous ways that crop genetics is routinely
altered. I can see no rational basis for this designation,
which basically puts an additional obstacle in the way
of attempts to achieve sustainable agriculture, and I
particularly would like to endorse the suggestion made
here by M. S. Swaminathan that these two approaches
to agriculture be brought together to accelerate the
improvement of desirable characteristics of crops. As

I emphasized earlier, agriculture itself is unnatural;
all cultivated plants and domesticated animals have
characteristics that they have acquired over the years
as a result of genetic manipulation. In the context of a
world that so badly needs increased food production,
it seems unwise to rule out particular methods of plant
breeding purely on ideological grounds that suppose
they pose imaginary threats. Whether the pollen of a
particular crop is transported by the wind, as in walnuts,
poplars, pines or grasses, the distances the pollen may
move may be relatively great and the traits may show
up at a great distance from the place where they have
been introduced. For many other crops, such as apples,
potatoes, canola, squashes, alfalfa, lettuce, sunflower,
fruit trees and berry crops, the pollen is transferred by
insects and the distances the pollen regularly travels
will depend on the nature, abundance and habits of the
individual pollinating insects and the characteristics of
the flowers they visit. Some crop plants, such as rice,
wheat, barley and soybeans, self-pollination is the rule
and only a very small proportion of the pollen is shed
and dispersed by the wind. Whether the genes persist in
their new context, as always, depends on the selective
environment to which the plants that have received
them are placed. In general, there is no reason that any
of the possible outcomes should be a matter of concern
regardless of the degree of gene transfer that may occur
in particular situations.

10 The possible production of new
kinds of weeds

Some 20 000 kinds of plants, about one of each twenty
species, are regarded as weeds, spreading in natural
or artificial situations somewhere in the world, with
those that grow among crops, usually affecting their
yield negatively. The great majority of weed species
were originally introduced by people from one place to
another, often deliberately, and usually in connection
with agriculture or horticulture. Other kinds of weeds
have moved accidentally, contaminating or adhering to
some product or object that is itself transported. One
of the arguments used against planting GE crops is that
in some way they might give rise to new, particularly
aggressive weeds that would otherwise not occur.
There are in fact a few examples of the origin of
important new weeds involving crops, notably Johnson
grass (Sorghum halepense) and weedy red rice, which
originated as a hybrid between cultivated rice, Oryza
sativa, and its progenitor species, O. rufipogon. Both of
these weeds pose serious agronomic problems because
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they have characteristics similar to those of the crops
from which they were derived and thus are particularly
difficult to control. Neither of these cases, however,
involves GE technology and there are no examples to
justify fearing such hypothetical weeds more or less
than others.

By contrast, the movement of genes for resistance
to pests or herbicides from the crops into particular
weeds can certainly add to the difficulty of controlling
these weeds in the cultivated fields. Thus, wild beets
(Beta vulgaris) that have acquired herbicide resistance
are important weeds in the fields where a domesticated
strain of the same species, the sugar beet, is grown;
a modest number of similar examples are known,
among them that of sunflowers, discussed earlier. One
should, however, view this problem in the context of
the thousands of known aggressive weeds and deal
with it on a case-by-case basis. As many have pointed
out, the characteristics of weeds are very different from
those of most cultivated plants, and many crops—
maize and soybeans being good examples—never
establish themselves in nature and rarely even re-seed
in cultivation, so that their possible contribution to
the formation of new weeds is particularly difficult to
imagine.

11 Legalities

Having been involved personally in the formation of
the Convention on Biological Diversity in the 1980s,
I am truly saddened by the fact that it has become so
preoccupied with GE crops. The so-called principle
of “biosafety” is not based on any valid scientific
principles, and working it up through the Cartagena
Protocol and by other means has given license to those
who for personal reasons, presumably of a political
nature, wish to slow down the spread of the tools we
have available to produce food for a world that so badly
needs it. The unwise and wasteful arguments associated
with regulating GM crops have consumed thousands of
hours of time by hundreds of diplomats and idealists,
and not produced any result of the slightest use for
the preservation of the world’s biodiversity, which we
all hoped would be the outcome of activities under
the mantle of CBD. As I have explained in these
remarks, there is no valid scientific basis to assume
that “biosafety” principles concerning GE organisms
would have any effect whatever on the survival of
biodiversity, which is so greatly threatened throughout
the world. In that sense, it seems to me to be a good
thing that the CBD is apparently now moving on to

issues connected with the purpose for which it was
formed, namely, the preservation of biodiversity—a
cause to which I have devoted most of my life.

12 Conclusions

Agriculture has since its invention some 12 000 years
ago been a principal enemy of biodiversity. As our
numbers have increased from about 1 million then
to over 7 billion, we have grown more food more
intensively and over larger areas, and still about 1
billion of us remain malnourished. We exceed the
sustainable capacity of our planet by more than 50%
each year currently, so that in effect we are degrading
the resources of our planet progressively and at an
ever-increasing rate (http://www.footprintnetwork.org).

Despite this profoundly important relationship, certain
organizations and people, with no scientific facts on
their side, have chosen to oppose one of the many ways
in which the genetics and therefore the productivity and
sustainability of our crops can be improved. It would
be a shameful error for any nation to turn its back on
this particular technique for political reasons.

At any event, low-grade agriculture spread out
in natural systems, being necessarily practiced over
extensive areas, is collectively far more damaging
to biodiversity than intensive, large scale agriculture
in prescribed areas. In contrast, the environmental
damage caused by some GM-free farming systems,
especially in Europe, which involve the application of
large amounts of chemicals to their crops and expose
their people to harm, is enormous. It seems to me to
be particularly immoral to adopt the non-scientific
reasoning underlying the lack of acceptance of GM
crops considering the various kinds of harm done to
billions of people as a result of this self-indulgent
strategy.
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