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The ICSU Se r i es on Sc i e n ce for Sus tai n a ble Dev elopment is produ ced by th e

I n te r n ational Co uncil for Sc i e n ce in co n n ec tion with pre parations for the 2002

World Summit on Sus tai n a ble Dev elopment (WSSD). The aim of WSSD is to

bring tog e ther gov e r n m e n t s, Un i ted Nations agencies and other key sta keh ol-

d e rs, including re p res e n tativ es of civil soc i e ty and the Sc i e n ti fic and Tec h n ol og i-

cal Co m m un i ty, to build upon the 1992 Un i ted Nations Co n fe re n ce on Envi ro n-

ment and Dev elopment (UN CED) and to enhan ce efforts tow ard the future of

s us tai n a ble dev elopment. The Se r i es includes a set of inte r - d i s c i pl i n ary re po r t s

focusing on major issues th at are rel ev ant to science for sus tai n a ble dev el o p-

ment. The Se r i es is meant to serve as a link be tw een the scienti fic co m m un i ty an d

d ec i s i o n - m a ke rs, but the re ports should also be us eful to all oth e rs inte res ted in

the co n tr i b ution of science to sus tai n a ble dev elopment. The Se r i es highlights th e

fun d am e n tal role science has pl ay ed and will pl ay in finding sol utions to the chal-

l e n g es of sus tai n a ble dev elopment. It exam i n es expe r i e n ces since UN CED an d

l ooks tow ards the future. It provi d es up-to - d ate know l edge, exam i n es les s o n s

l ear n ed, succes s es achiev ed, and diffi cu l ti es enco un te red; while also outl i n i n g

future res earch agendas and actions to enhan ce problem sol ving and good pra c-

ti ces in sus tai n a ble dev elopment. The Se r i es was made po s s i ble due to a gene-

ro us grant provi d ed by the David and Lucile Pa c kard Fo un d ati o n .

ICSU 

The Inte r n ational Co uncil for Sc i e n ce (ICSU) is a non- gov e r n m e n tal org an i-

s ation re p res e n ting the inte r n ational science co m m un i ty. The membe rsh i p

i n c l u d es bo th national science aca d e m i es (98 membe rs) and inte r n ati o n a l

s c i e n ti fic unions (26 membe rs). The co m b i n ed expe r tise from th ese two gro u p s

of scienti fic org an i s ations provi d es a wide spec tr um of scienti fic expe r ti s e

e n a bling ICSU to address major inte r n ational, inte rd i s c i pl i n ary issues, bey o n d

the sco pe of the indivi dual org an i s ations. ICSU  builds upon this scienti fic expe r-

tise in a num ber of ways. It initi ates, des i gns and co - o rd i n ates major inte r n ati o-

nal, inte rd i s c i pl i n ary res earch program m es, par ti cu l arly in the areas of globa l

e nvi ro n m e n tal change. It also es ta bl i sh es pol i cy and advi s o ry co m m i ttees to

a d d ress impo r tant matte rs of common co n cern to scienti s t s, such as edu cati o n

and ca pa c i ty building in science, access to data, or science in dev eloping co un-

tr i es. ICSU acts as a focus for the exc h ange of ideas, co m m un i cation of scienti-

fic info r m ation and dev elopment of scienti fic stan d ards and netw o r ks. Beca us e

I C SU is in co n tact with hun d reds of th o us ands of scientists worldwide, it is ofte n

ca l l ed upon to re p resent the world scienti fic co m m un i ty. 
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Preface

One of the issues for co n s i d e ration at the World Sum m i t

on Sus tai n a ble Development (WSSD) is the identi fi cation of

ways to access the results and be n e fits arising from th e

a p pl i cations of biote c h n ol ogy for sus tai n a ble deve l o p m e n t,

while ensuring eth i cal stan d ards and safe ty of their us e .

To address this issue, ICSU 's Adv i s o ry Co m m i ttee on

G e n e tic Ex pe r i m e n tation and Biote c h n ol ogy (ACOGE B )

commissioned an an a l ysis of the present status of th e

a p pl i cations of biote c h n ol ogy to agr i cu l ture, the emer-

ging scienti fic tre n d s, and their co n tr i b utions and co n s e-

quences for human health, biodiversity and other compo-

nents of the environment. 

The ACOGEB membe rs who initi ated the stu dy we re

Drs Richard Roberts (former ACOGEB Chair), Oscar Grau,

Anne McLaren, Jim Peacock, and Marc van Montagu (cur-

rent ACOGEB Chair). This report is completed by an ACO-

GEB-commissioned meta review of some twenty science-

based rev i ews of the issues invol ved in geneti ca l l y

modified foods and crops, which have been undertaken by

various national, international and private agencies over

the past few ye ars. The meta - rev i ew will be publ i shed in

September 2002 (www.icsu.org) . 

Dr Gabrielle Persley, and the UK-based Doyle Founda-

tion, has taken the responsibility for the coordination and

preparation of this report and the meta review. We thank

also Drs Per Pi n s trup Andersen, Andrew Bennett, Syl v i a

Burssens, Marc Cohen, Cuberto Gaza, Brian Johnson, Larry

Koh l e r, Reginald Ma c I n ty re and John Komen for th e i r

co n tr i b utions of key source documents and their helpfu l

comments during the preparation of this report. The tech-

n i cal as s i s tan ce of Marg aret Ma cd o n a l d - Levy and Joh n

Schiller in bringing the re port to co m pl e tion is grate fu l l y

acknowledged. 

We tr ust th at this re port will make a helpful co n tr i b u-

tion to the discussion on ways to improve the interactions

amongst science, society and the natural world. 

Professor TH OMA S RO S SWA LL

Exe cutive Dire c to r

I C SU

Professor MARC VAN MONTAGU

Ch ai r, ICSU Adv i s o ry Co m m i ttee 

on Genetic Experimentation and 

Biotechnology
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Executive Summary

The focus of the 2002 World Summit on Sus tai n a ble Deve-

lopment is on improving the re l ati o n ship be tween hum an

s oc i e ty and the natural env i ronment. This document discus s es

the co n tr i b utions and co n s e q u e n ces of cur rent and future

a p pl i cations of gene te c h n ol ogy in agr i cu l ture, and the ways

th at th ese may affect hum an health and the env i ronment. 

Present contributions of gene technology 
to agriculture

The co n tr i b utions of gene te c h n ol ogy to tod ay ’s agr i cu l-

ture are already substantial. Discoveries in gene technology

have led to: 

• B e tter un d e rs tanding of how pl ants fun c tion, and how

they respond to the environment. 

• Mo re targ e ted selection ob j e c tives in breeding program s

to improve the pe r fo r m an ce and produ c tiv i ty of cro p s,

trees, livestock and fish, and post harvest quality of food.

• Use of molecular (DNA) markers for smarter breeding, by

e n a bling early generation selection for key trai t s, th us

reducing the need for extensive field selection. 

• Molecular tools for the characterization, conservation and

use of genetic resources

• Powe r ful mol e cu l ar diagn o s ti cs, to assist in the improved dia-

gnosis and management of paras i tes, pests and path ogens. 

• Va cc i n es to pro tect lives tock and fi sh against lethal diseas es.  

It seems likely th at in most co un tr i es the appl i cations of

gene te c h n ol ogy to agr i cu l ture will be a two - s tage proces s .

Fi rs tl y, th e re are many appl i cations of gene te c h n ol ogy th at

can be used to improve the management and effi c i e n cy of

p resent agr i cu l tural pra c ti ces. Se co n dl y, th e re are options fo r

the targ e ted introdu c tion of transgenic strai n s, geneti ca l l y

m od i fied for one or more spe c i fic traits. Al though tran s g e n i c

s trains of var i o us spe c i es of cro p s, tre es, lives tock and fi sh have

been deve l o ped expe r i m e n ta l l y, only transgenic crop var i e ti es

are in wides p read co m m e rcial use in agr i cu l ture tod ay. 

Commercial cultivation of transgenic crops 

Broa dl y, the fi rst wave of geneti cally mod i fied cro p s,

which are in co m m e rcial use, address produ c tion traits; th e

second wave, which are mainly under development, address

q u a l i ty and nutr i tional traits; and the th i rd wave addres s

complex stress response traits and novel products able to be

produced in plants. The scientific basis of dealing with each

of these groups of traits is increasingly complex.

The production traits targeted in the first wave of transge-

nic crop var i e ti es spe c i fi cally addressed the economic an d

environmental costs of chemical management in large-scale

a gr i cu l ture. An impo r tant fa c tor in the initial choice of pro-

duction traits was the fact that the major early private inves-

to rs in pl ant biote c h n ol ogy we re seve ral multi n ational che-

mical companies. This arose because the long-term viability

of chemically based agr i cu l ture was being ques tioned. In

re g ard to the development of novel genetic approa c h es fo r

s pe c i fic produ c tion trai t s, a co m b i n ation of new scienti fi c

po s s i b i l i ti es, bus i n ess oppo r tun i ti es and decre asing viability

of chemically-based agriculture led to the targeting of parti-

cular production traits (particularly insect resistance and her-

bicide tolerance) and their subsequent commercial develop-

ment into new transgenic crop varieties. 

The first transgenic plant was produced experimentally in

1983. The first commercial cultivation was in 1995. By 2001,

there were almost 53 million hectares of genetically modified

c rops growing in th i r teen co un tr i es. These crops are mai n l y

s oybe an, corn, co tton and oil seed ra pe, with res i s tan ce to

certain insects and/or herbicide tolerance. Many other crops

and traits are under inves ti g ation but most have yet to be

taken through to practical use. 

Trait selection

The deve l o pe rs of the fi rst generation of geneti cally mod i fi e d

o rg anisms fa ced a num ber of te c h n i cal limitations th at infl u e n-



ced the choice of spe c i es and traits th at have been ta ke n

th rough to full product development. The co n s traints include: 

• The av ai l a b i l i ty of genes co n trolling traits th at could be man i-

p u l ated. Initially only traits co n trolled by single genes could be

m an i p u l ated. Most chara c te r i s ti cs of food, yield, and res-

po n s es to stress are co m plex trai t s, co n trolled by seve ral genes. 

• The efficiency of the methods to produce genetically modi-

fied org anisms th at express the des i red trait co n s i s te n tl y

under field conditions; 

• The need to meet ev ol ving reg u l ato ry req ui re m e n t s fo r

n ew crop var i e ti es and other living mod i fied org an i s m s

(LMOs) containing genes from outside their normal range

of hybridization. 

Management of single gene produ c tion trai t s : The care fu l

targ e ting and co r rect management of single gene traits is criti-

cal for their succes s ful use in agr i cu l ture, so as to avoid th e

boo m/b ust cyc l es typ i cal of single gene res i s tan ce. In th e

d e pl oyment of new transgenic var i e ti es of B t- c ro p s, such as

co tton and corn, in broad scale agr i cu l ture, much effort has

gone into devising and impl e m e n ting spe c i fic crop man a g e-

ment ar rangements th at lessen the pres s ure for the evol ution of

res i s tan ce in the target pest. These crop cu l tivation re g i m es

include leaving some of the field as non-transgenic, sus ce p ti bl e

c rops (providing re fugia for the insects) or to include in the pl an t

two or more diffe rent genes for pest res i s tan ce (gene sta c k i n g). 

Dealing with complex traits

Em e rging scienti fic developments are enabling co m pl e x

traits to be addres s e d, with the inte n tion of developing new pro-

ducts of po te n tial value for agr i cu l ture, hum an health and th e

e nv i ronment. The attra c tive n ess of the new targets is te m pe re d

by the fact th at th ey are te c h n i cally diffi cu l t, re q uiring th e

e x p ression and co n trol of multi ple genes, often invol ved in dif-

fe rent bioc h e m i cal pathways. The new targets include traits for: 

Increasing sustainable agricultural production, by the cul-

tivation of crops that are better able to tolerate biotic stresses

(pests, diseases and weeds) and abiotic stresses (drought, sali-

nity, and temperature stress).

D el ivering hea l th be n efi t s th rough more nutr i ti o n a l l y

be n e ficial food s, with higher co n tent of es s e n tial vitam i n s

and minerals, especially in staple crops; and reducing allerge-

nic, carcinogenic and/or toxic compounds in certain plants. 

Using plants for pharmaceutical production: More econo-

m i cal and efficient produ c tion of va cc i n es against hum an

diseases, and other pharmaceuticals in plants.

Using plants for production of products for industrial pur-

po s es : including novel co m po unds such as biod e gra d a bl e

plastics and industrial strength fibers.

Envi ro n m e n tal be n efits: Using pl ants (and microbes) to

m i ti g ate the effects of indus trial pol l ution (b i o re m ed i ati o n) ,

by increasing their ability to remove and/or break down toxic

compounds in the soil.

Emerging scientific discoveries

Recent scientific developments confer the ability to study

the str u c ture and fun c tion of all the genes within an org a-

nism simultaneously (through genomics), as well as the pro-

tein products th ey code for (th rough p ro teo m i cs). It is also

po s s i ble to stu dy the role of all the chemical co m po unds in

the meta bolism of the cell (th rough m e ta bol o m i cs). Thes e

emerging scientific developments are being greatly assisted

by powe r ful co m p uting and stati s ti cal te c h n i q u es th at

e n a ble the as s e m bl y, inte r rog ation and inte r p re tation of

l arge data bas es (th rough b i o i n fo r m ati cs). New terms are

being coined to describe these rapidly evolving branches of

science and the techniques on which they are based. 

The emerging scienti fic po s s i b i l i ti es also pose new chal-

lenges in the assessments of the risks and benefits of potential

new products to human health and the environment. Some

of the po te n tial products are meant for food or feed us e ,

while oth e rs are intended for use as ph ar m a ce uti ca l s, an d

o th e rs as co m po unds for indus trial us es. Some will re q ui re

i n te r - s pe c i fic tran s fer and co n trol of multi ple genes. Oth e rs

will rely on switching on (or off) and better regulating genes

th at are alre a dy present in the org anism but not us u a l l y

expressed. 

The new scienti fic developments also offer po te n ti a l

means to overcome some of the perceived risks in the cultiva-

tion of genetically modified crops. These include limiting the

un i n te n tional movement of genes out of the target cro p

(through gene containment); better food safety assessments

of unintended changes in the composition of foods by assess-

ments of the content of whole foods (through metabolomics);

and the re m oval of an ti b i o tic res i s tan t, selecta ble mar ke rs

from GM foods. 
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The challenge is to define how emerging scientific disco-

veries, such as those in the rapidly evolving fields of genomics,

proteomics and metabolomics, amongst others, can be trans-

lated into safe applications of biotechnology that will lead to

n ew var i e ti es of cro p s, novel foods and new products th at

deliver benefits for society. These new applications and their

r i sks and be n e fits will differ in diffe rent parts of the wo r l d .

Careful thought needs to be given to identifying the most sui-

table targets and desirable traits for future research and deve-

lopment efforts, in different countries and environments. 

New understanding of plant and animal genes 
through genomics

G e n o m i cs re fe rs to the proces s es used in identi fying th e

l ocation and fun c tion of all the genes co n tained in an org a-

nism. This new knowledge will change the future of bre e d i n g

for improved strains of all domes ti cated spe c i es of cro p s, live-

s toc k, fi sh, and tree spe c i es. 

Tw elve cro p s, five liv es tock and two fi sh spec i es provi d e

over 90% of the world’s food. For these staple species, national

and inte r n ational public sector res e arch has made a larg e

investment in genetic resources and breeding materials, and

has an understanding of their behavior in different environ-

ments. These scientific and biological resources will become

increasingly important in gaining knowledge about the func-

tion of genes, in developing mol e cu l ar mar ke rs and oth e r

means to assist in the breeding of improved strains.

The first plant genome that has been completely sequen-

ced is a small, model species, Arabidopsis thaliana. The geno-

mic sequencing of eco n o m i cally impo r tant crops is also

being undertaken. The most advanced are the several public

and private gene sequencing projects on rice, all of which are

now in the public domain. A maize genome-sequencing pro-

ject is also in progress. Rice, maize and other cereals share a

large number of common genes. Other genome sequencing

projects of at least 120 different plant species are in progress. 

Understanding the role of proteins through pro t e o m i c s

Most ce l l u l ar fun c tions are carried out by multi - p ro te i n

complexes. New techniques are enabling these complexes to

be un rave l l e d, and the fun c tions of indiv i dual pro te i n s

un d e rs tood. These te c h n i q u es allow the identi fi cation an d

quantification of proteins expressed in a particular tissue or

in a specific developmental or environmental condition, such

as in response to stress.

Understanding what happens in the cell through
metabolomics

I n fo r m ation on meta bol i te levels in the cell is criti cal to

ob taining an ove rv i ew of a biol og i cal process. Exam i n i n g

c h an g es in meta bolic profi l es is an impo r tant part of as s es s i n g

gene fun c tion and re l ati o n ships of ph e n o types. Modern high-

res ol ution te c h n i q u es allow the es ta bl i shment of a profile of

all meta bol i tes present in a spe c i fic pl ant tissue. A var i e ty of

p rev i o usly un i d e n ti fied bioc h e m i cal pathways can now be

un d e rs tood. Me ta bol o m i cs can also provide info r m ation on

m e ta bolic network re g u l ation in res ponse to genetic and env i-

ro n m e n tal pe r tur bati o n s, leading to a be tter un d e rs tanding of

pl ant res po n s es to stress. Ex te n s ive data bas es of quan ti tative

i n fo r m ation are being deve l o ped abo ut the degree to wh i c h

each gene res ponds to env i ro n m e n tal stimuli, such as bioti c

and abiotic stres s es. These data bas es will provide insights into

the set of genes th at co n trol co m plex res po n s es and will

c re ate powe r ful oppo r tun i ti es to as s i gn fun c tional info r m a-

tion to genes of oth e rwise un k n own fun c tion 

Me ta bolic engineering: Me ta bolic engineering is the i n

viv o m an i p u l ation of bioc h e m i s try to enable pl ants to pro-

duce non-protein products or to alter cellular properties. The

products may be native to the plant or novel (expressed after

the introdu c tion of genes from an o ther source). Re ce n t

research shows that it is technically possible to produce the

fol l owing products in pl ants at the expe r i m e n tal level: Vi ta-

min A pre curs o rs; es s e n tial oils; medicinally impo r tant alka-

loids; biodegradable plastics; vaccines. Several of these pro-

ducts are now in development ph ase and are co m i n g

forward for regulatory approval. 

Understanding risks and benefits of gene technology

The rapid increase in the use of new techniques for unders-

tanding and modifying the genetics of living organisms has

led to greatly increased interest and investments in biotech-

n ol ogy. These developments have been acco m panied by
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public concerns as to the power of the new technologies and

the safety and ethics of their use for improving human health,

agriculture and the environment. 

Pu blic co n cerns abo ut the appl i cations of biote c h n ol ogy

lie in fo ur major are as: (1) Eth i cal issues; (2) Soc i o - e co n o m i c

e ffects; (3) Food safe ty and hum an health; and (4) Impact on

b i od ive rs i ty and the env i ronment. In agr i cu l ture, th es e

co n cerns re l ate par ti cu l arly to the re l e ase of living mod i fi e d

o rg anisms (LMOs) for agr i cu l tural pur po s es. These org an i s m s

m ay be pl an t s, tre es, lives toc k, fi sh an d /or microo rg anisms. 

The e th i cal issues re l ate to moral and social co n ce r n s

a bo ut the nature of gene te c h n ol ogy itself and the co n s e-

q u e n ces of its use in spe c i fic situ ations. There are co n ce r n s

about the appropriateness of the use of intellectual property

rights in relation to living organisms, and means to ensure the

equitable sharing of benefits by holders of genetic resources,

owners of indigenous knowledge and inventors. 

Socio-economic effects are concerned with the economic

r i sks and be n e fits in the use of new biote c h n ol ogy appl i ca-

tions, the implications of intellectual property management

on agr i cu l ture in diffe rent co un tr i es and in identi fying wh o

g ains and who loses from the use of new te c h n ol og i es in

various circumstances. 

In re l ation to food safe ty and hum an hea l th, th e re are

co n cerns as to as s essing the risks of geneti cally mod i fi e d

foods to human health, in the short and long term;  identifying

s pe c i fic nutr i tional be n e fits of geneti cally mod i fied food s

developed for this purpose; and searching for any unintended

effects of genetic modifications on food. 

In re l ation to i m pact on biod iv e rs i ty and other po s s i bl e

e nvi ro n m e n tal effec t s, the co n cerns re l ate to as s essing th e

risks and benefits of releasing living modified organisms into

the environment, and the effects such releases may have on

the environment. These effects may be through direct effects

on the environment, including potential impact on biodiver-

s i ty, and/ or i n d i rect effec t s th rough changing agr i cu l tura l

practices that affect the environment. 

Consideration of all these issues, on a case by case basis,

p rov i d es a basis for choices on the merits and safe ty of th e

a p pl i cations of new biote c h n ol og i es to address par ti cu l ar

p robl e m s, re l ative to existing agr i cu l tural te c h n ol og i es an d

o ther te c h n ol ogy options. All th ese issues are impo r tant in

making choices on the use of gene te c h n ol ogy to addres s

par ti cu l ar as pects of sus tai n a ble development. This docu-

ment addres s es spe c i fi cally the emerging scienti fic tre n d s ;

the scientific basis of assessing the effects of gene technology

on food safe ty and hum an health; and the impact of gene

technology on biodiversity and the environment. 

Conclusion

A c h i eving the po te n tial be n e fits of modern mol e cu l ar

s c i e n ce will re q ui re substan tial private and public inves tm e n t s,

and a wide range of scienti fic skills. These re q ui red skills lie not

only in gene te c h n ol ogy, but also in the re l ated fields of pl an t

b re e d i n g, agro n o my and phys i ol ogy, food and nutr i tion and in

n atural res o urces management. There also needs to be gre atl y

i m p roved linka g es amongst the social, scienti fic, indus trial an d

e nv i ro n m e n tal co m m un i ti es, so as to be tter define the ways in

which science can be n e fit soc i e ty and to des i gn new te c h n ol o-

g i es in ways th at are socially and env i ro n m e n tally acce p ta bl e

and be n e ficial in diffe rent co un tr i es and co m m un i ti es. 

New developments in science and te c h n ol ogy, including th e

co n ti n uing discove r i es in gene te c h n ol ogy, can co n tr i b ute to

a c h i eving strate g i es for sus tai n a ble deve l o p m e n t, if th ey are: 

• D i re c ted at clearly defined targets th at affect pove r ty re du c-

tion, food secur i ty, env i ro n m e n tal co n s e rvation an d /o r

trade co m pe ti tive n ess; 

• A cco m panied by pol i ti cal will, suppo r tive public pol i c i es,

and public and private inves tments in bo th science an d

technology and product development and delivery;

• I m pl e m e n ted under the aus p i ces of tran s parent re g u l ato ry

fram ewo r ks th at generate public tr ust and co n fi d e n ce in th e

s afe ty and eth i cal use of new biol og i cal products and pro-

ces s es for hum an health, agr i cu l ture and the env i ronment. 

This ove rv i ew document will be co m pl e m e n ted by a meta -

rev i ew commissioned by ICSU th at is an a l ysing the key fi n d i n g s

of some twe n ty rev i ews on GM foods and crops th at have be e n

co n du c ted by var i o us national, inte r n ational and private agen-

c i es within the past th ree ye ars. Par ti cu l ar atte n tion is be i n g

g iven to identi fying the are as of co m m o n a l i ty amongst th e

rev i ews, identi fying any are as of differing pe rs pe c tive, an d

h i g h l i g h ting those are as wh e re th e re are gaps in knowl e d g e

th at may be able to be addressed th rough additional well tar-

g e ted res e arch. The meta rev i ew will be publ i shed by ICSU in

Se p te m ber 2002, at the time of the ICSU General Assembly in

Rio de Jan e r i o, Brazil, and will be avai l a ble at www. i cs u.o rg. 
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The focus of the 2002 World Summit on Sustainable Deve-

lopment in Joh an n esb urg is on improving the re l ati o n sh i p

be tween hum an soc i e ty and the natural env i ronment. The

United Nations Secretary General has identified five specific

areas for action. These are: 

• Water and san i tati o n, including improving the effi c i e n cy

of water use in agriculture. Agriculture is the largest consu-

mer of water, an increasingly scarce natural resource; 

• Energy, including increasing the use of renewable energy

sources;

• Hea l th , including the link be tween the env i ronment an d

human health, and diseases such as malaria that dispro-

portionately affects poor people;  

• Agricultural productivity, including the effects of declining

a gr i cu l tural produ c tiv i ty, land degra d ation and th e

impact of human activity on forests, grasslands and wet-

lands; 

• B i od iv e rs i ty and eco sy s tem man a g e m e n t, including th e

i m pact of hum an activ i ty on tro p i cal rai n fo res t s, man-

groves, marine fisheries and coral reefs. 

This document discus s es the co n tr i b utions and co n s e-

quences of current and future applications of gene techno-

l ogy in agr i cu l ture, and the ways th at th ese may affe c t

human health and the environment.  

Role of Science and Technology in Food Security 
and Poverty Reduction

Sc i e n ce and te c h n ol ogy have underpinned social an d

e conomic gains from agr i cu l ture. From 1960 to 2000,

i n c re as es in global food produ c tion more th an kept pa ce

with population growth. Over this period, world cereal pro-

duction doubled, per capita food production increased 37%,

ca l o r i es supplied incre ased by 35% and food prices fell by

almost 50% (Pinstrup Andersen et al 1999). Most of the agri-

cultural productivity gains were due to yield increases, parti-

cu l arly those res u l ting from the discove ry of dwar fing an d

o ther genes th at co nveyed us e ful traits into new, high yiel-

ding wheat and rice varieties. These and other scientific dis-

cove r i es, when combined with a mix of suppo r tive publ i c

pol i c i es, appro p r i ate insti tuti o n s, pol i ti cal co m m i tm e n t,

public and private investments in rural areas (particularly for

i r r i g ation, credit and inputs), led to halving the num be rs of

people living in poverty, and largely achieving food self suffi-

ciency, especially in Asia. However, the overall achievements

m ask sign i fi cant var i ations in agr i cu l tural pe r fo r m an ce

a c ross regions. For exam ple, the produ c tiv i ty gains acro s s

much of Asia have not been matched by similar productivity

increases in Africa, in either crops or livestock. 

D es p i te the incre asing global avai l a b i l i ty of food, some

850 million people lack access to sufficient nutritious food at

affordable prices. Approximately 60% of these people live in

So uth and East Asia, while 25% live in sub-Sa h aran Afr i ca

(Pinstrup-Andersen and Cohen 2000). 

World po p u l ation pro j e c tions predict th at abo ut 73 mil-

lion people will be added to the world’s population every year

from 2002 to 2020. Most will be living in the deve l o p i n g

world. Meeting the food needs of this growing and increasin-

gly urbanized population will require increases in agricultu-

ral produ c tiv i ty and matching th ese incre as es to rising

i n co m es and consequent dietary chan g es, es pecially th e

i n c re asing demand for lives tock and fi sh. World food an d

feed grain production will need to increase by 40% and roots

and tu be rs by 58% in order to meet pro j e c ted world food

d e m and in 2020 (Pi n s tr u p - A n d e rsen et al 1999). Lives toc k

production will need to double by 2020 in order to meet the

e x pe c ted demand for milk and meat (Delgado et al 1999).

Improving the livelihoods and incomes of people in rural and

ur ban are as is also criti cal to food secur i ty, since pe o pl e ’s

a ccess to food depends on income. These produ c ti o n

i n c re as es will have to be achieved th rough sus tai n a bl e

i n c re as es in agr i cu l tural produ c tion per unit of land an d

wate r, in order to co n s e rve natural res o urces, and reve rs e

some of the damaging effects of past agricultural practices. 
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Environmental Trends

• The inte n s i fi cation of agr i cu l ture in favo ra ble are as has

come at the cost of damage to the env i ro n m e n t, with

i n c re asing salinity problems in irrigated are as, an d

d amage to hum an health, ecol ogy and wildl i fe due to

misuse of pesticides.

• Other agr i cu l tura l - as s oc i ated pra c ti ces, including defo-

res tation, ove rgra z i n g, over fi shing and water pol l uti o n

also threaten the sustainable use of natural resources.

• Decreasing water availability for agriculture is one of the

most important trends. There is a need for more efficient

use of water in agriculture, including the development of

drought tolerant crop varieties. 

• Pres s ure on agr i cu l tural land for ur ban i zation and indus tr i a-

l i zation incre as es. There are limited pro s pects for expan d i n g

the land avai l a ble for agr i cu l ture, except by moving into

fo res t s, or marginal are as with poor soils and little wate r. 

• D e fo res tation and loss of biod ive rs i ty by the clearing of

l and for agr i cu l ture is occurring in are as of mega-te r res-

trial biod ive rs i ty. The use of modern pl ant var i e ti es also

threatens the loss of land races of crops.

• Natural disasters pose a continuing threat to agriculture,

and the long-term effects of climate change are unknown.

Future Food Security Strategies

Strategies to achieve the needed increases in the quantity

and quality of global food supplies and ensuring that there is

s ufficient food avai l a ble at affo rd a ble prices in the deve l o-

ping world include:

• Achieving sustainable productivity increases in food, feed,

and fiber crops in both irrigated and rain-fed areas

• I m p rove nutrient co n tent of diets, es pecially for wo m e n

and children 

• Reducing chemical inputs of fertilizers and pesticides and

replacing these with biologically based products.

• Integrating soil, water, and nutrient management.

• Co n s e rv i n g, chara c terizing and using agr i cu l turally re l a-

ted biodiversity

• Improving the nutrition and productivity of livestock and

controlling livestock diseases

• A c h i eving env i ro n m e n tally sus tai n a ble incre as es in

marine fisheries and aquaculture production.

• I n c re asing trade and co m pe ti tive n ess in global mar ke t s,

especially for products from developing countries. 

D evelopments in science and te c h n ol ogy, including th e

continuing discoveries in gene technology, can contribute to

the above strategies for achieving food security, if they are: 

• D i re c ted at clearly defined targets th at affect pove r ty

re du c tion, food secur i ty, env i ro n m e n tal co n s e rvati o n

and/or trade competitiveness; 

• A cco m panied by pol i ti cal will, suppo r tive public pol i c i es,

and public and private inves tments in bo th science an d

technology and product development and delivery;

• I m pl e m e n ted under the aus p i ces of re g u l ato ry fram e-

wo r ks th at generate public tr ust and co n fi d e n ce in th e

safety and ethical use of new biological products and pro-

cesses for human health and the environment. 

Developments in Modern Science

Modern science enco m pas s es new developments in th e

b i ol og i cal, phys i cal and social sciences. In the biol og i ca l

s c i e n ces, re cent discove r i es allow much gre ater un d e rs tan-

ding of the str u c ture and fun c tion of hum an, animal an d

plant genes and the proteins and other biochemical products

th ey produ ce. Discove r i es in the phys i cal sciences un d e r p i n

the revolution in information and communications technolo-

gies. These branches of science come together in the field of

b i o i n fo r m ati cs, wh e re by large am o unts of biol og i cal data

can be assembled and analysed. 

T h e re are also new developments in the social sciences

that underpin community participation in technology deve-

lopment and eva l u ation. Par ti c i pato ry meth ods can help

un d e rs tand the problems and identi fy the res e arc h a bl e

i s s u es, par ti cu l arly of small far m e rs ope rating in marg i n a l

environments. These participatory approaches may also help

to clarify the concerns of people in rural and urban commu-

nities in regard to the deployment of new technologies, inclu-

ding the products of biote c h n ol ogy. They may also assist in

the inte gration of modern science and tra d i tional know-

ledge, in order to develop knowl e d g e - i n te n s ive sol utions to

s pe c i fic problems th at are te c h n i cally fe as i ble and soc i a l l y

and ethically acceptable, in various rural and urban commu-

nities (CGIAR 2002; Serageldin and Persley 2000). 
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Scope of Biotechnology

B i o tec h n ol ogy, b roa dly defi n e d, re fe rs to any te c h n i q u e

th at us es living org anisms or substan ces from th ese org a-

nisms to make or modify a product, improve plants, trees or

animals or develop microo rg anisms for spe c i fic us es. The

a p pl i cations of biote c h n ol ogy consist of a sui te of evol v i n g

technologies that are based on scientific discoveries that are

ra p i dly incre asing un d e rs tanding of the str u c ture and fun c-

tion of genes and their behavior in the environment. A chro-

nology of the key developments in the science of genetics is

given in Table 1.1. 

The present appl i cations of biote c h n ol ogy impo r tant fo r

agriculture and the environment include: 

• Microbial fermentation, used, for example, to develop new

agents for biocontrol of pests and diseases and new bio-

fertilizers; 

• New diagn o s ti cs and vacc i n es, based on mol e cu l ar cha-

racterization of parasites, pathogens and pests;
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1 8 6 6 Mendel po s tu l ates a set of rules to expl ain the inheritan ce of bio-

l og i cal chara c te r i s ti cs in living org an i s m s .

1900 Me n d e l i an law re d i s cove red after independent expe r i m e n ta l

ev i d e n ce co n firms Me n d e l ’s basic principl es .

1903 S utton po s tu l ates th at genes are located on chro m o s o m es .

1 9 1 0 Mo rg an ’s experiments prove genes are located on chro m o s o m es .

1 9 1 1 Joh annsen dev i s es the term “gene”, and disti n g ui sh es genotypes

( d e termined by genetic co m po s i tion) and ph e n o types (infl u e n-

ced by env i ro n m e n t ) .

1 9 2 2 Mo rg an and col l e a g u es develop gene mapping te c h n i q u es an d

p re pare gene map of fr uit fly chro m o s o m es, ulti m ately co n tai-

ning over 2000 genes .

1944 Ave ry, Ma c Le od and Mc Car ty demonstrated th at genes are

co m posed of DNA rather th an pro te i n .

1 9 5 2 He rsh ey and Ch ase co n firm role of DNA as the basic geneti c

m ate r i a l .

1953 Watson and Crick discover the double-helix str u c ture of DNA.

1 9 6 0 G e n e tic code deciph e re d .

1 9 7 1 Cohen and Boyer develop initial te c h n i q u es for rDNA te c h n o-

l ogy, to allow tran s fer of genetic material from one org anism to

an o th e r.

1973 Fi rst gene (for insulin produ c tion) cloned, using rDNA te c h n ol ogy.

1974 Fi rst expression in ba c teria of a gene cloned from a diffe rent spe c i es .

1976 Fi rst new biote c h n ol ogy firm es ta bl i shed to exploit rDNA te c h-

n ol ogy (Genentechin USA).

1980 USA Supreme Co urt rules th at microo rg anisms can be pate n te d

under existi n g l aw (Diamond v. Ch a k ra bar ty ) .

1 9 8 2 Fi rst rDNA animal va ccine approved for sale in Euro pe (col i ba-

c i l l o s i s ) .

Fi rst rDNA ph ar m a ce uti cal (insulin) approved for sale in USA

and UK.

1 9 8 2 Fi rst succes s ful tran s fer of a gene from one animal spe c i es to

an o ther (a transgenic mouse car rying the gene for rat grow th

h o r m o n e ) .

Fi rst transgenic pl ant produ ce d, using an agroba c te r i um tran s-

fo r m ation sys te m .

1983 Fi rst succes s ful tran s fer of a pl ant gene from one spe c i es to an o th e r.

1 9 8 5 US Patent Offi ce extends patent pro te c tion to geneti cally engi-

n e e red pl an t s .

1 9 8 6 Transgenic pigs produ ced car rying the gene for hum an grow th

h o r m o n e .

1987 Fi rst field trials in USA of transgenic pl ants (to m atoes with a

gene for insect res i s tan ce ) .

Fi rst field trials in USA of geneti cally engineered microo rg an i s m .

1 9 8 8 US Patent Offi ce extends patent pro te c tion to geneti cally engi-

n e e red an i m a l s .

Fi rst GMO approved. Hum an genome mapping project initi ate d .

1 9 8 9 Pl ant genome mapping projects initi ated (for ce reals and A ra b i-

d o p s i s). 

1 9 9 6 Fi rst co m m e rcial cu l tivation of geneti cally mod i fied (tran s g e-

nic) cro p s .

1 9 9 8 Fi rst succes s ful cloning of a mam m a l i an spe c i es (Dol l y, th e

sheep). 

2 0 0 0 Hum an genome map co m pl e te d

2 0 0 0 Pl ant genome mapping projects for rice and A ra b i d o p s i s co m-

pl e te d .

2 0 0 1 52 million hectares of land pl an ted to geneti cally mod i fi e d

c rops in 13 co un tr i es .

DNA = deoxyribonucleic acid, GMO = genetically modified organism,

r DNA = reco m b i n ant DNA, UK = Un i ted Kingdom, USA = Un i ted States of America.

Sources: Persley, 1990; ADB, 2001

Table 1.1: Chronology of key developments in the science of genetics.



• Tissue cu l ture and micro - p ro pa g ati o n , for multi pl y i n g

high-quality planting material;

• Mol ecu l ar mar ke rs, used for m ar ker as s i s ted sel ec ti o n

( MAS) of des i ra ble traits in pl an t, animal, fi sh and tre e

breeding; 

• G e n e tic enginee r i n g used to identi fy and tran s fer one or

more genes within and between species, resulting in trans-

genic (genetically modified) organisms;

• Genomics, the study of all the genes present in the genome

of an organism, including their structure (structural geno-

mics), understanding their function (functional genomics),

and comparing the molecular basis of similarities and dif-

ferences between organisms (comparative genomics).

• Proteomics involves large-scale studies on gene expression

at the protein level, including the purification, identifica-

tion, and quantification of proteins and the determination

of their localization, modifications, interactions and acti-

vities.

• Me ta bol o m i cs re l ates to the an a l ysis of all ce l l u l ar meta-

bolites. 

• Bioinformatics is the acquisition, collation and interroga-

tion of large collections of complex biological data.

Commercial Applications of Biotechnology 
in Agriculture 

The incre asing spe c i fi c i ty in the han dling of genes has

meant that in ventors can protect their discoveries by means

of patents and other forms of intellectual property rights. This

h as led to substan tial private inves tment in the biosciences,

leading to what has been called a biotechnology revolution.

Most modern biotechnology applications are in health care,

wh e re biote c h n ol ogy - based proces s es are now used ro uti-

nely as the basis for the discove ry and produ c tion of most

new medicines, diagnostic tools, and medical therapies. 

The co n tr i b utions of gene te c h n ol ogy to tod ay ’s agr i cu l-

ture are also substantial. Discoveries based on the continuing

rapid developments in gene technology have led to: 

• B e tter un d e rs tanding of how pl ants fun c tion, and how

they respond to the environment. 

• Mo re targ e ted selection ob j e c tives in breeding program s

to improve the pe r fo r m an ce and produ c tiv i ty of cro p s,

livestock and fish and post harvest quality of food.

• Mol e cu l ar (DNA) mar ke rs for smar ter bre e d i n g, by

e n a bling early generation selection for key trai t s, th us

reducing the need for extensive field selection. 

• Powerful molecular diagnostics, to assist in the improved

diagnosis and management of parasites, pests and patho-

gens. 

• Development of vaccines for the control of livestock and

fish diseases. 

In terms of cro p s, appl i cations of gene te c h n ol ogy are

used widely in present day agriculture for the development of

n ew (co nve n tional) crop var i e ti es, th rough mar ker as s i s te d

selection. They also provide important tools for the characte-

r i zation, co n s e rvation and use of genetic res o urces (Pl atai s

and Persley 2002). 

Several large corporations have made major investments

to adapt the new discove r i es in the biol og i cal sciences fo r

co m m e rcial pur po s es. A large pro po r tion of this inves tm e n t

h as been dire c ted towards the development of new pl an t

varieties for large-scale commercial agriculture in temperate

zones. Private industry has dominated this research, accoun-

ting for approx i m ately 80% of all R&D in agr i cu l tural bio-

technology (James 2001a). 

In 2001, it is es ti m ated th at approx i m ately 52.6 million

hectares of land were planted in 13 countries with transgenic

varieties of over 20 plant species (James 2001b,c). The most

commercially important of these genetically modified crops

are soybe an, corn, co tton and can ola (oil seed ra pe), with

resistance to certain insects and/or tolerance to selected her-

bicides. These new varieties are being grown primarily in the

USA, Argentina, Canada and China. The value of the global

market in transgenic crops grew from US$75 million in 1995

to approximately US$ 2 billion in 2000. These trends are illus-

trated in Figure 1.1, and Tables 1.2 and 1.3. 

The traits these new plant varieties contain include insect

res i s tan ce (corn, co tton), herbicide res i s tan ce (corn, soy-

be an), delayed fr uit ripening (to m ato) and virus res i s tan ce

(papaya). The benefits of these new crops come from better

weed and insect control, with less use of chemical pesticides

and herbicides; higher produ c tiv i ty, and more fl e x i ble cro p

management. These benefits accrue primarily to farmers and

a gr i b us i n es s es, although th e re are also some eco n o m i c

benefits accruing to consumers in terms of maintaining food

p rodu c tion at low prices (Car pe n ter et al 2002; Jam es

2001a). 
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Ta ble 1.2. Co un tr i es pl an ting GM crops in 2000 and 2001. 

Co un try 2 0 0 0 2 0 0 1
(million hectares)                      (million hectares )

U S A 3 0 . 3 3 5 . 7

A rg e n ti n a 1 0 . 0 1 1 . 8

Can a d a 3 . 0 3 . 2

Ch i n a 0 . 5 1 . 5

So uth Afr i ca 0 . 2 0 . 2

Aus tra l i a 0 . 2 0 . 2

Ro m an i a < 0 . 1 < 0 . 1

Me x i co < 0 . 1 < 0 . 1

B u l g ar i a < 0 . 1 < 0 . 1

Spai n < 0 . 1 < 0 . 1

G e r m any < 0 . 1 < 0 . 1

Fran ce < 0 . 1 -

Ur u g u ay < 0 . 1 < 0 . 1

TOTA L 44.2 m ha 52.6 m ha

Source:  James 2001c. 

Applications of Biotechnology to Achieve
International Development Goals

Seve ral emerging eco n o m i es are making major inves t-

ments of hum an and fi n ancial res o urces in biote c h n ol ogy

with the aim of using these new developments in science and

te c h n ol ogy to re du ce pove r ty, improve food secur i ty, co n-

s e rve the env i ronment an d /or improve trade co m pe ti tive-

ness. This matrix of international development objectives and

the ways biotechnology may be used to address them is illus-

trated in Ta bl es 1.4 and 1.5 (ADB 2000; Pe rsl ey and Lan ti n

2000; Persley and MacIntyre 2001). 

Present applications of biotechnology in emerging econo-

m i es include incre asing use of mar ke r - as s i s ted selection to

g ive more precise and rapid development of new strains of

crops, livestock, fish and trees. Other biotechnology applica-

tions such as tissue culture and micro-propagation are being

used for the rapid multi pl i cation of clean pl an ting mate r i a l

for horti cu l tural crops and tre es. New diagn o s ti cs and va c-

c i n es are being adopted for the diagn o s i s, preve n tion an d

control of fish and livestock diseases (Tables 1.4 and 1.5). 
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Table 1.3. Predominant GM crops and traits, 2001. 

Cro p million hectares ( m ha)

He r b i c i d e - tol e rant soybe an 3 3 . 3

B t Co r n 5 . 9

He r b i c i d e - tol e rant can ol a 5 . 7

He r b i c i d e - tol e rant co r n 2 . 1

Herbicide tol e rant co tto n 2 . 5

B t / He r b i c i d e - tol e rant co tto n 2 . 4

B t co tto n 1 . 9

B t / He r b i c i d e - tol e rant co r n 1 . 8

TOTA L 52.6 m ha

Source: James 2001c.

Figure 1.1. Commercial cultivated genetically modified

crops in 2001.

Source: James 2001c. 

Pa paya

(<0.1 mha)

Soybe an
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(6.8 mha)

Can ol a

(2.7 mha)

Po tato

(<0.1 mha)
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The most widespread new transgenic crop varieties being

grown in emerging eco n o m i es are new co tton var i e ti es

co n taining one or more genes from the ba c te r i um, B a c i l l us

th ur i n g i e n s i s (Bt), for insect res i s tan ce. These var i e ti es we re

grown by some 4 million farmers on at least 1.5 million hec-

tares of land in China in 2001. The resulting socio-economic

benefits identified in China are reduced pesticide use, impro-

ved profitability of cotton for farmers, and reduced ill effects

due to pes ticide misuse on hum an health and the env i ro n-

ment (Pray et al 2000). New insect resistant (Bt) cotton varie-

ties are also being grown in South Africa. 

Emerging Scientific Trends

A p pl i cations of biote c h n ol ogy in agr i cu l ture are in th e i r

i n fan cy. Most cur rent geneti cally engineered pl ant var i e ti es are

m od i fied only for a single trai t, such as herbicide tol e ran ce or

pest res i s tan ce. The rapid progress being made in pl ant sciences

is expe c ted to enhan ce pl ant breeding as the fun c tions of more

g e n es and how th ey co n trol par ti cu l ar traits are identi fied. Thes e

d evelopments may enable more succes s ful breeding for co m-

plex traits such as drought tol e ran ce. This may be of par ti cu l ar

be n e fit to those farming in marginal and rai n fed lands wo r l d-

wide since breeding for such diffi cult traits has had limited suc-

cess with co nve n tional breeding of the major sta ple food cro p s .

Fur ther scienti fic advan ces may result in crops with a wider

range of trai t s, some of which are likely to be of more dire c t

i n te rest to co n s um e rs. For exam ple, new crop var i e ti es may

h ave traits th at co n fer improved nutr i tional quality to food,

po te n tially be n e ficial to pe o ple affe c ted by malnutr i tion an d

v i tamin and mineral defi c i e n c i es. For exam ple, genes have

been identi fied th at can mod i fy and enhan ce the co m po s i ti o n

of oils, pro te i n s, car bohyd rates, and starch in food /feed grai n s

and root crops. A gene encoding be ta caro te n e /v i tamin A fo r-

m ation has been inco r po rated expe r i m e n tally in rice. 

1 . Tra d i tional biote c h n ol ogy appl i cations such as microbial and food fe r m e n tati o n .

2. New diagnostics and vaccines based on molecular applications.

3. New methods for tissue culture and micropropagation of planting material.

4. Use of molecular markers in marker-assisted selection (MAS) in conventional

plant and animal breeding.

5 . G e n e tic engineering to produ ce transgenic pl an t /an d /or animal strai n s,

containing new specific gene(s) controlling a particular trait.

6. Genomics: understanding the physical structure of the genome, and in func-

tional genomics, the function of specific genes.

AMBIONET – Asian Maize Biotechnology Network 

CIMMYT – International Maize and Wheat Improvement Center

IRRI – International Rice Research Instititute

So urce: Pe rsl ey, G.J. 2001. Agr i cu l tural Biote c h n ol ogy: Global Ch a l l e n g es and Em e r-

ging Sc i e n ce. In: Pe rsl ey, G.J., and Ma c I n ty re, L.R. (eds.) A gr i cu l tural Biotec h n ol ogy :

Co un try Case Stu d i es—A Decade of Dev el o p m e n t . CAB Pu bl i sh i n g, Wa l l i n g fo rd, U.K.

Table 1.4. Illustrative applications of biotechnology to the goal of poverty reduction

B i o te c h n ol ogy appl i cations (1-6)

1 2 3 4 5 6

Pove r ty Co n s trai n t Targ e t M i c robial New Tissue cu l ture / Mol e cu l ar G e n e tic Fun c ti o n a l Spe c i fi c

re du c tion fe r m e n tati o n/ d i a gn o s ti cs / m i c ro p ro p - m ar ke rs e n g i n e e r i n g / g e n o m i cs g l obal 

ob j e c tive b i o - co n trol/ va cc i n es a g ati o n and MA S tran s g e n i cs e xam pl es 

b i o - fe r ti l i ze rs

I n c re as i n g Lack of Ve g e tative B i o - pes ti c i d es Pl ant disease Card am o m I n d i a

r ura l c l e an seed/ c rops  d i a gn o s ti cs Po tato Vi e tn am

i n co m es Pl an ting and tre es B an an a Ke nya

m ate r i a l

S us tai n a bl e D rought Ce re a l s Mai ze D rought AM B I ONET /

p rodu c tion in Pes t s Mai ze Insect tol e ran ce CIMM YT

res o urce poor 
Acid soils Al tol e ran ce

Res i s tan ce in ce re a l s

are as Al tol e ran ce .

Mo re Vi tamins R i ce Vi tamin. A IRRI 

n utr i ti o us M i c ro - R i ce I ro n R i ce I n d i a

food for poo r n utr i e n t s Ch i n a
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NEW UNDERSTANDING OF PLANT AND ANIMAL GENES

G e n o m i cs re fe rs to the proces s es used in identi fying th e

location and function of all the genes contained in an orga-

nism. This new knowledge is changing the future of breeding

for improved strains of crops, livestock, fish, and tree species.

Although much of the discussion about biotechnology today

is focused on the oppo r tun i ti es and risks as s oc i ated with

i n te r - s pe c i fic gene tran s fe r, the same scienti fic discove r i es

brings new tools to assist bre e d e rs to identi fy and tran s fe r

g e n es th rough co nve n tional breeding within a par ti cu l ar

s pe c i es. In many env i ro n m e n t s, future gains in produ c tiv i ty

will depend upon man i p u l ation of co m plex trai t s, such as

d rought or heat tol e ran ce or tol e ran ce to paras i tes. Thes e

traits are often difficult to identify and utilize in conventional

b reeding programs w i th o ut the additional help of mod e r n

s c i e n ce. 

Tw elve cro p s, five liv es tock and two fi sh spec i es provi d e

over 90% of the world’s food. For these staple species, national

and inte r n ational public sector res e arch has made a larg e

investment in genetic resources and breeding materials, and

h as led to an un d e rs tanding of their be h avior in diffe re n t

e nv i ronments. These scienti fic and biol og i cal res o urces will

become increasingly important in gaining knowledge about

the function of genes and in developing molecular markers

to assist in the breeding of improved strains. 

1 2 3 4 5 6

Food Co n s trai n t Targ e t M i c robial New Tissue cu l ture / Mol e cu l ar G e n e tic Fun c ti o n a l Spe c i fi c

s e cur i ty fe r m e n tati o n/ d i a gn o s ti cs / m i c ro p ro p - m ar ke rs e n g i n e e r i n g / g e n o m i cs g l obal 

ob j e c tive b i o - co n trol/ va cc i n es a g ati o n and MA S tran s g e n i cs e xam pl es 

b i o - fe r ti l i ze rs

Me e ti n g Pes t s / R i ce R i ce B a c te r i a l R i ce genome A R BN/

d e m an d d i s e as es I n te grate d bl i g h t Ce re a l s I R R I

p re d i c ti o n s pes t ( Xa1 gene) Ch i n a

for sta pl es Ab i o ti c Sa l i n i ty/ m an a g e m e n t Ce re a l s / Sa l i n i ty I n d i a

s tres s es d ro u g h t D ro u g h t tol e rant genes Ch i n a

tol e ran ce tol e ran ce I C R I S AT

in ce re a l s CIMM YT

I n c re as i n g D i s e as es Cattl e /p i g s / Foot and T h ai l an d

l ives toc k sh e e p. m o uth diseas e Em b ryo

Produ c tion D ai ry cattl e (FM D ) te c h n ol ogy . I n d i a

I n c re asing D i s e as es Sh r i m p Mol e cu l ar T h ai l an d

fi sh/a q u a c . v i r us es d i a gn o s ti cs

I n c re as i n g Pes t s / To m ato/ B a c te r i a l Po tato B a c te r i a l AV R DC

ve g e ta bl es d i s e as es po tato w i l t ( Vi e tn am ) wilt res i s tan t Vi e tn am

b i oco n trol var i e ti es

a g e n t

1 . Tra d i tional biote c h n ol ogy appl i cations such as microbial and food fe r m e n tati o n .

2. New diagnostics and vaccines based on molecular applications.

3. New methods for tissue culture and micropropagation of planting material.

4. Use of molecular markers in marker-assisted selection (MAS) in con ventional

plant and animal breeding.

5 . G e n e tic engineering to produ ce transgenic pl an t /an d /or animal strai n s,

containing new specific gene(s) controlling a particular trait.

6. G e n o m i cs: un d e rs tanding the phys i cal str u c ture of the genome, and in fun c ti o n a l

g e n o m i cs, the fun c tion of spe c i fic genes .A R BN – Asian Rice Biote c h n ol ogy Ne two r k

AVRDC – Asian Vegetable Research and Development Center

CIMMYT – International Maize and Wheat Improvement Center

ICRISAT – International Crops Research Institute for the Semi-Arid Tropics

IRRI – International Rice Research Institute

So urce: Pe rsl ey, G.J. 2001. Agr i cu l tural Biote c h n ol ogy: Global Ch a l l e n g es an d

Emerging Science. In: Persley, G.J., and MacIntyre, L.R. (eds.) Agricultural Biotech-

nology: Country Case Studies—A Decade of Development. CAB Publishing, Wal-

lingford, U.K.

Table 1.5. Illustrative applications of biotechnology to the goal of food security 

B i o te c h n ol ogy appl i cations (1-6)
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S trategic res e arch is re q ui red in order to un d e rs tand th e

genetic basis of the agriculturally important crops, livestock

and fish, to identify potentially useful genes to address impor-

tant co n s trai n t s, and to un d e rs tand how the gene produ c t s

( p ro teins and other meta bol i tes) fun c tion in the cells of th e

l iving org anism. Sc i e n ti fic developments in emerging are as

offer promise of new ways to deal with previously intractable

problems in crop and livestock production, forestry and fishe-

r i es and co n tr i b ute to sus tai n a ble development. To achieve

this promise, they will need to be combined with other skills in

are as such as nutr i tion, bioc h e m i s try, immun ol ogy, ecol ogy

and risk management, as well as understanding and addres-

sing community concerns about gene technology itself. 

Understanding Risks and Benefits of Gene Technology

The rapid increase in the use of new techniques for unders-

tanding and modifying the genetics of living organisms has

led to greatly increased interest and investments in biotech-

n ol ogy. These developments have been acco m panied by

increasing public concerns as to the power of the new tech-

nologies and the safety and ethics of their use for improving

human health, agriculture and the environment. 

Public concerns about the applications of biotechnolo gy

lie in four major areas: 

• Ethical issues; 

• Socio-economic effects;

• Food safety and human health; and 

• Impact on biodiversity and the environment. 

The e th i cal issues re l ate to moral and social co n ce r n s

a bo ut the nature of gene te c h n ol ogy itself and the co n s e-

q u e n ces of its use in spe c i fic situ ations. There are co n ce r n s

about the appropriateness of the use of intellectual property

rights in relation to living organisms, and means to ensure the

equitable sharing of benefits by holders of genetic resources,

owners of indigenous knowledge and inventors. 

Socio-economic effects are concerned with the economic

r i sks and be n e fits in the use of new biote c h n ol ogy appl i ca-

tions, the implications of intellectual property management

on agr i cu l ture in diffe rent co un tr i es and in identi fying wh o

g ains and who loses from the use of new te c h n ol og i es in

various circumstances. These issues are addressed in detail by

Pardey et al (2001). 

In re l ation to food safe ty and hum an hea l th , th e re are

co n cerns as to as s essing the risks of geneti cally mod i fi e d

foods to human health, in the short and long term; identifying

s pe c i fic nutr i tional be n e fits of geneti cally mod i fied food s

developed for this purpose; and searching for any unintended

effects of genetic modifications on food. 

In re l ation to i m pact on biod iv e rs i ty and other po s s i bl e

e nvi ro n m e n tal effec t s, the co n cerns re l ate to as s essing th e

risks and benefits of releasing living modified organisms into

the environment, and the effects such releases may have on

the environment. These effects may be through direct effects

on the environment, including potential impact on biodiver-

s i ty, and/ or i n d i rect effects th rough changing agr i cu l tura l

practices that affect the environment. 

Consideration of these issues, on a case by case basis, pro-

vides a basis for choices on the merits and safety of the appli-

cations of new biote c h n ol og i es to address par ti cu l ar pro-

blems, relative to existing agricultural technologies and other

technology options. While acknowledging the importance of

all these issues in making choices on the use of gene techno-

l ogy to address par ti cu l ar as pects of sus tai n a ble deve l o p-

m e n t, subsequent chapte rs of this document address: The

emerging scientific trends (Chapter 2); the scientific basis of

assessing the effects of gene technology on food safety and

human health (Chapter 3); and the impact of gene techno-

logy on biodiversity and the environment (Chapter 4). 
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Commercial cultivation of transgenic crops 

Broa dl y, the fi rst wave of geneti cally mod i fied cro p s, wh i c h

are in co m m e rcial use, address produ c tion traits; the seco n d

wave, which are mainly under deve l o p m e n t, address quality

and nutr i tional traits; and the th i rd wave for the future addres s

co m plex stress res ponse traits and novel products able to be

p rodu ced in pl ants. The scienti fic basis of dealing with each of

th ese th ree groups of traits is incre asingly co m pl e x .

The produ c tion traits targ e ted in the fi rst wave of tran s g e-

nic pl ant var i e ti es spe c i fi cally addressed the economic an d

e nv i ro n m e n tal costs of chemical management in larg e - s ca l e

a gr i cu l ture. An impo r tant fa c tor in the initial choice of pro-

du c tion traits was the fact th at the major early private inves-

to rs in pl ant biote c h n ol ogy we re seve ral multi n ational chemi-

cal co m pan i es. The long-term viability of chemically bas e d

a gr i cu l ture was being ques tioned as po te n tially: 

• damaging to human health; 

• damaging to the environment, due to chemical damage

to living organisms, and excess chemical run off into water

courses; 

• less effective, due to the build-up of pesticide tolerance in

target pests and diseas es, th us sh o r tening the eco n o m i c

life of agri-chemicals;

• less feasible due to the difficulty in discovering new agri-

chemical compounds. 

B i ol og i cally based management strate g i es we re be e n

s o u g h t, not only to re du ce chemical use in agr i cu l ture but

also to find more powerful ways to increase sustainable pro-

du c tiv i ty and improve quality. Strate g i es for inte grated pes t

m anagement and later inte grated crop management we re

d eve l o ped in some are as. These strate g i es aimed to re du ce

inputs of chemical pesticides, herbicides and fertilisers, maxi-

mise the effectiveness of natural enemies for pest control and

m a ke judicious use of host-pl ant res i s tan ce for disease an d

pest control. 

The co n tr i b utions of gene te c h n ol ogy to tod ay ’s agr i cu l-

ture are already substantial. Discoveries in gene technology

have led to: 

• B e tter un d e rs tanding of how pl ants fun c tion, and how

they respond to the environment. 

• Mo re targ e ted selection ob j e c tives in breeding program s

to improve the pe r fo r m an ce and produ c tiv i ty of cro p s,

trees, livestock and fish, and post harvest quality of food.

• Use of molecular (DNA) markers for smarter breeding, by

e n a bling early generation selection for key trai t s, th us

reducing the need for extensive field selection. 

• Molecular tools for the characterization, conservation and

use of genetic resources

• Powe r ful mol e cu l ar diagn o s ti cs, to assist in the improved dia-

gnosis and management of paras i tes, pests and path ogens. 

• Va cc i n es to pro tect lives tock and fi sh against lethal diseas es. 

In crop agr i cu l ture, appl i cations of gene te c h n ol ogy are

making major contributions to present day agriculture by the

d evelopment of new (co nve n tional) crop var i e ti es, th ro u g h

the use of mar ker as s i s ted selection. The other impo r tan t

application of gene technology in agriculture is in the deve-

lopment of novel, transgenic plant varieties. Here new gene-

tic instr u c tions are introdu ced into the crop by labo rato ry -

based molecular methods, leading to new plant varieties that

have been genetically modified for a specific trait. 

It seems likely th at in most co un tr i es the appl i cations of

gene te c h n ol ogy to agr i cu l ture will be a two - s tage proces s .

Firstly, there are many applications of gene technology that

can be used to improve the management and effi c i e n cy of

present agricultural practices. These include the use of mole-

cular markers in smarter breeding, new diagnostics and vac-

c i n es. Se co n dl y, th e re are options for the targ e ted introdu c-

tion of transgenic strai n s, geneti cally mod i fied for one or

m o re spe c i fic traits. Al though transgenic strains of var i o us

species of crops, trees, livestock and fish have been developed

e x pe r i m e n ta l l y, only transgenic crop var i e ti es are in wides-

pread commercial use in agriculture. 
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2. Emerging Scientific Trends 
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In regard to the development of novel genetic approaches

for specific production traits, a combination of new scientific

possibilities, business opportunities, and decreasing viability

of chemically-based agriculture led to the targeting of parti-

cular production traits (insect resistance and herbicide tole-

ran ce) and their subsequent co m m e rcial development into

new transgenic crop varieties. 

The first transgenic plant was produced experimentally in

1983. The first commercial cultivation was in 1995. By 2001,

there were almost 53 million hectares of genetically modified

crops growing in 13 countries (James, 2001). The most com-

mercially important of these crops are soybean, corn, cotton

and canola (oil seed rape). The traits these new plant varieties

contain are mainly insect resistance (corn, cotton), herbicide

res i s tan ce (corn, soybe an), delayed fr uit ripening (to m ato )

and virus res i s tan ce (pa paya) (Fi g ure 1.1, Ta bl es 1.2, 1.3).

Many other crops and traits are under investigation but most

have yet to be taken through to practical use.  

Trait Selection

SINGLE GENE PRODUCTION TRAITS

The developers of the first generation of genetically modi-

fied (transgenic) crops fa ced a num ber of te c h n i cal limita-

tions that constrained the choice of crops and traits that have

been ta ken th rough to full product development. Thes e

constraints included: 

• The av ai l a b i l i ty of genes co n trolling traits th at could be

manipulated. Initially, only traits controlled by single genes

could be man i p u l ated; and single genes co n trol only a

limited number of traits. 

• The efficiency of the methods to produce genetically modi-

fied plants that express the desired trait consistently under

field conditions; 

• The need to meet ev ol ving reg u l ato ry req ui re m e n t s fo r

new crop varieties (and other genetically modified orga-

nisms) containing genes from outside their normal range

of hybridization. 

Choice of single gene traits

Initially, only certain traits that were controlled by a single

gene could be genetically manipulated for the development

of transgenic crops. Thus, single genes th at co nveyed res i s-

tance to certain species of insects (Lepidoptora) by producing

a toxin, we re derived from a soil-borne ba c te r i um (B a c i l l us

th ur i n g i e n s i s) and tran s fe r red to seve ral pl ant spe c i es. This

discovery led ultimately to the commercial production of Bt

co tton and B t corn. Si m i l ar l y, var i o us single genes th at

co n fe r red tol e ran ce to selected herbicides we re tran s fe r re d

to soybe an, can ola and corn. In some instan ces, th ese two

traits have been combined, to produce insect and herbicide

tol e rant corn and co tton. These appl i cations have led to

re du c tions in the am o unt of pes ticide being used for insect

co n trol in co tton and corn (Car pe n ter et al 2002; Jam es

2001). 

Management of single gene traits

The care ful targ e ting and co r rect management of single

gene traits is critical for their successful use in agriculture. The

management of single gene traits is important so as to avoid

the boom/bust cycles typical of single gene resistance when

used previously in agriculture. 

For example, when single gene traits are being manipula-

ted to enhance pest or disease resistance in a plant, there is a

risk that the pest or pathogen will evolve so as to overcome

this host res i s tan ce. This occurs with co nve n tionally bre d

plant varieties, which are usually replaced after a number of

ye ars as the pest or path ogen evol ves (eg wh e at var i e ti es

w i th rust res i s tan ce). Ye t, th e re are also instan ces wh e re

co nve n tionally bred pl ant var i e ti es with single-gene bas e d

d i s e ase res i s tan ce has been sta ble over many ye ars, es pe-

cially for bacterial and virus diseases. 

In the deployment of new transgenic varieties of Bt-crops,

such as co tton and corn, in broad scale agr i cu l ture, much

effort has gone into devising and implementing specific crop

management arrangements that mitigate against the evolu-

tion of res i s tan ce in the target pest. These crop cu l tivati o n

regimes include leaving some of the field as non-transgenic,

susceptible crops (refugia for the insects), which reduces the

evolutionary pressure on the pest to evolve to overcome the

pest resistance in the plant (Gould, 1996; Rousch, 1996). 

A n o ther strate gy is to include in the pl ant two diffe re n t

g e n es for pest res i s tan ce (eg two diffe rent B t g e n es). This

gene stacking strategy makes it more difficult for the pest to

evol ve, as it has to ove rcome two or more res i s tan ce genes

with different modes of action. 



DEALING WITH COMPLEX TRAITS

Most characteristics of food are controlled by more than

one gene. Thus tas te, aro m a, col o r, nutr i tional co m po s i ti o n

and other as pects of food quality are the result of co m pl e x

biochemical reactions within the plant before and after har-

vest. Crop yield is also a co m plex chara c te r i s tic, with many

g e n es invol ved in pl ant deve l o p m e n t, fl owe r i n g, and yield

components. 

Crop res po n s es to stress during cu l tivation are often co n trol-

led by many genes, which sti m u l ate co m plex bioc h e m i ca l

pathways within indiv i dual pl ant cells. For exam ple, many

g e n es co n trol pl ant res po n s es to fungal infe c tions. Si m i l ar l y,

some pl ants have deve l o ped means to res pond to env i ro n m e n-

tal stres s es such as drought by changing their meta bolism to

a cco m m od ate having less water avai l a ble (eg sorg h um). 

New targets

Em e rging scienti fic developments are enabling co m pl e x

traits to be addressed, with the intention of developing new

p roducts of po te n tial value for agr i cu l ture, hum an health

and the env i ronment (Ta ble 2.1). These include traits in th e

following categories: 

Increasing sustainable agricultural production, by the cul-

tivation of crops that are better able to tolerate biotic stresses

(pests, diseases and weeds) and abiotic stresses (drought, sali-

nity, and temperature stress). 

D el ivering hea l th be n efi t s th rough more nutr i ti o n a l l y

be n e ficial food s, with higher co n tent of es s e n tial vitam i n s

and minerals, especially in staple crops such as rice. Reducing

allergenic, carcinogenic and/or toxic compounds in certain

plants may also be possible, so that they are safer sources of

food. (eg reduced cyanide content in cassava; removing aller-

genic content of nuts; modifying oil content of certain plants

to produce more long chain, poly-unsaturated fatty acids).

Using plants for pharmaceutical production: Certain plants

may provide a platform (bioreactor) for the more economical

and efficient production of specific proteins, such as vaccines

a g ainst hum an diseas es, and other ph ar m a ce uti cals. This

approach is being used successfully in microbes and transge-

nic animals th at have been geneti cally engineered to pro-

du ce ce r tain high value ph ar m a ce uti cals (eg insulin in

m i c robes; bl ood clotting fa c tor in sheep). (Larrick and Tho-

mas, 2001). 

Using plants for production of products for industrial pur-

poses: These compounds may include novel compounds such

as biod e gra d a ble pl as ti cs and indus trial stre n g th fi be rs, as

well as the more efficient production of common plant pro-

ducts such as starch and alcohol used for industrial purposes. 

Envi ro n m e n tal be n efits: Using pl ants (and microbes) to

m i ti g ate the effects of indus trial pol l ution (b i o re m ed i ati o n) ,

by increasing their ability to remove and/or break down toxic

compounds in the soil. Recent demonstrations include trans-
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Targ e t Trai t Il l us trative cro p s

I m p roved D rought tol e ran ce co r n

p rodu c tiv i ty Sa l i n i ty tol e ran ce r i ce

Al um i n um tol e ran ce toba cco

D i s e ase res i s tan ce r i ce

He a l th be n e fi t s Vi tamin A co n te n t r i ce, mus tard

I ron co n te n t r i ce

Re du ced tox i n s cas s ava

Value added trai t s Col o ur chan g es fl owe rs

Fl avo ur chan g es to m ato

Pl ants for medicinal Va ccine produ c ti o n ban ana , po tato

p ur po s es to m ato, toba cco

Pl ants for indus trial B i od e gra d a bl e co r n

p ur po s es pl as tic produ c ti o n

S tarch produ c ti o n co r n

Al coh ol produ c ti o n s u g arcan e

“ Self re g u l ating” Li m i ting gene fl ow oilseed ra pe 

pl an t s to re l ated an d /o r

wild spe c i es

Re m oving toxic Me rcury pol l uti o n A rabidopsis th a l i an a

co m po unds from 

the env i ronment Ca d m i um toba cco

( b i o re m ed i ati o n ) co n tam i n ati o n

Ta ble 2.1. Co m plex traits being addres s ed th rough emerg i n g

s c i e n ti fic dev elopments in pl ant biotec h n ol ogy



genic plants changing mercury into a less toxic form (Bizily et

al., 2000); plants with improved abilities of Cd accumulation

( Cobbe tt, 2000); and pl ants degrading indus trial was te an d

harmful substances (Hannink et al., 2001). 

From promises to reality

The attra c tive n ess of the new targets amongst co m pl e x

traits is te m pe red by the fact th at th ey are te c h n i cally diffi-

cult, requiring the expression and control of multiple genes,

often involved in different biochemical pathways. 

Recent scientific developments confer the ability to study

the str u c ture and fun c tion of all the genes within an org a-

nism simultaneously (through genomics), as well as the pro-

tein products th ey code for (th rough p ro teo m i cs). It is also

po s s i ble to stu dy the role of all the chemical co m po unds in

the meta bolism of the cell (th rough m e ta bol o m i cs). Thes e

emerging scientific developments are being greatly assisted

by powe r ful co m p uting and stati s ti cal te c h n i q u es th at

e n a ble the as s e m bl y, inte r rog ation and inte r p re tation of

l arge data bas es (th rough b i o i n fo r m ati cs). New terms are

being coined to describe these rapidly evolving branches of

science and the techniques on which they are based (Boxes

2.1-2.3). 

These new fields of science are using a series of sophisti-

cated techniques to locate and characterize genes, proteins

and other co m po un d s, un d e rs tand their fun c tions and th e

m e ans to man i p u l ate them for new pur po s es. Most impo r-

tantly, several methodologies have been developed that per-

mit the study of genes, proteins and other metabolites collec-

tively rather than individually (Box 2.4). 

The emerging scienti fic po s s i b i l i ti es also pose new chal-

lenges in the assessments of the risks and benefits of potential

new products to human health and the environment. Some

of th ese po te n tial products are meant for food or feed us e ,

while oth e rs are intended for use as ph ar m a ce uti ca l s, an d

o th e rs as co m po unds for indus trial us es. Some will re q ui re

i n te r - s pe c i fic tran s fer and co n trol of multi ple genes. Oth e rs

will rely on switching on (or off) and better regulating genes

th at are alre a dy present in the org anism but not us u a l l y

expressed. 

New scienti fic developments also offer po te n tial means to

ove rcome some of the risks invol ved in the cu l tivation of gene-

ti cally mod i fied crops. These include limiting the un i n te n ti o-
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Box 2.1: Components of biotechnology 

B i o tec h n ol ogy is any technique th at us es living org anisms or par t s

th e reof to make or modify a produ c t, improve pl ants or an i m a l s, 

or dev elop microo rg anisms for spec i fic us es. 

All the chara c te r i s ti cs of any given org anism are encoded within its

g e n e tic mate r i a l, which consists of the col l e c tion of d eox yr i bo n u-

cleic acid ( DNA) mol e cu l es th at exist in each cell of the org an i s m .

The co m pl e te set of DNA mol e cu l es in an org anism co m p r i s es its

g e n o m e. The genome is divided into a series of fun c tional un i t s, ca l-

led genes. The genome co n tains two co p i es of each gene, one

h aving been re ce ived from each parent. The col l e c tion of trai t s d i s-

pl ayed by any org anism (ph e n o type) depends on which genes are

p resent in its genome (g e n o type). The appe aran ce of any spe c i fi c

ph e n o typic trait also will depend on many other fa c to rs, including:

wh e ther the genetic info r m ation res po n s i ble for the trait [i .e th e

s pe c i fic gene(s) as s oc i ated with it] is turned on (e x p res s ed) or off,

the spe c i fic cells within which the genes are expres s e d, and how

the genes, their expression, and the gene products inte ract with

e nv i ro n m e n tal fa c to rs (genotype x env i ronment effe c t s ) .

Box 2.2: Recombinant DNA Technologies

In the 1970s, a series of co m pl e m e n tary advan ces in the field of

m ol e cu l ar biol ogy provided scientists with the ability to re a d i l y

m ove DNA be tween close and more distan tly re l ated org an i s m s .

Tod ay, this reco m b i n ant DNA tec h n ol ogy h as reached a sta g e

wh e re a piece of DNA co n taining one or more spe c i fic genes can

be ta ken from nearly any org anism, including pl an t s, an i m a l s, ba c-

te r i a, or virus es, and introdu ced into any other org anism.  This pro-

cess is known as tran s fo r m ati o n . The appl i cation of re co m b i n an t

DNA te c h n ol ogy has been termed g e n e tic engineering. An org a-

nism th at has been improve d, or tran s fo r m ed, using modern te c h-

n i q u es of genetic exc h ange is commonly re fe r red to as a g e n e ti-

cally improv ed org an i s m or a living mod i fi ed org an i s m .

The offspring of any tra d i tional cross be tween two org anisms also

are g e n e ti cally improv ed re l ative to the genotype of either of th e

co n tr i b uting parents.  Strains th at have been geneti cally improve d

using re co m b i n ant DNA te c h n ol ogy to introdu ce a gene fro m

e i ther the same or a diffe rent spe c i es also are known as tran s g e n i c

s trai n s and the spe c i fic gene tran s fe r red is known as a tran s g e n e.

Not all geneti cally improved org anisms invol ve the use of cro s s -

s pe c i es genetic exc h ange. Re co m b i n ant DNA te c h n ol ogy also can

be used to tran s fer a gene be tween diffe rent var i e ti es of the sam e

s pe c i es or to mod i fy the expression of one or more of a given pl an t ’s

own genes, such as the ability to am pl i fy the expression of a gene

for disease res i s tan ce. 



nal movement of genes out of the target crop (th rough g e n e

co n tai n m e n t), wh e re such movement may pose a risk to biod i-

ve rs i ty or to the env i ronment. Better food safe ty as s es s m e n t s

of any un i n tended chan g es in the co m po s i tion of foods may

be un d e r ta ken by as s essments of the co n tent of wh ole food s

( th rough m e ta bol o m i cs). 

The challenge is to identify how emerging scientific disco-

veries, such as those in the rapidly evolving fields of genomics,

proteomics and metabolomics, amongst others, can be trans-

lated into safe applications of biotechnology that will lead to

n ew var i e ti es of cro p s, novel foods and new products th at

deliver benefits for society. These new applications and their

r i sks and be n e fits will differ in diffe rent parts of the wo r l d .

Careful thought needs to be given to identifying the most sui-

ta ble targets and des i ra ble traits for future res e arch an d

development efforts, in different countries and environments. 

Understanding Plant and Animal Genes 

The past decade has seen dram atic advan ces in our

un d e rs tanding of how biol og i cal org anisms fun c tion at th e

m ol e cu l ar level, as well as in our ability to an a l yze, un d e rs tan d,

and man i p u l ate DNA mol e cu l es, the biol og i cal material fro m

which the genes in all org anisms are made. The enti re proces s

h as been acce l e rated by the Hum an Genome Pro j e c t, wh i c h

h as inves ted substan tial public and private res o urces into th e

d evelopment of new te c h n ol og i es, skills and equipment to

work with hum an genes. The same te c h n ol og i es are dire c tl y

a p pl i ca ble to all other org an i s m s, including pl an t s, an i m a l s,

i n s e c t s, and microbes. Thus, the new scienti fic discipline of

g e n o m i cs h as arisen, which has co n tr i b uted to powe r ful new

a p p roa c h es to identi fy the fun c tions of genes and their appl i-

cations in agr i cu l ture, medicine, and indus try. 

G e n o m i cs re fe rs to means of determining the DNA

sequence and identifying the location and function of all the

genes contained in the genome of an organism. The advent

of large-scale sequencing of entire genomes of organisms as

d ive rse as ba c te r i a, fungi, pl an t s, and an i m a l s, is leading to

the identi fi cation of the co m pl e te co m plement of genes

fo und in many diffe rent org anisms. This is dram ati ca l l y

e n h ancing the rate at which an un d e rs tanding of the fun c-

tion of different genes is being achieved. This new knowledge

is changing the ways of developing future improved strains of

crops, trees, livestock and fish. 

Platform technologies 

Rapid te c h n i cal advan ces are occurring in th ree maj o r

areas: (1) DNA sequencing; (2) genome analysis, and (3) com-

p utational biol ogy (bioinfo r m ati cs). Fi rs tl y, developments in

DNA sequencing have made the acq ui s i tion of wh ol e

genome sequences po s s i ble. These data, when inte r p re te d

with the assistance of bioinformatics, can provide a complete

l i s ting of all the genes present in an org anism, (its g e n e ti c

blueprint). The first genome sequence of a higher organism

was published in 1996. More than 23 genome sequences are

available, and some 60 or more genome sequencing projects

of a wide var i e ty of org an i s m s, including pl an t s, an i m a l s,

paras i tes, and microbes, are under way (more details on

structural genomic projects are available on The Institute for

Genomic Research-TIGR- web site, http://www.tigr.org/). 

Se co n dl y, diffe rent types of te c h n ol og i es have been deve l o-

ped for genome an a l ys i s, which speed up the process. Wh at

p uts this type of genome an a l ysis into a diffe rent league is th at,

w i th the immense incre ase in the am o unt of DNA sequence

d ata avai l a ble, it is po s s i ble to scan wh ole genomes ra p i dl y

and to develop a sys tems approach for mapping genetic traits. 
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Box 2.3: New terms in biotechnology

• G e n o m i cs is the discove ry and stu dy of many genes simulta-

n e o usly on a genome-wide scale. The th re e - i n te r - re l ated stran d s

of genomics are str u c tural, fun c tional and co m parative genomics :

• S tr u c tural genomics is co n cerned with the dete r m i n ation of

genome str u c ture at the sequence leve l .

• Co m parative genomics i nvol ves un d e rs tanding the mol e cu l ar bas i s

of similar i ti es and diffe re n ces be tween the genomes of org an i s m s .

• Fun c tional genomics focus es on un d e rs tanding the fun c tion of

s pe c i fic genes. 

• Pro teo m i cs i nvol ves larg e - s cale stu d i es on gene expression at th e

p ro tein level, including the pur i fi cation, identi fi cation, and quan-

ti fi cation of pro teins and the dete r m i n ation of their loca l i zati o n ,

m od i fi cati o n s, inte ra c tions and activ i ti es in the org an i s m .

• Me ta bol o m i cs re l ates to the an a l ysis of all ce l l u l ar meta bol i tes, so

as to un d e rs tand all the co m po unds working in a cell, and the bio-

c h e m i cal pathways by which th ey act. 

• B i o i n fo r m ati cs is the use of co m p ute rs for the acq ui s i tion, col l a-

tion, inte r rog ation and inte r p re tation of large col l e c tions of co m-

plex biol og i cal data. 



T h e re are co n ti n uing improvements in mol e cu l ar te c h-

n i q u es so as to re du ce their costs and incre ase their spe e d

and efficiency in dealing with large numbers of genes. Parti-

cu l arly impo r tant are cDNA microar ray te c h n i q u es. Thes e

are used in fun c tional genomics to identi fy how each gene

res ponds to a spe c i fic env i ro n m e n tal stress. Si m i l ar te c h-

niques are being developed for the study of proteins, through

proteins arrays. 

For example, in microarray analysis, when all the genes in

a plant (about 25,000 in Arabidopsis thaliana) are placed on

a glass slide and subjected to a sequence of env i ro n m e n ta l

stresses, it is possible to determine the several genes that are

most impo r tant in the org an i s m ’s ove rall res ponse to stres s .

T h ese genes will be those th at react to all the stres s es. This

small number of genes can then be studied in more detail for

their specific functions and potential use in the development

of stress-tolerant plant varieties. 

New developments in the molecular tools for gene, protein

and meta bol i te stu d i es have been rev i ewed re ce n tly by van

Montagu and Burssens (2002). The molecular tools presently

available and their uses are summarized in Box 2.4. 

Bioinformatics

It is possible to use the developments in bioinformatics to

un d e rs tand the co m plex genetic inte ra c tions invol ved in

grow th, deve l o p m e n t, and env i ro n m e n tal res po n s es. Deve-

lopments in bioinfo r m ati cs are allowing the pre d i c tion of

gene fun c tion from gene sequence. Thus from genome

sequences of DNA it is possible to build a theoretical frame-

work of the biology of an organism (Flavell, 1999). This forms

a powerful base for further experimentation. In addition, as

the num be rs of phys i cal and genetic maps of diffe rent spe-

c i es incre ase, it be co m es po s s i ble to co m pare th ese acro s s

different organisms (through comparative genomics), be they

m i c robes, pl ants or an i m a l s, and to sign i fi can tly re du ce th e

time re q ui red identi fying impo r tant genes. Some of th es e

g e n es are co n s e rved (sh ared) be tween org anisms. Thes e

technologies allow novel approaches to addressing biologi-

cal problems. 

The results of the early genome mapping projects have

sh own th at many genes are co n s e rved (sh ared) am o n g s t

o rg anisms as dive rse as hum an s, an i m a l s, pl an t s, fi sh an d

microbes. 
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Box 2.4: New Biotechnology Methodologies at Gene, 

Protein, and Metabolite level

Te c h n ol ogy Me th od ol og i es

G e n o m i cs

S tr u c tural Genomics Genomic sequencing: wh ole genome shot 

g un sequencing and by low cost shot gun 

sequencing of enriched genic re g i o n s .

Ex p ressed sequence tags (ES T) sequencing.

A FLP, SNP te c h n ol ogy. 

Fun c tional Genomics c DNA microar rays 

A FLP expression profi l i n g

H i g h - th ro u g h p ut ph e n o typing of tran g e n i c

pl ants and te m pe rature sensitive mutan t s

Post tran s c r i p tional gene silencing 

( R NA inte r fe re n ce )

Ch e m i cal geneti cs

Pro te o m i cs 2D gel an a l ys i s

Gel free pro tein separation + MA LD I - TOF 

Pro tein microar rays

Twohybrid scre e n

Pe p tide aptam e rs

Me ta bol o m i cs Li q ui d /G as chro m atogra phy combined with

m ass spe c tro m e try (HPLC-MS; HPGC - M S )

Ca p i l l ary electro ph o resis (HPCE-MS; CEC) 

Source: van Montagu and Burssens 2002

Plant genome mapping (structural genomics)

Much research in plant sciences is done on model plants

such as Arabidopsis thaliana, a small crucifer plant belonging

to the Brassicaceae. Plant genomes vary greatly in size, ploidy,

and chromosome number. Arabidopsis thaliana was chosen

as the preferred model plant for genomic and related biolo-

gical studies because of its small genome and short genera-

tion time. The knowledge acquired on model plants has spill

over be n e fits to eco n o m i cally impo r tant crops in the deve-

lopment of novel traits.

The first plant genome that has been completely sequen-

ced is A rabidopsis th a l i an a, as a result of the inte r n ati o n a l

A ra b i d o p s i s Genome Initi ative, which co m m e n ced in 1996.

The A ra b i d o p s i s genome sequencing sh ows bo th str u c tura l

fe atures of the genome and gives info r m ation abo ut th e

fun c tion of seve ral genes. The to tal genome holds abo ut



25,500 genes. About half of these genes appear to be specific

to plants. 

The genomic sequencing of eco n o m i cally impo r tan t

c rops is also being un d e r ta ken. The most advan ced are th e

several sequencing projects on rice, to map the indica (Oryza

s ativa var indica) and j a po n i ca (O ry za sativa var j a po n i ca)

r i ce types. Some of th ese projects are being un d e r ta ken by

public consortia, led by scientists from China, Japan and the

international rice genome sequencing project, for indica rice

(Yu et al; 2002). Others are being undertaken by private com-

pan i es, for japo n i ca rice (Goff et al, 2002). Almost half th e

genes so far identified in rice are similar to genes that occur

in Arabidopsis thaliana. A maize genome-sequencing project

is also in progress. It appears likely that rice, maize and other

cereals share a large number of common genes. 

T h e re are also many other genome sequencing pro j e c t s,

for over 100 pl ant spe c i es, based on the use of expres s e d

sequence tags (ESTs). These species include soybean, oilseed

ra pe, sugar cane, amongst oth e rs (see http : //w w w. n ature .

com/genomics).

Functional genomics for trait discovery

The purpose of functional genomics is to understand the

role that a particular gene plays in the life of a plant. Several

techniques have been developed to assist in the identification

of gene function. These include knock-out techniques (whe-

reby an individual genes is disrupted and the resulting mutant

ph e n o type co m pared with the wild type to identi fy any

changes in phenotype). This technique is being used in rice to

identify the function of all the genes in rice. 

A co m pl e tely sequenced pl ant genome such as rice, fo r

example, will provide a pool of genetic markers and genes for

rice improvement through marker-assisted selection or gene-

tic tran s fo r m ation. To fully exploit the we a l th of mol e cu l ar

d ata it is neces s ary to un d e rs tand the spe c i fic biol og i ca l

functions encoded by DNA sequence through detailed gene-

tic and phenotypic analyses. Thus unlike genome sequencing

(structural genomics), functional genomics requires diversity

of scientific expertise as well as genetic resources for evalua-

tion. In many important food crops, national and internatio-

nal public sector research has a large investment in genetic

res o urces and breeding mate r i a l s, and a long histo ry of

un d e rs tanding biol og i cal fun c tion and genotype x env i ro n-

ment inte ra c tions. These scienti fic and biol og i cal res o urces

will be come incre asingly impo r tant in gaining knowl e d g e

a bo ut the fun c tion of genes and in developing mol e cu l ar

markers to assist the breeding process (Fischer et al 2000).

Proteomics

Most ce l l u l ar fun c tions are carried out by multi - p ro te i n

complexes. New techniques are enabling these complexes to

be un rave l l e d, and the fun c tions of indiv i dual pro te i n s

un d e rs tood. Te c h n i q u es for larg e - s cale pro tein separati o n ,

combined with precise approaches that analyze, identify, and

characterize the separated proteins, are enabling researchers

to investigate cellular function at the protein level. 

Proteomics has been enabled by the accumulation of both

DNA and protein sequence databases, improvements in mass

spectrometry, and the development of computer algorithms

for database searching (van Montagu and Burssens 2002). 

New te c h n i q u es allow the identi fi cation and quan ti fi ca-

tion of proteins expressed in a particular tissue or in a specific

d eve l o p m e n tal or env i ro n m e n tal co n d i tion, such as in res-

ponse to stress. These te c h n i q u es include 2-Dimensional -

protein gel electrophoresis combined with mass spectrome-

try ( B ox 2.4). Re cent improvements are making th e

te c h n i q u es more sensitive so th at th ey can detect small

amounts of proteins (Mann 2001). 

The recent development of protein arrays will be a power-

ful method to link genomics with proteomics. In this system,

fully active pro teins are spo tted onto membran es to stu dy

protein interactions, protein-nucleic acid interactions or pro-

tein-ligand interactions (Ge, 2000).

Metabolomics

B es i d es the inte gration of data on pro tein fun c tion an d

activity, information on metabolite levels in the cell is critical

to ob taining a hol i s tic view on a biol og i cal process and its

fun c tional bioco m pl e x i ty. Examining chan g es in meta bol i c

profiles (through metabolomics), can be an important part of

an integrative approach for assessing gene function and rela-

tionships of phenotypes (van Montagu and Burssens, 2002). 

Modern high-res ol ution te c h n i q u es allow the es ta bl i sh-

ment of a profile of all the metabolites present in a specific
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plant tissue. By use of improved tools for analytical chemistry

a var i e ty of prev i o usly un i d e n ti fied bioc h e m i cal pathways

can now be understood. 

Metabolomics can provide information on metabolic net-

work re g u l ation in res ponse to genetic and env i ro n m e n ta l

perturbations, leading to a better understanding of plant res-

po n s es to stress. Genes encoding the biosy n th e tic enzymes

can also be more easily identified and consequently the pro-

du c tion of seco n d ary and inte r m e d i ary meta bol i tes in cro p

plants can be envisaged. The study of secondary metabolites

is of particular interest to the pharmaceutical industry, since

most drugs are based on plant derived products. 

By exploring the th ree levels of genomic an a l ysis (tran s c r i p-

tome, pro teome and meta bolome), exte n s ive data bas es of

q u an ti tative info r m ation are being deve l o ped abo ut th e

d e gree to which each gene res ponds to env i ro n m e n tal sti m u l i .

T h ese stimuli may come from biotic and abiotic stres s es such

as path og e n s, pes t s, dro u g h t, salt; from chemicals such as phy-

toh o r m o n es, grow th re g u l ato rs, herbicides and pes ti c i d es; or

from chan g es in deve l o p m e n tal proces s es such as germina-

tion and fl owering. These data bas es will provide insights into

the set of genes th at co n trol co m plex res po n s es and will

c re ate powe r ful oppo r tun i ti es to as s i gn fun c tional info r m a-

tion to genes of oth e rwise un k n own fun c tion (van Mo n ta g u

and Burs s e n s, 2002).

Improving Enabling Technologies for Gene
Manipulation

The essential tools of gene technology are the techniques

that enable one or more genes that control a particular trait

to be transferred within or between species, switched on, and

made to express th e m s e l ves in the right pl a ce, at the right

time and in the right amount. Thus several enabling techno-

l og i es are re q ui red to fa c i l i tate the dete c tion, tran s fe r, an d

expression of genes (Box 2.5). 

Initially, only a limited number of plant species and some-

times only a small number of strains within a species could be

tran s formed and re g e n e rated. Much cur rent res e arch is

directed at improving the enabling techniques for gene tech-

n ol ogy, so th at the te c h n i q u es be come fas te r, more pre c i s e ,

l ess expe n s ive and more widely appl i ca ble to all pl ant spe-

cies. For example, improved techniques are being developed

to enable the introdu c tion and simultan e o us expression of

m u l ti ple genes th at co n trol a par ti cu l ar trait. Other te c h-

n i q u es being deve l o ped are co n cerned with new ways to

manipulate the plant’s own genes, by switching them on and

off, perhaps in response to particular environmental stimuli.  

Potential Applications from Emerging Scientific
Developments

NEW APPROACHES FOR DISEASE RESISTANCE
AND STRESS TOLERANCE

Examples of the current approaches that are being used to

d evelop new crop var i e ti es with tol e ran ce to pl ant diseas es

are described in Box 2.6.  New approaches to dealing with the

complex traits associated with abiotic stress tolerance in the

environment are summarised in Box 2.7.

METABOLIC ENGINEERING FOR PRODUCING SPECIFIC
COMPOUNDS IN PLANTS

Metabolic engineering is the in vivo manipulation of bio-

chemistry to produce non-protein products or to alter cellular

properties (Elborough and Hanley, 2002). The products may

be native to the plant or novel (expressed after the introduc-

tion of genes from another source). The non-protein products

able to be produced by plants include: 

• alkaloids such as quinine,

• lipids such as long-chain polyunsaturated fatty acids, 

• polyterpenes such as rubber, 

• structural components such as lignin, 

• osmoprotectants such as glycine betaine, 

• aroma compounds such as S-linalool in tomatoes, 

• pigments such as blue delphinidin in flowers, 

• vitamins such as folic acid,

• biodegradable plastics such as polyhydroxyalkanoates.

Recent research shows that the following applications of

m e ta bolic engineering are te c h n i cally po s s i ble in pl ants at

the experimental level:  Increasing vitamin A content (Ye et al

2000); incre asing es s e n tial oil produ c tion (Mahmoud an d

Cro teau, 2001); decre asing lignin depo s i tion (Abbo tt et al

2002); stimulating the bioconversion of secondary metabo-

l i tes to medicinally impo r tant alkaloids (Van der Fits an d

Memelink, 2000); improving tomato flavor (Wang et al 2001)



and producing biodegradable plastics in plants (Bohmert et

al, 2000). Several of these products are now in development

ph ase and are likely to be coming fo rward for re g u l ato ry

approval over the next several years. 

Meeting Evolving Regulatory Requirements

The revolutionary nature of the discoveries in gene tech-

nology has also raised concerns as to the safety of genetically

m od i fied foods for hum an co n s um p tion and the po te n ti a l

impact of genetically modified crops and other living modi-

fied organisms (LMOs) on the environment. These concerns

arise largely because the first generation of genetically modi-

fied crops have been produced by the introduction into plants

of genes from other p hyla, with whom the plants would not

normally cross in nature. 

Re g u l ato ry/r i sk issues th at are being addressed th ro u g h

new research developments include: 

• Li m i ting gene fl ow to re l ated and wild spe c i es, by g e n e

containment;

• Co n trol of trait expres s i o n and move m e n t, to minimise

i m pact on non-target spe c i es; for exam ple, by limiti n g

transgene expression to spe c i fic pl ant parts and ti m es in

the life cycle; 

• Re m oval of DNA from sel ec ta ble mar ke rs and pro m o te rs,

especially when these are derived from bacteria or viruses. 

Selectable markers are used to demonstrate that a trans-

fo r m ation event has occur red and to select th ese tran s fo r-

med individual plants in the laboratory. These selectable mar-

kers have often been genes for antibiotic resistance derived

from bacteria. The use of antibiotic resistance markers espe-

cially has raised some concerns that these may contribute to

the further development of antibiotic resistance in humans,

by horizontal gene transfer of DNA from genetically modified

foods and crops to humans and animal pathogens. The likeli-

h ood of this happening is re m o te. Neve r th e l es s, new selec-

ta ble mar ke rs such as those co nveying a green fl u o res ce n t

p i gment are re placing th ese an ti b i o tic res i s tant selecta bl e

makers. Another approach is to remove the selectable marker

after the transformed plants have been selected in the labo-

rato ry but be fo re th ey move into field tes ting and produ c t

development (Hare and Chau, 2002). 

Box 2.5: Gene Transfer Technologies 

Two primary meth ods cur re n tly exist for introducing new transgenic gene-

tic material into pl ant genomes in a fun c tional man n e r. For pl ants know n

as dicots (broa d - l e aved pl ants such as soybe an, to m ato, and co tton), tran s-

fo r m ation is usually brought abo ut by use of the ba c te r i um, A groba c te r i um

tum efaciens. Agroba c te r i um n aturally infects a wide range of pl ants by

i n s e r ting some of its own DNA dire c tly into the DNA of the pl ant. By ta k i n g

o ut the un d es i ra ble traits as s oc i ated with A groba c te r i um i n fe c tion an d

i n s e r ting a gene of inte rest into the A groba c te r i um DNA th at will ulti m ate l y

be inco r po rated into the pl an t ’s DNA, any des i red gene can be tran s fe r re d

i n to a dico t ’s DNA fol l owing ba c terial infe c tion. The cells co n taining th e

n ew gene subsequently can be identi fied (with the aid of selecta ble mar-

ke rs) and grown (using pl ant cell cu l ture te c h n i q u es) into a wh ole pl an t

th at now co n tains the new transgene inco r po rated into its DNA. 

Pl ants known as monocots (including ce reals such as mai ze, wh e at, an d

r i ce) are not readily infe c ted by A groba c te r i um. The external DNA th at is

to be tran s fe r red into the pl an t ’s genome is coated on the sur fa ce of small

tun g s ten balls and the balls are phys i cally shot into pl ant cells (the biol i s-

tic meth od, using a gene gun). Some of the DNA co m es off the balls an d

is inco r po rated into the DNA of the recipient pl ant. These tran s fo r m e d

cells can similarly be identi fied and grown via cell cu l ture into a wh ol e

pl ant th at co n tains the fo re i gn DNA. In the case of A groba c te r i um-

m e d i ated gene tran s fe r, its success var i es with the pl ant spe c i es, and eve n

be tween strains within the one spe c i es. There are co n ti n uing efforts to

i n c re ase the effi c i e n cy of tran s fo r m ation te c h n i q u es, for exam ple by th e

s e l e c tion of par ti cu l ar strains of A groba c te r i um. 

I m p roving gene co n trol

In the early tran s fo r m ation effo r t s, genes we re inserted at random into

the genome. The location at which the gene was pl a ced randomly on th e

pl ant chromosome has been sh own to affect the level of gene expres s i o n .

( be ca use chromosomal pro teins modu l ated gene expression). For var i o us

re as o n s, an introdu ced gene may not express itself pro pe r l y, for exam pl e

if multi ple co p i es of the gene are inserted into the pl ant (a fe ature te r m e d

gene silencing). Much res e arch effort is going into improving gene co n trol

and re g u l ation, so as to incre ase the precision of the tran s fo r m ation pro-

cess. Id e a l l y, a single co py of a gene will be able to be inserted into a par-

ti cu l ar part of the genome. Such improvements in gene co n trol will allow

p recise gene pl a cement and po s s i bly also gene re pl a cement. 

Mu l ti ple gene co n trol

Wh e re multi ple genes are re q ui red to produ ce a des i red pl ant type (ph e n o-

type), an impo r tant pre re q ui s i te is to be able to sw i tch on all the re q ui re d

g e n es simultan e o usly and to a similar degree. Yet coo rd i n ating the expres-

sion of more th an one gene has proved diffi cult. Two types of strate g i es are

e m pl oyed when introducing multi ple genetic mod i fi cations. These are

s i m u l tan eo us or seq u e n tial tran s fo r m ati o n . In s i m u l tan eo us tran s fo r m ati o n ,

s eve ral genes are either col l e c ted into one tran s forming mol e cule an d

i n trodu ced into the target pl an t, or th ey may be simultan e o usly inserte d

while on diffe rent tran s forming mol e cu l es. In s eq u e n tial tran s fo r m ati o n, a

transgenic pl ant is re - tran s formed with a second gene, or two pl ant lines

re ce ive one transgene each and their prog e ny are crossed and the res u l ti n g

d o u ble tran s fo r m ant selected from amongst the next generation prog e ny. 

Sources: Van Montague and Bursenns 2002; Elborough & Hanley, 2002
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Box 2.7: New Approaches to Plant Stress Tolerance 

Past efforts to improve pl ant tol e ran ce to dro u g h t, high salinity and te m-

pe rature stress th rough co nve n tional pl ant breeding an d /or geneti c

engineering have had limited succes s, largely due to the co m pl e x i ty of

s tress res po n s es. Mo re rapid progress is now expe c ted th rough co m para-

tive genomic stu d i es of a dive rse set of model org an i s m s, and th rough th e

use of new te c h n i q u es. The latter include te c h n i q u es such as high-

th ro u g h p ut an a l ysis of expressed sequence tags (ES Ts), large scale para l-

lel an a l ysis of gene expression, targ e ted or random muta g e n esis an d

g ai n - of - fun c tion or mutant co m pl e m e n tation. The discove ry of nove l

g e n es, dete r m i n ation of their expression patterns in res ponse to abioti c

s tres s, and an improved un d e rs tanding of their rol es in stress adaptati o n

( th rough fun c tional genomic stu d i es and pro te o m i cs), will provide th e

basis of new strate g i es to improve stress tol e ran ce in crops. 

G e n e tic engineering of abiotic stress tol e ran ce trai t s

G e n e tic engineering offe rs the po s s i b i l i ty of the direct introdu c tion into a

target pl ant of a small num ber of genes. In re g ard to improving tol e ran ce

to abiotic stres s es, expe r i m e n tal strate g i es rely on the tran s fer of one or

m o re genes th at encode either bioc h e m i cal pathways or endpoints of

s i gnaling pathways th at are co n trolled by a co n s ti tutively active pro m o te r.

T h ese gene products pro tect the pl an t, either dire c tly or indire c tl y, agai n s t

e nv i ro n m e n tal stres s es. A lack of un d e rs tanding of meta bolic flux, and th e

i n te r re l ati o n ship of osmotic, des i ccation and te m pe rature tol e ran ce

m e c h an i s m s, and their co r res ponding signaling pathways have limited th e

s u ccess of th ese transgennic approa c h es in pl ants. It is an ti c i pated th at

n ew developments in genomics and pro te o m i cs will offer more info r m a-

tion and new strate g i es for managing abiotic stress in pl ants. 

Genomic analysis for abiotic stress tol e ran ce

S tu d i es (using EST and genomic sequencing and cDNA microar ray an a-

l ysis) are seeking to identi fy the co m plement of genes es s e n tial for tol e-

ran ce to osmotic po te n tial, des i ccation, or te m pe rature stres s, res pe c ti-

vely. The large data sets being assembled will be integrated and

co m pared with pl ant spe c i es naturally tol e rant to th ese stres s es in order to

i d e n ti fy tol e ran ce mechanisms th at are co n s e rved across spe c i es. 

A p p roa c h es with pro te o m i cs will also be neces s ary to as s ess the pro te i n

m od i fi cations th at are re l evant to stress tol e rant ph e n o types. The fun c ti o-

nal dete r m i n ation of all genes th at par ti c i pate in stress adaptation or tol e-

ran ce is expe c ted to provide an un d e rs tanding of the bioc h e m i cal and phy-

s i ol og i cal basis of stress res po n s es in pl ants. Wi th this info r m ation derive d

from model pl ants such as A ra b i d o p s i s, it should be come po s s i ble to man i-

p u l ate and optimise stress tol e ran ce traits for improved crop produ c tiv i ty. 

Source: Cushman and Bohnert 2000

Box 2.6: New Approaches to Plant Disease Resistance

The new developments in genomics offer means for the more targ e te d

d evelopment of host res i s tan ce to path og e n s, based on un d e rs tan d i n g

of the genomic make up of the host and its path og e n s, and their inte r -

a c tions in diffe rent env i ronments. 

In developing new res i s tant cu l tivars of crop pl an t s, a des i red approa c h

is wh e re disease res i s tan ce genes co n trol path ogens at low meta bol i c

cost by inducing defense res po n s es only in those cells th at are challenged

by the path ogen, th us minimizing any yield pe n a l ty in the cu l tivated cro p. 

Genomic approa c h es are incre asing un d e rs tanding of the geneti c

basis of pl ant disease res i s tan ce, th rough gre ater un d e rs tanding of

res i s tan ce genes th e m s e l ves and other genes and the pathways th at

th ey re g u l ate in the pl ant. 

For exam ple, th rough s tr u c tural genomics, l arg e - s cale sequencing is

being used to reveal the detailed org an i zation of res i s tan ce gene clus-

te rs and the genetic mechanisms invol ved in generating new res i s-

tan ce to spe c i fic path ogens. Global fun c tional an a l ysis is being used to

un d e rs tand the co m plex re g u l ato ry netwo r ks and the dive rs i ty of pro-

teins invol ved in res i s tan ce and sus ce p ti b i l i ty in pl ants. 

Co m parative genomics: Early stu d i es are sh owing th at sign i fi cant bl oc ks

of genetic material are sh ared among genomes of re l ated spe c i es (eg

ce reals). As the genomes of more pl ant spe c i es are sequenced and co m-

pare d, it may be come po s s i ble to predict the po s i tion of some genes in

var i o us parts of the genome. A few stu d i es are looking at the sh aring (syn-

te ny) of res i s tan ce genes within ce re a l s, gras s es, and Sol an e a ce o us spe-

c i es (po tato, to m ato). Early results suggest th at th e re is re l atively little sh a-

ring of disease res i s tan ce genes even amongst re l ated spe c i es. 

Fun c tional genomics: It is an ti c i pated th at cata l og u es of genes expres-

sed under a range of diffe rent co n d i ti o n s, in diffe rent org an s, or in dif-

fe rent indiv i du a l s, will be come avai l a ble. The global an a l ysis of pl an t

gene expression is still in its infan cy and its full po te n tial is far fro m

being realised. Genes th at have alte red expression in co m pati ble an d

i n co m pati ble pl an t - path ogen inte ra c tions are being chara c te r i s e d,

th rough m i c roar ray an a l ysis. For exam ple, in mai ze, over 100 genes

m ay be invol ved in the res ponse to a single fun g us. 

T h ese genes need to be fur ther examined on a gene by gene basis to

d e termine which genes produ ce pro teins th at are impo r tant in ca us i n g

res i s tan ce in the pl ant to the path ogen. This may be done by var i o us te c h-

n i q u es (such as vira l - i n du ced gene silencing, viral ove r - e x p ression, gene

k n oc k - o ut and pro m o te r - trap strate g i es). In additional to tes ting th e

fun c tion of indiv i dual genes, th ese strate g i es can also be used with libra-

r i es of un k n own sequences for gene discov e ry. It is likely th at each of

th ese approa c h es will be able to demonstrate the fun c tion of some but

not all genes, and a co m b i n ation of strate g i es will be re q ui red. 

D i s cov e ry and cloning of disease res i s tan ce genes: Abo ut twe n ty diseas e

res i s tan ce genes have now been cloned. This has re q ui red expe n s ive map-

based cloning or tran s po s o n - tagging of indiv i dual genes. Res i s tan ce gene

d i s cove ry will be come much fas ter when res i s tant ph e n o types are mat-

ched to can d i d ate sequences identi fied by genomic sequencing. The pre-

sent limiting step in the discove ry of disease res i s tan ce genes is the co n fi r-

m ation of the fun c tion of indiv i dual genes. New approa c h es are spe e d i n g

up the introdu c tion and eva l u ation of indiv i dual genes in cro p s, for exam pl e

th rough the use of viral ve c to rs to dire c tly introdu ce can d i d ate genes into

the target pl ant for eva l u ation, rather th an introducing the genes th rough a

ti m e - co n s uming tran s fo r m ation and re g e n e ration process. 

Source: Michelmore 2000
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EMERGING REGULATORY ISSUES FROM NEW
APPLICATIONS AND NOVEL PRODUCTS

There are also some additional regulatory issues emerging

from the new appl i cations of pl ant biote c h n ol ogy. Thes e

issues include: 

• En s uring th at when pl ants are used to produ ce produ c t s

for indus trial us es, th ese products do not inadve r te n tl y

enter the food chain; 

• I n te r - a c tion with ph ar m a ce uti cal re g u l ati o n s, wh e re

plants are used to produce vaccines and other medicinal

products; 

• Id e n ti fying the extent of re g u l ation re q ui red for nutr i ti o-

nally modified foods (nutriceuticals), to ensu re that these

foods meet their makers’ claims for improving nutritional

quality, for example by the expression of nutritionally signi-

ficant levels of essential vitamins and minerals;

• Identifying where crops with modifications to genes nor-

mally present in the crop species may need to be regulated

d i ffe re n tly from those co n taining tran s g e n es from oth e r

phyla; 

• Id e n ti fying wh e re crops with co m plex traits re g u l ated by

s eve ral genes may have a re du ced like l i h ood of tran s fe r-

ring these complex traits to related species and wild rela-

tives, than transgenic crops carrying single gene traits, and

any differences in regulation and safety assessments that

may be required.  

Re g u l ato ry sys tems need to be suffi c i e n tly fl e x i ble to be

able to respond to emerging scientific developments, both in

terms of enco uraging their use to address risks as s oc i ate d

with current applications of gene technology, and in recogni-

zing any new issues likely to arise when new scientific oppor-

tunities are applied to agriculture. 

Conclusion

Achieving any of the new applications of plant science will

re q ui re substan tial private and public inves tm e n t s, and a

wide range of scientific and communication skills. The requi-

red scientific skills lie not only in gene technology, but also in

the re l ated fields of pl ant bre e d i n g, agro n o my and phys i o-

l ogy, food and nutr i tion and in natural res o urces man a g e-

ment. There also needs to be gre atly improved linka g es

amongst the social, scienti fic, indus trial and env i ro n m e n ta l

communities, so as to better define the ways in which science

can benefit society and to design new technologies in ways

that are socially and environmentally acceptable and benefi-

cial in different countries and communities. 
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The applications of modern biotechnology to agriculture,

par ti cu l arly the development of geneti cally mod i fied food s

and other living modified organisms (LMOs), are the subject

of widespread public debate as to the safety and efficacy of

the new products, and the ethical and socio-economic issues

s ur ro unding their development and use. Pu blic co n ce r n s

about gene technology lie in four major areas: 

• Ethical issues 

• Socio-economic effects 

• Food safety and human health, 

• Impact on biodiversity and the environment. 

This chapter deals with the scienti fic issues as s oc i ate d

with assessing the risks and benefits of genetically modified

foods to human health. 

Risks to Human Health

T h e re are seve ral are as of public co n cern in re g ard to

po te n tial hum an health risks of geneti cally mod i fied (GM)

foods. These co n cerns re l ate to un d e rs tanding the po te n tial of

p ro teins an d /or other mol e cu l es in GM foods to ca use allerg i c

re a c ti o n s, to act as toxins or carc i n og e n s, an d /or to ca us e

food intol e ran ce re a c tions. Other co n cerns re l ate to the us e

of an ti b i o ti c - res i s tant make rs in crops and the po te n tial fo r

their tran s fer to hum an path ogens. There are also co n ce r n s

a bo ut po s s i ble un i n tended effects of gene te c h n ol ogy. 

The risks to be as s essed include the need to be aware of

possible unintended effects of all new foods, including those

p rodu ced by the appl i cations of gene te c h n ol ogy. The po s-

sible unintended consequences of gene technology and the

risks that these represent in GM foods include unanticipated

co m po s i tional chan g es in food. Such effects are known to

occur occasionally in conventional plant breeding, and may

also occur during biotechnology-based crop improvement. 

Methods to test and evaluate these types of risks are being

applied to GM foods to detect any increased risks associated

w i th par ti cu l ar foods. These meth od ol og i es are kept un d e r

continuing review and updating through a series of consulta-

tions org an i zed by the Food and Agr i cu l ture Org an i zati o n

(FAO) and the World Health Organization. The 2000 consul-

tation (FAO/WHO 2000) concluded th at “the Co n s u l tati o n

was satisfied with the approach used to assess the safety of the

genetically modified foods that have been approved for com-

mercial use.” 

T h e re are no instan ces known of har m ful effects on

h um an health res u l ting from the co n s um p tion of pres e n tl y

avai l a ble GM foods (OECD 2000). Howeve r, this does not

mean that risks do not exist as new foods are developed with

n ovel chara c te r i s ti cs. GM foods need to be as s essed on a

cas e - by - case bas i s, using scienti fi cally rob ust te c h n i q u es, to

ensure that those foods that are brought to market are safe

for consumers. 

Benefits to Human Health

The risks in genetically modified foods need to be weighed

a g ainst the be n e fits. Future geneti cally mod i fied foods th at

are being deve l o ped include a num ber of fun c tional food s

that may offer some nutritional benefits to consumers in both

industrial and developing countries. Human health benefits

of genetically modified foods lie in the potential for introdu-

cing traits that convey factors such as: 

• I m p roved nutr i tional quality of foods (eg higher vitam i n

and mineral content, lower fat content)

• Reduced toxic compounds in food (eg cassava with lower

levels of cyanide)

• Pest tol e rant crops able to be grown with lower levels of

chemical pesticides

• Disease resistant crops with lower levels of potentially car-

cinogenic mycotoxins. 
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The Scientific Basis of Risk Assessment 
of Genetically Modified Foods

Seve ral inte r n ational scienti fic unions have un d e r ta ken a

joint rev i ew of the scienti fic basis for as s essing the risks and be n e-

fits of geneti cally mod i fied foods and cro p s, in re l ation to th e i r

i m pact on hum an health and nutr i tion. The findings of this stu dy

in re g ard to the scienti fic basis of re g u l ation and risk as s es s m e n t

are sum m arised here, based on the rev i ew by Kui per (2002). 

Safety assessment of GM foods is carried out on a case-by-

case bas i s, taking the spe c i fic genetic mod i fi cations into

account, and comparing the properties of the new food with

those of the tra d i tional co un te r part. This co m parative

approach, applying the principle of substantial equivalence,

is based on the assumption that conventional foods are gene-

rally considered as safe for consumption, based on a history

of safe use. Any identified differences between the GM food

and its conventional counterpart are assessed with respect to

their safe ty and nutr i tional impl i cations for the co n s um e r.

The concept of substantial equivalence, as developed by the

O ECD and endorsed by the Un i ted Nations Food and Agr i-

cultural Organization and the World Health Organization, is

a star ting point for safe ty eva l u ation and co n tr i b utes to an

adequate food safety assessment strategy (Kuiper 2002). 

The co m parative safe ty as s essment approach should be

fol l owed for the next generation of GM foods in order to es ta-

bl i sh the degree of equiva l e n ce with pres e n tly avai l a ble food s .

The un m od i fied host org anism may fun c tion as the re l evan t

co m parison for tes ting the degree of equiva l e n ce, but in some

i n s tan ces a safe ty as s essment of the new food per se will be

n e ces s ary. The latter may be re q ui red for GM crops with exte n-

s ive mod i fi cation of existing meta bolic pathways or additi o n

of new ones, or for GM pl ants with decre ased levels of natu-

rally occurring tox i n s, which prev i o usly could not be used as

food sources. Food safe ty as s essment strate g i es should be

d es i gned on a cas e - by - case basis (Kui per 2002). Gui d e l i n es fo r

the safe ty as s essments of foods derived from re co m b i n an t

DNA pl ants have been deve l o ped by FAO/Codex (FAO 2002). 

New methods for safety assessment of whole foods

Safety testing of whole foods is difficult. New approaches

for safe ty as s essment of wh ole food s, taking advan tage of

m odern mol e cu l ar, biol og i cal, tox i col og i cal and an a l y ti ca l

m e th od s, are po s s i ble. Present approa c h es for dete c ti n g

expected and unexpected changes in the composition of GM

food crops are primarily based on measurements of a limited

selection of single compounds (targeted approach). In order

to incre ase the po s s i b i l i ty of dete c ting any un i n te n d e d

e ffe c t s, new profiling meth ods (using gene expression te c h-

n ol og i es, pro te o m i cs and meta bol o m i cs) should be fur th e r

developed and validated, for a non-targeted approach.

Such new profiling te c h n i q u es should enable incre as i n g l y

co m p re h e n s ive as s essments of co m po s i tional chan g es in food .

The principal problems as s oc i ated with advan ced te c h n ol o-

g i es for the dete r m i n ation of co m po s i tional chan g es in food lie

not in the co m po s i tional an a l ys es th e m s e l ves, but in as s es s i n g

the sign i fi can ce of the results of those an a l ys es (Kui per 2002). 

New approa c h es to food safe ty tes ting are of par ti cu l ar

i n te rest for as s essing the safe ty and nutr i tional sign i fi can ce

of future GM foods and crops th at are being deve l o ped fo r

potential improvements in their nutritional qualities, such as

increased vitamin or mineral content or modified oil content.

Post market monitoring of foods

The us e fu l n ess of po s t - m ar ke ting surve i l l an ce as an ins-

trument to gain additional informa tion on long-term effects

of foods or food ingredients, either GMO-derived or traditio-

nal, should not be overestimated, given the multifactorial ori-

gin of many food-related diseases and the variability in gene-

tic pre d i s po s i tion of the hum an po p u l ation. Ro uti n e

application in the food sector may yield limited information,

and would be co s tl y. Only in cas es with spe c i fic biol og i ca l

end-points, for example identifying allergenicity or food into-

lerance, or when exposure assessment is hampered by insuf-

ficient insight into the diets of specific consumer groups, do

post-marketing surveillance strategies seem to be useful. Pre-

m ar ket safe ty as s essment of GM foods will need to prov i d e

sufficient safety assurance for consumers (Kuiper, 2002). 

Assessing Risks of Allergenic Reactions from 
GM foods 

Allergenicity may be raised in foods by raising the level of a

naturally occurring (endogenous) allergen or by introducing

a new allergen. Any pro tein th at has been added to a food
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should be assessed for its potential allergenicity, whether it is

added by genetic engineering techniques or by other manu-

facturing processes. More than 90 percent of the food aller-

gens that affect 2 percent of adults and 4 to 6 percent of chil-

d ren are as s oc i ated with eight food gro u p s, par ti cu l ar l y

crustacea, eggs, fish, peanuts, soybean, tree nuts and wheat.

These foods merit close attention when examining GM foods

for the potential for any increased risk of allergenicity (Lehrer

2000). 

Genetic modification may alter the allergenicity of a food

in different ways. First, the level of naturally occurring (endo-

genous) proteins within a particular crop may be altered by

genetic manipulation, potentially raising the level of endoge-

nous allergens. Second, the expression of a new gene in the

crop could introduce new allergens normally not present in

this par ti cu l ar cro p. Thus, th e re can be an effect on know n

a l l e rgens or un k n own allergens. If the endog e n o us pro te i n s

or the newly introdu ced pro tein are from known sources of

allergens, then assessing the allergens within the GM food is

relatively straightforward. A more difficult issue is if the aller-

genicity of the source of the protein is unknown. This relates

only to new pro teins being introdu ced into GM foods fro m

s o urces th at have ord i n arily not been used as hum an food .

The dilemma is that there is no available body of knowledge

about the allergenicity of these proteins, and thus the need to

rely on other criteria with which to assess their potential acti-

vity (Lehrer 2000).

A Panel co nvened by the Inte r n ational Li fe Sc i e n ces Insti-

tute (ILSI) Al l e rgy and Immun ol ogy Insti tute and the Inte r n a-

tional Food Biote c h n ol ogy Co uncil (IFBC) deve l o ped scienti fi c

a p p roa c h es to as s ess the allergic po te n tial of foods derive d

from GM crop pl ants. Their re port (Me tca l fe et al 1996) addres-

sed the cell biol ogy, sy m p toms and tre atment of food allergy ;

d eve l o ped a cata l og of allergenic foods; and chara c te r i ze d

m ajor food allergens from the pe rs pe c tives of the meth od s

used to geneti cally mod i fy food crops. The Panel also deve l o-

ped a decision tree to provide a fram ework for as s essing th e

a l l e rgic po te n tial of foods derived from geneti cally mod i fi e d

pl ants. The decision tree used the fol l owing risk as s essment cri-

te r i a:  That an introdu ced pro tein in a food is n o t a co n cern i f

th e re is: (1) no histo ry of common allerg e n i c i ty, (2) no similar

amino acid sequence to known allerg e n s, (3) rapid diges tion of

the pro tein, and (4) the pro tein is expressed at low leve l s .

G e n es tran s fe r red from sources known to be allerg e n i c

should be assumed to encode for that allergen, until proven

o th e rwise. This tran s fer of allerg e n i c i ty was demonstrate d

when a gene was transferred experimentally from Brazil nut

to soybe an, with the inte n tion of enhancing produ c tion of

sulfur-containing amino acids in soybean (Box 3.1). 

In the Joint FAO/WHO 2000 co n s u l tation on safe ty

aspects of genetically modified foods of plant origin, the issue

of the allergenicity of genetically modified foods was addres-

sed. The IFBC/ILSI decision-tree approach was adapted for

the eva l u ation of novel pro teins introdu ced into geneti ca l l y

m od i fied foods (Fi g ure 3.1). The Co n s u l tation co n c l u d e d

“that if a genetically modified food contains the product of a

gene from a source with known allergenic effec t s, the gene

p roduct should be as s um ed to be allergenic un l ess prov e n

o th e rwise. The tran s fer of genes from commonly allerg e n i c

foods should be disco ura g ed un l ess it can be docum e n ted

that the gene transferred does not code for an allergen” (FAO/

WHO 2000). 

The FAO/WHO 2000 Co n s u l tation also concluded th at

additional criteria should be considered when the source of

the genetic material is not known to be allergenic. The level

and site of expression of the novel protein and the functional

properties of the novel protein are two such criteria. 

The FAO/WHO 2001 Consultation developed a new deci-

sion tree (Figure 3.2) that builds upon previous approaches to

e xamining allerg e n i c i ty but also enco m pas s es seve ral addi-

tional strategies. In contrast to previous decision-tree strate-

gies, the FAO/WHO 2001 decision tree makes no distinction

be tween commonly and less commonly allergenic source
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Box 3.1. Case study of Brazil nut protein gene 

expressed in soybean

Soybe ans are deficient in es s e n tial sulfur - co n taining amino acids

such as methionine and Brazil nuts are rich in this substan ce. A gene

e n coding a Brazil nut methionine-rich seed sto rage pro tein was

i n trodu ced into soybe an in a expe r i m e n tal approach to deve l o p

i m p roved animal feed. Brazil nuts are known to be allergenic, rai s i n g

co n cern as to wh e ther the product of the tran s fe r red gene wo u l d

i n c re ase the allergenic po te n tial of the soybe an. Beca use the pro te i n

is from a known allergenic source, serol og i cal eva l u ation of the pro-

tein was pe r formed. In this case, pooled serum from nine Brazil nut -

s e n s i tive indiv i duals re cogn i zed the novel pro tein in soybe an. Sk i n

prick tests with th ree of th ese indiv i duals co n firmed the pres e n ce of

the allergen in soybe an. Based on th ese fi n d i n g s, fur ther produ c t

d evelopment was disco n ti n u e d, in case the mod i fied animal fe e d

i n a dve r tan tly ente red the hum an food chai n .

Source: (Nordlee and others 1996).
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Figure 3.2. Assessment of the Allergenic Potential of Foods

Derived from Biotechnology. 

Source: FAO/WHO 2001

Figure 3.1. Assessment of the allergenic potential of foods

derived from genetically modified crop plants. 

Source: FAO/WHO 2000

a. A ny po s i tive results ob tained from sequence homol ogy co m parisons to th e

s e q u e n ces of known allergens in existing allergen data bas es or from serum

screening protocols, indicate that the expressed protein is possibly allergenic.

b. The degree of co n fi d e n ce in negative results ob tained in the spe c i fic serum

s c reen is enhan ced by the exam i n ation of larger num be rs of indiv i dual sera.

Co n du c ting the spe c i fic serum screen with small num be rs of indiv i dual sera

when large numbers of such sera are readily available should be discouraged.

c. When po s i tive results are ob tained in bo th the pepsin res i s tan ce and an i m a l

m odel pro tocol s, the expressed pro tein has a high proba b i l i ty to be come an allerg e n .

When negative results are ob tained in bo th pro tocol s, the expressed pro tein is un l i-

kely to be come an allergen.  When diffe rent results are ob tained in the pepsin res i s-

tan ce and animal model pro tocol s, the proba b i l i ty of allerg e n i c i ty is inte r m e d i ate. 

Source: FAO/WHO 2001
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nal Food Biote c h n ol ogy Co uncil and Al l e rgy Immun ol ogy Insti tute of the Inte r n ati o-

nal Li fe Sc i e n ces Insti tute (Me tca l fe et al., 1996)

b. The co m b i n ation of tests involving allergic hum an subjects or bl ood serum fro m

such subjects would provide a high level of co n fi d e n ce th at no major allergens we re

tran s fe r red. The only re m aining un ce r tai n ty would be the like l i h ood of a minor aller-

gen affe c ting a small pe rce n tage of the po p u l ation allergenic to the source mate r i a l .

c. A ny po s i tive results ob tained in tests involving allergenic hum an subjects or bl ood

s e r um from such subjects would provide a high level of co n fi d e n ce th at the novel pro-

tein was a po te n tial allergen. Foods co n taining such novel pro teins would need to be

l a belled to pro tect allergic co n s um e rs .

d. A novel pro tein with either no sequence similar i ty to known allergens or derived from a

l ess commonly allergenic source with no ev i d e n ce of binding to IgE from the bl ood serum

of a few allergic indiv i duals (<5), but th at is sta ble to diges tion and processing should be

co n s i d e red a po s s i ble allergen. Fur ther eva l u ation would be neces s ary to address th i s

un ce r tai n ty.  The nature of the tests would be determined on a cas e - by - case bas i s .

e. A novel pro tein with no sequence similar i ty to known allergens and th at was not sta bl e

to diges tion and processing would have no ev i d e n ce of allerg e n i c i ty. Si m i l ar l y, a nove l

p ro tein expressed by a gene ob tained from a less commonly allergenic source an d

d e m o n s trated to have no binding with IgE from the bl ood serum of a small num ber of

a l l e rgic indiv i duals (>5 but <14) prov i d es no ev i d e n ce of allerg e n i c i ty.  Sta b i l i ty tes ti n g

m ay be included in th ese cas es. Howeve r, the level of co n fi d e n ce based on only two deci-

sion criteria is mod est. The FAO/WHO 2000 Co n s u l tation sugges ted th at other crite r i a

should also be co n s i d e red such as the level of expression of the novel pro te i n .
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materials with respect to specific serum screening. Thus, spe-

c i fic serum screening is un d e r ta ken irres pe c tive of the re l a-

tive fre q u e n cy of allergy to the source material in ques ti o n ,

provided sera are available. 

The 2001 Consultation accepted that the current decision

tree (Figure 3.2) will require future modifications as a result of

the rapidly expanding scientific base in the allergy and bio-

te c h n ol ogy fi e l d s, but concluded th at this decision tree is

appropriate now, based on present knowledge. One issue for

future co n s i d e ration is the po te n tial risk as s oc i ated with

inhaling (as distinct from ingesting) allergens from GM crops. 

The major challenge is testing the source of the gene from

which there is no history of allergenic activity, since there are

theoretically no known sera available from allergic subjects

to test the product. The presently recommended approach is

to compare the amino acid sequence of the protein with that

of known allergens. Any sequence similarity with a particular

allergen suggests the sera can be used to screen the product

by immun oc h e m i cal proce dures. If th e re is no amino acid

sequence homology, the stability of the protein to enzymatic

digestion and processing can be assessed. If the molecule is

easily digested or unstable then the risk of allergenicity is low

and there should not be a problem with marketing the pro-

duct. If, however, the molecule is stable to digestion and pro-

cessing, then regulatory authorities need to consider the risks

it may pose to some members of the population as a source

of possible allergens (Lehrer 2000). 

For genetically modified foods entering the marketplace,

consumers should be informed by appropriate labeling if the

food co n tains known or sus pe c ted allerg e n s, as is the cas e

w i th other common foods co n taining nuts or other know n

allergens (Metcalfe et al 1996).

Assessing Risks of Antibiotic Resistance Transfer
from GM foods

There are public concerns about the risk that the antibio-

tic-resistance genes used as selectable markers in developing

genetically modified foods may be transferred to microorga-

nisms th at are hum an path og e n s, adding to the incre as i n g

p roblem of an ti b i o tic res i s tan ce in hum an path ogens. This

problem of decreasing effectiveness of antibiotics has arisen

l argely as a result of wides p read ove r use of an ti b i o ti cs in

human and animal health. However it is unlikely that the use

of antibiotic markers in GM foods is a component of the pro-

blem. Studies by the OECD, FAO and WHO have assessed the

risk of transfer of an antibiotic marker from a GM food to a

human pathogen as being remote. (FAO/WHO, 2000). This

would entail the horizontal transfer of a gene across widely

dispersed species, a rare event. Nevertheless, the use of these

antibiotic markers as selectable markers in GM foods is being

phased out. 

Se l e c ta ble mar ker genes are re q ui red to ensure the effi-

cient genetic mod i fi cation of crops. Se l e c ta ble mar ke rs us e d

to identi fy tran s formed pl ants in the development ph as e

co n fer res i s tan ce either to an ti b i o ti cs, herbicide or meta bo-

lic inhibito rs. Once the tran s formed pl ants have been identi-

fi e d, th ese mar ke rs are no longer re q ui red. Seve ral strate g i es

( s i te spe c i fic re co m b i n ation, homol og o us re co m b i n ati o n ,

tran s po s i tion, and co - tran s fo r m ation) have been deve l o pe d

to eliminate th ese genes from the genome after th ey have

fu l filled their pur pose. Ch e m i cally indu c i ble, site - s pe c i fi c

re co m b i n ase sys tems are also emerging as va l u a ble tools fo r

e ffi c i e n tly re g u l ating the excision of mar ker tran s g e n es

when their expression is no longer re q ui red (Hare and Ch a u

2 0 0 2 ) .

Labeling of Genetically Modified Foods

A key concern of consumers is being able to identify those

foods that may contain allergens and other potentially harm-

ful substances, so that people who have allergic or food into-

l e rant re a c tions to par ti cu l ar foods can avoid them. Oth e rs

may wish to avoid certain foods on health, ethical or religious

gro unds. Info r m ative food labeling could provide info r m a-

tion about the composition of specific products and enable

co n s um e rs to make choices abo ut their use, after as s es s i n g

their risks and potential beneficial effects. 

I n fo r m ative labeling of GM foods re q ui res th at th e

nutrient content of the food is disclosed, in relation to similar

foods produced by conventional techniques of crop improve-

ment and cu l tivation, as well as any additional pro tein (or

other) content resulting from the specific transgene modifi-

cation. Labeling of food as GM or non GM indicates the use

of modern mol e cu l ar pl ant breeding and other produ c ti o n

techniques involving gene technology. It conveys no informa-

tion to co n s um e rs as to the nutr i tional co n tent or safe ty of

particular foods.



B I O T E C H N O L O G Y A N D S U S TA I N A B L E A G R I C U LT U R E 37

OECD 2001. Rapporteurs Report of the

O ECD/ UK government co n fe re n ce on science ,

s afe ty and soc i e ty, Ban g kok, July 2001. OECD,

Paris (www.oe cd .o rg). 

The Royal Soc i e ty, UK. 2002. Geneti cally mod i fi e d

plants for food use and human health – an

u pd ate. London, UK

Web sites

• w w w. i cs u.o rg

• w w w. b i n as .un i d o.o rg

• w w w.d oyl e fo un d ati o n .o rg

• w w w.c h e c k b i o te c h .o rg

• w w w.oe cd .o rg

• w w w.v i b. be

• w w w.wh o. i n t /fs f

Further information

Cus te rs, R. (ed). 2001. Safe ty of Geneti ca l l y

Mod i fied Crops. Fl an d e rs Inte r un ive rs i ty Ins-

ti ute of Biote c h n ol ogy (VIB). 160p.

FAO/Codex. 2002. Draft Gui d e l i n es for th e

Safe ty Assessment of Re co m b i n an t - DNA

Pl an t s, ad hoc Codex Inte rg ove r n m e n tal Task

Fo rce on Foods Derived from Biote c h n ol ogy,

4-8 March 2002). FAO Rome. 

FAO/WHO 2000. Safe ty as pects of geneti ca l l y

m od i fied foods of pl ant origin. Re port of a

joint FAO/WH O. Ex pert co n s u l tation on food s

d e r ived from biote c h n ol ogy. WH O, Geneva

Sw i tze r l an d, 29 May-2 June 2000, 35p.

FAO/WHO 2001. Eva l u ation of Al l e rg e n i c i ty

of Geneti cally Mod i fied Foods. Re port of a

Joint FAO/WHO Ex pert Co n s u l tation on

Allergenicity of Foods Derived from Biotech-

nology. 22 – 25 January 2001. Food and Agri-

cu l ture Org an i zation of the Un i ted Nati o n s

(FAO), Rome, Italy.

Hare, P. D. and Chau, NH. 2002. Excision of

s e l e c ta ble mar ker genes from tran s g e n i c

pl ants. Nature Biotec h n ol ogy Vol 20 No 6,

575-580. 

Kui pe r, H. 2002. The scienti fic basis for the re g u-

l ation and risk as s essment of geneti cally mod i-

fied foods. In: Geneti cally Mod i fied Foods fo r

Hum an He a l th and Nutr i tion: The Sc i e n ti fi c

B asis for Benefi t / R i sk Assessment (in press). 

Le h re r, S. B. 2000. Po te n tial health risks of gene-

ti cally mod i fied org anisms: how can allerg e n s

be as s essed and minimized? In: Pe rsl ey, G.J.

and Lan tin, M.M. (eds) Agr i cu l tural Biote c h-

n ol ogy and the Poor: Proceedings of an Inte r-

n ational Co n fe re n ce, Wash i n g ton, D.C., 21-22

O c tober 1999. Co n s u l tative Group on Inte r-

n ational Agr i cu l tural Res e arch, Wash i n g to n ,

DC, pp. 149-158.

Me tca l fe, D.D., Astwood, J.D., Tow n s e n d, R.,

Sampson, H.A., Tayl o r, S.L. and Fu c h s, R.L .

1 9 9 6 .

A s s essment of the allergenic po te n tial of food s

d e r ived from geneti cally engineered cro p

pl ants. 

In: Cr i ti cal Rev i ews in Food Sc i e n ce and Nutr i-

tion, F.M .Cl yd esdale, (ed). Al l e rg e n i c i ty of

Food s

Produ ced by Genetic Mod i fi cation, IFBC / I LS I

36(S), S1 6 5 - S1 8 6 .

No rdlee, J.A., S.L. Tayl o r, J.A. Tow n s e n d, L.A.T h o-

m as, and R.K Bush. 1996. Id e n ti fi cation of Bra-

zil nut allergen in transgenic soybe ans. New

En g l and Jo urnal of Medicine 334, pp 688-92.

O ECD 2000. GM Food Safe ty: Fa c t s, Un ce r tai n-

ti es, and Assessment. The OECD Ed i n b urg h

Co n fe re n ce on the Sc i e n ti fic and He a l th

A s pects of Geneti cally Mod i fied Food s, 28

Fe b r u ary – 1 March 2000. Ra p po r te urs Sum-

m ary, OECD, Par i s, Fran ce. (www.oe cd .o rg). 

Food Safety Standards 

One result of public co n cerns abo ut the safe ty of GM

foods is that GM foods are now required to meet higher stan-

d ards of safe ty th an foods produ ced either by co nve n ti o n a l

agriculture or by organic agriculture. 

G iven incre asing global co n cerns abo ut food safe ty broa dl y,

all co un tr i es need to have in pl a ce food safe ty re g u l ations an d

h um an and insti tutional ca pa c i ty to be able to set and appl y

food safe ty stan d ards. Food safe ty stan d ards are re q ui red to

e n s ure the quality of food suppl i es bo th for local co n s um p ti o n

in the co un try of origin and to meet incre asingly str i n g e n t

e x port stan d ards set by impo r ting co un tr i es. Achieving inte r n a-

tionally agreed food safe ty stan d ards for GM foods th at gua-

ran tee safe ty of produ c t s, and are not pe rce ived to be non-tar i ff

bar r i e rs to trade is a challenge to the inte r n ational co m m un i ty. 



Pu blic co n cerns abo ut the risks and be n e fits of living mod i-

fied org anisms (LMOs) in the env i ro n m e nt are based on the

premise that when such organisms contain genes introduced

from outside their normal range of sexual co m pati b i l i ty,

th ese org anisms may present new risks to the env iro n m e n t .

Present gene te c h n ol ogy enabl es new and po te n tially us e fu l

traits to be introdu ced into pl an t s, tre es, microo rg an i s m s, live-

s tock and fi sh. Al though new strains of all have been deve l o-

ped expe r i m e n ta l l y, only geneti cally mod i fied (tran s g e n i c )

c rops are in wides p read co m m e rcial cu l tivation in the env i-

ronment.  

In 2001, approx i m ately 52.6 million ha of geneti ca l l y

m od i fied crops we re cu l tivated co m m e rcially by some 5.5

million far m e rs in 13 co un tr i es (Jam es 2001). These cro p s

were mainly genetically modified corn, cotton, oil seed rape

and soybean, modified with new genes for insect resistance

and/or herbicide tolerance. (Figure 1.1; Tables 1.2, 1.3). 

Environmental Impact Issues

The issues about the impact of living modified organisms

(LMOs) on the environment are about the risks and benefits

of direct ecological effects and indirect environmental effects

( Johnson 2000). Amongst direct effe c t s, most co n cern is

a bo ut the po te n tial impact of LMOs on biod ive rs i ty, inclu-

ding their direct impact on non-target species. Amongst indi-

rect effects, these effects may be the result of changing agri-

cu l tural management pra c ti ces, par ti cu l arly those bro u g h t

about by the use of transgenic crops in intensive crop mana-

gement sys tems. There are also be n e ficial effects of geneti-

cally modified crops in the environment, when compared to

present agricultural practices and other technology options

(Carpenter et al 2002). These benefits also need to be taken

into account when undertaking risk/ benefit analysis of spe-

cific applications in particular environments. 

In terms of international obligations, the Cartegena Biosa-

fe ty Pro tocol of the Co nve n tion on Biol og i cal Dive rs i ty was

agreed in January 1999 by over 100 countries. The Protocol

states that nations have the right and responsibility to deter-

mine if the applications of modern biotechnology, in particu-

l ar living mod i fied org anisms (LMOs), will have any impa c t

on biodiversity. 

Direct ecological effects of genetically modified
plants in the environment

In addressing the risks posed by the cultivation of plants in

the env i ro n m e n t, five env i ro n m e n tally re l ated safe ty issues

need to be considered. These issues are the potential for: 

• Gene tran s fe r, meaning the movement of genes from a

crop through outcrossing with wild relatives to form new

hybrid plants.

• Weed i n es s, meaning the te n d e n cy of a pl ant to spre a d

beyond the field where first planted and establish itself as

a weed or invasive species. 

• Trait effects, meaning effects of traits that are potentially

harmful to non target organisms. 

• Genetic and phenotypic variability meaning the tendency

of the plant to exhibit unexpected characteristics.

• Expression of genetic material from pathogens, such as the

risk of genetic recombinations following mixed virus infec-

tions. 

Gene fl ow and tran s fer of traits to other spec i es: Gene

transfer may be an issue when crops are being grown in areas

close to their wild relatives with whom they are able to cross

naturally to form inter-specific hybrids. Natural hybridization

occurs within 12 of the world’s 13 most important food crops

and their wild re l atives (the exce p tion being ban ana since

cultivated banana is infertile). Wild relatives occur mainly in

the centers of diversity of these crops. (Table 4.1).

Natural hyb r i d i zation may occur at low fre q u e n cy wh e n

pollen bl ows or is oth e rwise tran s po r ted from crops to wild

re l atives in the vicinity. Re cent res e arch co n firms th at genes
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i n trodu ced into some geneti cally mod i fied crops may move

i n to re l ated native spe c i es at low fre q u e n cy. The diffe re n ce

from natural hyb r i d i zation is th at genes inserted into GM cro p s

are often derived from other phyl a, giving traits th at have not

been present in wild pl ant po p u l ations. The ecol og i cal co n ce r n

is th at th ese genes may change the fi tn ess and po p u l ati o n

dy n am i cs of hybrids formed be tween native pl ants and re l ate d

GM cro p s, eve n tually ba c kc rossing genes into the native spe-

c i es. The impo r tan ce of pollen tran s fer from GM crops to wild

re l atives is not th at it occurs but wh e ther the res u l ting hyb r i d s

s urv ive and re p rodu ce and introgress genes back into th e

n ative po p u l ation an d, if so, wh e ther th ese have any negative

e nv i ro n m e n tal impacts. The issue is not so much the rate of

gene fl ow, rather the impact th at this might have on agr i cu l-

ture and the env i ronment (Johnson 2000). 

Weed i n ess: T h e re are co n cerns th at GM pl ants could have

n e g ative impacts on natural eco sys tems by incre asing we e d i-

n ess by two ro utes. Fi rs tl y, the GM pl ants could es ta bl i sh self-

s us taining po p u l ations outside cu l tivation th e m s e l ves. The

co n cern is th at th ese pl ants may be come invas ive weeds th at

o ut co m pe te wild po p u l ations and th us lead to fur th e r

d e c re as es in biod ive rs i ty in native pl ant habitats. Weeds hav i n g

tol e ran ce to a range of herbicides could also emerge. Se co n dl y,

n ovel genes from GM crops could be introdu ced into their wild

re l atives by pollen spread and the surv ival and re p rodu c tion of

the res u l ting hybrids. This may have negative impact on th e

wild pl ant po p u l ation if new genes are introgressed back into

the wild pl ant po p u l ation. For this to happen, the new genes

m ust incre ase the pl an t s’ fi tn ess to surv ive and re p rodu ce in th e

wild. 

Tran s fer of ce r tain genes, such as res i s tan ce to insects,

fungi and viruses may increase fitness (ability to reproduce)

of any resulting hybrids. If hybrids acquired insect resistance

from GM crops, they could damage food chains dependent

on insects feeding on prev i o usly nontoxic wild pl ants. It is

po s s i ble th at “fo re i gn” genes introdu ced acc i d e n tally fro m

GM crops to crop/native plant hybrids would decrease their

fi tn ess in the wild, leading to rapid selection of th ese genes

out of the population. 

Trait effec t s: Trait effects are the effects of traits th at may be

h ar m ful to non-target org anisms. For exam ple, pl ants mod i-

fied to produ ce pes ticidal pro teins such as B t toxins may have

bo th direct and indirect effects on po p u l ations of non-targ e t

s pe c i es. One group of B t toxins primarily targets Le p i d o p te ra
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Food Crop Scientific Name Center of Origin First Domestication

Corn Zea mays México Mexico

Beans Phaseolus spp. Central and South America Central America and South America for P. vulgaris 

and P. lunatus; Central America for P. coccineus

and P. acutifolius

Potato Solanum tuberosum High plateau of Bolivia-Peru High plateau of Bolivia-Peru

Sweet Potato Ipomoea batatas Western South America, especially  Western South America

Peru and possibly Mexico

Cassava Manihot esculenta Central and South America Central and South America

Groundnut Arachis hypogaea Peru (earliest archaeological evidence), Southern Bolivia and Northern Argentina

So uthern Bol ivia and No r thern Arg e n ti n a

Wheat Triticum spp. Me d i te r ran e an Region and So uthwest Asia Mediterranean Region and Southwest Asia 

Barley Hordeum vulgare Southwestern Asia Southwestern Asia

Sorghum Sorghum bicolor Africa Sudan, Chad

Millets Eleusine coracana and Africa Africa

Pennisetum americanum

Rice Oryza sativa and India or China Large area including NE India, N Bangladesh, 

Oryza glaberrima Thailand, Burma, Laos, Vietnam and S. China

Soyabean Glycine max Eastern part of northern China Eastern part of northern China

Banana/Plantain Musa spp New Guinea, Malay peninsula New Guinea and the Pacific Islands

for Musa acuminata

Source: Platais and Persley 2002

Table 4.1: Centers of diversity of the world’s major food crops and their wild relatives



( b utte r fl i es and moth s, par ti cu l arly the Euro pe an corn bo re r )

and the other affects Col eo p te ra ( be e tl es). The effects of B t

tox i n - p roducing pl ants on non-pest spe c i es amongst th es e

insect groups may vary widely, depending on the sensitiv i ty of

d i ffe rent insect spe c i es, the co n ce n tration of B t toxin in th e

transgenic pl ants and env i ro n m e n tal co n d i tions. 

For exam ple, labo rato ry experiments demonstrated th at th e

l arvae of Mo n arch butte r fl i es (a re l ative of the Euro pe an co r n

bo rer) we re sus ce p ti ble to pollen from B t corn when inges ted in

l arge am o unts. Subsequent field experiments in seve ral loca-

tions in No r th America fo und th at th e re we re no sign i fi cant dif-

fe re n ces be tween Mo n arch butte r fly surv ival in are as pl an te d

w i th B t corn and those pl an ted with co nve n tional crops. Eco-

l og i cal stu d i es publ i shed by the US National Aca d e m i es of

Sc i e n ce also sh ow th at pres e n tly cu l tivated strains of B t co r n

pose little risk to Mo n arch butte r fl i es (Zangerl et al 2001). 

G e n e tic and ph e n o typic var i a b i l i ty : G e n e tic and ph e n o typ i c

var i a b i l i ty is the te n d e n cy of a pl ant to exhibit un e x pe c ted cha-

ra c te r i s ti cs in addition to the expe c ted chara c te r i s ti cs. This

trait is well known from co nve n tional bre e d i n g, but be co m es

an identi fi a ble hazard if the var i a b i l i ty leads to one of the oth e r

b i o s afe ty issues, such as gre ater we e d i n ess or gre ater te n d e n cy

for outc rossing in the geneti cally mod i fied org an i s m .

Ex p ression of genetic material from path og e n s : A n o th e r

potential hazard is the possibility of recombination of a virus

gene expressed by the pl ant with genes from an o ther virus

i n fe c ting th at pl ant. This risk is similar to the risk of geneti c

recombinations following mixed virus infections, which also

occur in nature. 

Indirect environmental effects of genetically 
modified plants 

G e n e ti cally mod i fi ed crops and agr i cu l tural inte n s i fi cati o n :

effects on biod iv e rs i ty: The management of some geneti ca l l y

m od i fied crops is likely to differ from co nve n tional inte n s ive

a gr i cu l ture or org anic farming. 

The use of more effective pesticides (including herbicides)

over the past 20 years has been a major cause of the decline

in far m l and bird s, ara ble wild pl an t s, and insects in seve ra l

Euro pe an co un tr i es. The more wides p read use of broa d -

spectrum herbicides may accelerate this trend. This may be of

more concern in Europe where farming, wild landscapes and

wildlife habitats are in closer proximity to one another than in

other areas with more broad-scale agriculture, such as North

America and Australia ( Johnson 2000). 

B es i d es the aes th e tic and scienti fic re asons for co n s e rv i n g

b i od ive rs i ty within and aro und agr i cu l tural cro p s, th e re is an o-

ther impo r tant uti l i tar i an re ason for doing so. This is the po s s i-

b i l i ty of losing the food chain links be tween native spe c i es an d

c rop sys tems. This link is vital to pres e rve the early war n i n g

fun c tion of biod ive rs i ty, wh e re by damage to feeding spe c i es

(eg birds) signal warning of dan g e rs in food crops or the che-

m i cals used to manage them. On the other han d, th e re is ev i-

d e n ce accum u l ating th at the use of GM crops with insect res i s-

tan ce is re ducing the vol ume and fre q u e n cy of pes ticide use on

co tton, corn and soybe an in No r th America (Car pe n ter et al

2002). Si m i l ar transgenic crops are also having demonstra bl e

be n e ficial effects on hum an health in China and So uth Afr i ca

( Pray et al 2000). 

The future development of new crops with improved tol e-

ran ce to abiotic fa c to rs (such as dro u g h t, salinity and fro s t )

and the advent of ‘ph armed’ crops th at may be used to pro-

du ce va cc i n es and indus trial produ c t s, may also change cro p

m anagement pra c ti ces. These new crops may either incre as e

or decre ase demand for ara ble land in the long term. They

m ay also put fur ther pres s ure on natural biod ive rs i ty wh e n

c rop cu l tivation extends into pres e n tly marginal lan d s, or into

are as not pres e n tly used for agr i cu l ture. For exam ple, salt tol e-

rant rice may be able to be cu l tivated in coas tal are as wh e re

m an groves pres e n tly grow, with res u l ting ecol og i cal chan g es

in land and water use and as s oc i ated pl ant and marine life. 

B i o te c h n ol ogy can also co n tr i b ute to the chara c te r i zati o n

and co n s e rvation of biod ive rs i ty. Incre asing the produ c tiv i ty

of crops can re du ce pres s ure on biod ive rs i ty by re ducing th e

need for agr i cu l ture to move into fo rests and marginal lan d s .

New scientific developments

There are some promising new developments in R&D that

may assist in the design of future genetically modified crops

that would have clear benefits to the environment and that

would miti g ate some of the env i ro n m e n tally dam a g i n g

e ffects of agr i cu l tural inte n s i fi cation (Johnson 2000). So m e

R&D challenges for the future might include:  

• Securing fungal resistance in adult plants by switching on

res i s tan ce genes th at are active in the seed, but not cur-

rently in adult plants. 
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• Achieving insect resistance by altering physical characte-

ristics of plants, perhaps by increasing hairiness or thicke-

ning the plant cuticle. 

• Altering the growing characteristics of crops, for example

by shortening the growing season or changing the timing

of harves t s, offe rs the pro s pect of allowing more fa l l ow

land and less autumn planting. 

• Using new discoveries from functional genomics to iden-

ti fy us e ful genes within spe c i es, and un d e rs tanding how

be tter to re g u l ate them to co n trol us e ful traits. This

a p p roach will pl a ce more emph asis on the co n trol of

genes already existing within species rather than on inter-

specific gene transfers, especially those that require gene

movement amongst distantly related species. 

The gre ater un d e rs tanding of the env i ro n m e n tal risks an d

be n e fits posed by gene te c h n ol ogy may lead to the be tte r

d es i gn of future geneti cally mod i fied crops. For exam ple, wh e re

gene fl ow is a risk in out - c rossing crops growing in their ce n te r

of dive rs i ty, close to wild re l atives with which th ey may cro s s, it

m ay be po s s i ble to include genetic mechanisms of pol l e n

i n co m pati b i l i ty to limit the risk of gene fl ow. Al s o, wh e re cro p s

are to be used for indus trial pur po s es to produ ce products such

as va cc i n es, or indus trial pol y m e rs, the crop of choice should be

one with which th e re is no risk of gene fl ow to re l ated edibl e

c rops or wild spe c i es in the area of cu l tivation (Johnson 2000). 

Future ecological research needs

There is a need for further ecological research and develo-

ping agreed stan d ards and pro tocols to enable the co n ti-

n uing monitoring of the be h avior of geneti cally mod i fi e d

crops after their experimental (small-scale) and commercial

(large-scale) releases into the environment. There is a need to

set up effe c tive monitoring sys tems to detect gene tran s fe r

and research to assess its ecological impacts. Most of the pre-

sent res e arch has been un d e r ta ken in Euro pe and No r th

A m e r i ca. Li ttle has been un d e r ta ken in tro p i cal env i ro n-

ments, which are the centers of diversity of most of the worl-

d’s major food crops (Table 4.1).

Such ecol og i cal res e arch will re q ui re additional suppo r t

by national governments and international agencies in their

e fforts to develop meth od ol og i es and un d e r ta ke par ti c i pa-

tory field studies on the environmental impact of GM crops.

These assessments should be undertaken using participatory

approaches so as to involve local communities in the evalua-

tion of the risks and benefits of new technologies. 

A d d i tional data would then feed back into risk as s es s-

ments, so as to inform future decisions on the decisions on the

a p p ro p r i ate te c h n ol ogy choices in addressing spe c i fic pro-

bl e m s, including the development and management of

genetically modified crops for agricultural purposes.

Future role of the international agricultural research
centers

T h e re is a need for gre ater science - based un d e rs tan d i n g

of the risks and benefits in the applications of biotechnology

in agr i cu l ture and the env i ronment. The inte r n ational agr i-

cu l tural res e arch ce n te rs suppo r ted by the Co n s u l tative

Group on Inte r n ational Agr i cu l tural Res e arch (CGIAR) may

have an important role to play here. The centers represent a

unique resource in addressing these issues, as they constitute: 

• The wo r l d ’s larg est col l e c tion of pl ant genetic res o urces

and their wild relatives held in trust by the Centers. 

• A geogra ph i cally dispe rsed network of res e arch ce n te rs,

l ocated th ro u g h o ut the wo r l d ’s major agro - e co sys te m s, an d

a c ross the ce n te rs of dive rs i ty of the wo r l d ’s major food crops. 

• D ata and res e arch ca pa b i l i ty in the use of geogra ph i c

information systems that could be used to model and eva-

l u ate the likely be h avior of living mod i fied org anisms in

d i ffe rent env i ronments and as s ess the risks and be n e fi t s

associated with particular traits in those environments. 

• Research capabilities in the applications of gene techno-

logy to crops, livestock, forestry and fisheries, and associa-

ted socio-economic, policy and management expertise. 
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A genetic “google”:
Turning the language of the cell
into the book of life

DNA = Le tte rs :

Le tte rs of the alph a bet (fo ur diffe rent n u c l e i c

a c i d s, a bb rev i ated as G,A,T,C )

G e n es = Wo rd s

A spe c i fic string of lette rs make a wo rd (g e n e)

th at has a meaning (fun c ti o n) 

G e n o m es = many wo rd s

D i ffe rent strings of wo rds (g e n es) make 

up a g e n o m e

G e n o m i cs = stu dying wo rds 

S tu dy of all the wo rds (g e n es) in an org an i s m

(g e n o m e)

S tr u c tural genomics

D i c ti o n ary of wo rds (g e n es), with o ut 

m e an i n g s

Fun c tional genomics

Id e n ti fi es meaning (fun c ti o n) of the 

wo rds (g e n es)

Co m parative genomics 

Id e n ti fi es if same wo rds (g e n es) occur in diffe-

rent dicti o n ar i es (g e n o m es) (ie. Id e n ti fy sh are d

g e n es amongst diffe rent org an i s m s) th at may

h ave the same meaning (fun c ti o n)

B i o i n fo m ati cs = search engine 

The “google” for genes: 

T h e re are co m p uter based programs and data

bas es to help locate wo rds (g e n es), un d e rs tan d

their meaning (fun c ti o n) and identi fy wh e re

th ey are sh ared amongst diffe rent dicti o n ar i es

(g e n o m es)

Glossary of Terms 

B i o i n fo r m ati cs : the as s e m bly of data fro m

genomic an a l ysis into acces s i ble forms. It

i nvol ves the appl i cation of info r m ation te c h-

n ol ogy to an a l yze and manage large data

sets res u l ting from gene sequencing or re l a-

ted te c h n i q u es .

D i a gn o s ti cs : m o re accurate and qui c ker identi-

fi cation of path ogens using new diagn o s ti cs

based on mol e cu l ar chara c te r i zation of th e

path og e n s .

Fun c tional genomics is the knowledge th at

co nverts the mol e cu l ar info r m ation re p res e n-

ted by DNA into an un d e rs tanding of gene

fun c tions and effects: how and why genes

be h ave in ce r tain spe c i es and under spe c i fi c

co n d i tions. To address gene fun c tion an d

e x p ression spe c i fi ca l l y, the re cove ry and iden-

ti fi cation of mutant and ove r - e x p ressed ph e-

n o types can be empl oyed. Fun c tional geno-

m i cs also entails res e arch on the pro te i n

fun c tion (pro te o m i cs) or, even more broa dl y,

the wh ole meta bolism (meta bol o m i cs) of an

o rg an i s m .

Gene chips (also called DNA chips) or microar-

rays.  Id e n ti fied expressed gene sequences of

an org anism can, as expressed sequence ta g s

or sy n th es i zed ol i g o n u c l e o ti d es, be pl a ced on

a matrix. This matrix can be a solid suppo r t

such as glass. If a sam ple co n taining DNA or

R NA is added, those mol e cu l es th at are co m-

pl e m e n tary in sequence will hyb r i d i ze. By

making the added mol e cu l es fl u o res ce n t, it is

po s s i ble to detect wh e ther the sam ple co n-

tains DNA or RNA of the res pe c tive geneti c

s e q u e n ce initially moun ted on the matrix. 

G e n o m i cs : the mol e cu l ar chara c te r i zation of all

the genes in a spe c i es .

High th ro u g h p ut (HTP) screening makes use of

te c h n i q u es th at allow for a fast and simpl e

test on the pres e n ce or absence of a des i ra bl e

s tr u c ture, such as a spe c i fic DNA sequence

and the expression patterns of genes in res-

ponse to diffe rent stimuli. HTP scre e n i n g

often us es DNA chips or microar rays an d

a uto m ated data processing for larg e - s ca l e

s c re e n i n g, for exam ple to identi fy new targ e t s

for drug deve l o p m e n t .

I n s e r tion mutan t s are mutants of genes th at are

ob tained by inserting DNA, for instan ce

th rough mobile DNA sequences, tran s po s o n s .

In pl ant res e arch, the ca pa c i ty of the ba c te-

r i um A groba c te r i um to introdu ce DNA into

the pl ant genome is empl oyed to indu ce

m utants.  In bo th cas es, mutations lead to lac-

king or changing gene fun c tions th at are

revealed by abe r rant ph e n o types.  Inserti o n

m utant isol ation, and subsequent identi fi ca-

tion and an a l ysis are empl oyed in mod e l

pl ants such as A ra b i d o p s i s and in crop pl an t s

such as mai ze and rice .

Mol ecu l ar breed i n g : i d e n ti fi cation and eva l u a-

tion of us e ful traits using mar ke r - as s i s te d

s e l e c ti o n .

Sh o tg un genome seq u e n c i n g is a sequencing

s trate gy for which parts of DNA are ran d o m l y

s e q u e n ced. The sequences ob tained have a

co n s i d e ra ble overlap and by using appro-

p r i ate co m p uter software it is po s s i ble to co m-

pare sequences and align them to build larg e r

units of genetic info r m ation.  This sequencing

s trate gy can be auto m ated and leads to ra p i d

sequencing info r m ation, but it is less pre c i s e

th an a sys te m atic sequencing approa c h .

Single nucleo tide pol ym o r ph i s m s ( SN Ps) are

the most common type of genetic var i ati o n .

SN Ps are sta ble mutations co n s i s ting of a

c h ange at a single base in a DNA mol e cu l e .

SN Ps can be dete c ted by HTP an a l ys es, fo r

i n s tan ce with DNA chips, and th ey are th e n

m a p ped by DNA sequencing.

Tran s fo r m ati o n : i n trodu c tion of single genes

co n ferring po te n tially us e ful trai t s .

Va ccine tec h n ol ogy: using modern immun ol ogy

to develop re co m b i n ant DNA va cc i n es fo r

i m p roved co n trol of animal and fi sh diseas e .

Glossary



This overview document will be complemented by a meta-

review that has been commissioned by ICSU and its Advisory

Co m m i ttee on Genetic En g i n eering and Biotec h n ol ogy

( ACOGEB). This meta revi ew is analysing the key findings of

some twenty reviews on GM foods and crops that have been

co n du c ted by var i o us national, inte r n ational and priv ate

agencies within the past three years. 

Sev e ral revi ews have co n ce n trated on those as pects of

gene tec h n ol ogy most likely to affect hum an hea l th, while

o th e rs were more co n ce r n ed with the po te n tial impact of

gene tec h n ol ogy on agr i cu l ture and the envi ronment. So m e

revi ew s, bo th national and inte r n ational, were charg ed with

advising governments on appropriate regulatory frameworks

for gene technology. 

Other revi ews have been co n ce r n ed spec i fi cally with th e

potential impact of gene technology in emerging economies.

Several reviews have looked not only at the scientific issues but

have also considered the broader context, including the ethics,

and values that underpin the interaction between science and

s oc i e ti es in diffe rent parts of the world. The revi ews were

m ainly those co n du c ted by means of independent pan els of

e x pe r t s, usually co m m i s s i o n ed by national aca d e m i es of

s c i e n ce or by inte r n ational agencies, including the Un i ted

Nations agencies. 

The co n tent of the revi ews is being an a l y s ed in the areas of: 

• Human health -Risks and benefits

• Agriculture and the environment

• Regulatory frameworks

• Emerging issues

• Gaps in knowledge

Particular attention is given to identifying the areas of com-

monality amongst the reviews, identifying any areas of diffe-

ring perspective, and highlighting those areas where there are

gaps in knowledge that may be able to be addressed through

additional well targeted research. 

The meta revi ew will be publ i sh ed by ICSU in Se p te m be r

2002, at the time of the ICSU General Assembly in Rio de Jane-

rio, and will be available at www.icsu.org. 
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