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I
n m

any countries, the debate surrounding the use of
biotechnology in agriculture is often solely associated w

ith
genetically m

odified (G
M

) crops. A
s a result, m

any believe that
biotechnology is only about developing these products. W

hat m
any

do not realize is that there are m
any other im

portant applications
of biotechnology that have m

ade (and w
ill continue to m

ake) a
trem

endous im
pact on agricultural productivity. Biotechnology

encom
passes a num

ber of tools and elem
ents of conventional

breeding techniques, bioinform
atics, m

icrobiology, m
olecular

genetics, biochem
istry, plant physiology, and m

olecular biology.

The present applications of biotechnology that are im
portant for

agriculture and the environm
ent include:

- Conventional plant breeding
- Tissue culture and m

icropropagation
- M

olecular breeding or m
arker assisted selection

- G
enetic engineering and G

M
 crops

- The ‘O
m

ics’ - G
enom

ics, Proteom
ics, M

etabolom
ics

- Plant disease diagnostics
- M

icrobial ferm
entation

*Biotechnology is defined as a set of tools that uses living organism
s

(or parts of organism
s) to m

ake or m
odify a product, im

prove
plants, trees or anim

als, or develop m
icroorganism

s for specific
uses.

L
earn

 h
ow

 tech
n

olog
y h

as b
een

 u
sed

 to im
p

rove th
e food

 w
e g

row
 or eat.

F
ollow

 th
e b

iotech
 tim

elin
e. (Sou

rce: h
ttp

:/
/

w
w

w
.w

hyb
iotech

.com
)

Biotechnology in Agriculture
A lot m

ore than just GM
 crops

The G
lobal K

now
ledge Center on Crop Biotechnology

is a science-based inform
ation network responding dynam

ically
to the needs of developing countries on all aspects of crop biotechnology.

Its activities include m
aintenance of an internet w

ebsite,
expert netw

orking, continuous scanning of the agri-biotech environm
ent,

and m
ulti-m

edia com
m

unication.



Since the beginning of agriculture eight to ten thousand
years ago, farm

ers have been altering the genetic
m

akeup of the crops they grow. E
arly farm

ers
selected the best looking plants and seeds and saved
them

 to plant for the next year. Then once the
science of genetics becam

e better understood, plant
breeders used w

hat they knew
 about the genes of a

plant to select for specific desirable traits to develop
im

proved varieties.

The selection for features such as faster grow
th, higher yields, pest and

disease resistance, larger seeds, or sw
eeter fruits has dram

atically changed
dom

esticated plant species com
pared to their w

ild relatives. For exam
ple,

w
hen corn w

as first grow
n in N

orth and South A
m

erica thousands of
years ago, the corn cobs farm

ers harvested w
ere sm

aller than one’s little
finger. Today, there are hundreds of varieties of corn, som

e of w
hich

produce cobs as long as one’s forearm
.Conventional plant breeding has been

going on for hundreds of years and
is still com

m
only used today. E

arly
farm

ers discovered that som
e crop

plants could be artificially m
ated or

cross-pollinated to increase yields.
D

esirable characteristics from
different parent plants could also be

com
bined in the offspring. W

hen the science of plant breeding w
as further

developed in the 20th century, plant breeders understood better how
 to

select superior plants and breed them
 to create new

 and im
proved varieties

of different crops. This has dram
atically increased the productivity and

quality of the plants w
e grow

 for food, feed and fiber.

The art of recognizing desirable traits and incorporating them
 into future

generations is very im
portant in plant breeding. Breeders scrutinize their

F
or thousands of years, hum

an beings have been engaged in
im

proving the crops they grow. A
nd over the past 150

years, scientists have assisted their efforts by developing and
refining the techniques of selection, breeding and crop protection
through the application of biotechnology. A

s m
entioned above,

biotechnology in agriculture is not only about genetic m
odification

but rather encom
passes a num

ber of tools and elem
ents of

conventional breeding techniques, bioinform
atics, m

icrobiology,
m

olecular genetics, biochem
istry, plant physiology, and m

olecular
biology.

W
ith the severe agricultural problem

s and challenges that
developing countries face, scientists need all the tools available to
ensure there is enough to eat for succeeding generations.
Biotechnology is not a panacea for hunger and m

alnutrition but
sim

ply another set of tools to assist in developing better plant
varieties and seeds and protecting them

 from
 devastating pests,

diseases, and adverse environm
ents.

Conclusion

2003
F

arm
ers in

 18 cou
n

tries p
lan

t G
M

 crop
s on

 67.7 m
illion

 h
ectares.
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fields and travel long distances in search of individual plants that exhibit
desirable traits. A

 few
 of these traits occasionally arise spontaneously

through a process called mutation, but the natural rate of m
utation is very

slow
 and unreliable to produce all plants that breeders w

ould like to see.

M
utation breeding

In the late 1920s, researchers discovered
that they could greatly increase the
num

ber of these variations or m
utations

by exposing plants to X
-rays and

chem
icals. “M

utation breeding” accelerated
after W

orld W
ar II, w

hen the techniques
of the nuclear age becam

e w
idely

available. Plants w
ere exposed to gam

m
a rays, protons, neutrons, alpha

particles, and beta particles to see if these would induce useful m
utations.

Chem
icals, too, such as sodium

 azide and ethyl m
ethanesulphonate, w

ere
used to cause m

utations. M
utation breeding efforts continue around the

world today. O
f the 2,252 officially released m

utation breeding varieties,
1,019 or alm

ost half have been released during the last 15 years. E
xam

ples
of plants that w

ere produced via m
utation breeding include w

heat, barley,
rice, potatoes, soybeans, and onions.

Hybrid seed technology
The end result of plant breeding is either an open-pollinated (O

P) variety
or an F1 (first filial generation) hybrid variety. O

P varieties, w
hen

m
aintained and produced properly, retain the sam

e characteristics w
hen

m
ultiplied. The only technique used w

ith O
P varieties is selection of the

seed-bearing plants.

H
ybrid seeds are an im

provem
ent over open pollinated seeds in term

s of
qualities such as yield, resistance to pests and diseases, and tim

e to m
aturity.

10,000 - 9,000 BC
P

eop
le start p

lan
tin

g crop
s rath

er th
an

 relyin
g on

 h
u

n
tin

g an
d

gath
erin

g for food
.

3

2002
T

h
e N

ation
al C

en
ter for F

ood
 an

d
 A

g
ricu

ltu
ral P

olicy (N
C

FA
P

) stu
d

y fou
n

d
 th

at
six G

M
 crop

s p
lan

ted
 in

 th
e U

n
ited

 States - soyb
ean

s, corn
, cotton

, p
ap

aya, sq
u

ash
an

d
 can

ola- p
rod

u
ced

 an
 ad

d
ition

al 4 b
illion

 p
ou

n
d

s of food
 an

d
 fib

er on
 th

e
sam

e acreag
e, im

p
roved

 farm
 in

com
e b

y $1.5 b
illion

 an
d

 red
u

ced
 p

esticid
e u

se b
y

46 m
illion

 p
ou

n
d

s.

Inoculant E
ncyclopedia.

( http://w
w

w.inoculants.com
/encyclopedia/encyclopedia_5.htm

l)

Integrated Pest M
anagem

ent Resource Centre. Biopesticides.
( http://w

w
w.ipm

rc.com
/expert/biopesticides/index.shtm

l)

Integrated Plant Protection Center.  D
atabase of M

icrobial Biopesticides.
( http://w

w
w.ippc.orst.edu/biocontrol/biopesticides/)

International Biopesticide Consortium
 for D

evelopm
ent. Biopesticides.

( http://w
w

w.biopesticide.org/biopesticides.htm
)

U
PLB Com

pedium
 of M

ature and D
eveloped Technologies.

( http://w
w

w.uplb.edu.ph)
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H
ybrid seeds are developed by the hybridization or

crossing of parent lines that are ‘pure lines’ produced
through inbreeding. Pure lines are plants that “breed
true” or produce sexual offspring that closely
resem

ble their parents. By crossing pure lines, a
uniform

 population of F1 hybrid seed can be
produced w

ith predictable characteristics.

The sim
plest w

ay to explain how
 to develop an F1 hybrid is to take an

exam
ple. Let us say a plant breeder observes a particularly good habit in a

plant, but w
ith poor flow

er color, and in another plant of the sam
e type he

sees good color but poor habit. The best plant of each type is then taken
and self-pollinated (in isolation) each year and, each year, the seed is re-sow

n.
E

ventually, every tim
e the seed is sow

n the sam
e identical plants w

ill appear.
W

hen they do, this is know
n as a ‘pure line.’

If the breeder now
 takes the pure line of each of the tw

o plants he
originally selected and cross pollinates the tw

o by hand the result is know
n as

an F1 hybrid. Plants are grow
n from

 the seed produced and the result of
this cross pollination should have the com

bined traits of the two parents.

This is the sim
plest form

 of hybridization, but there are com
plications, of

course. A
 com

pletely pure line can som
etim

es take seven or eight years to
achieve. Som

etim
es, a pure line is m

ade up of several previous crossings to
build in desirable features. The resulting plant is then grow

n on until it is
genetically pure before use in hybridization.

In addition to qualities like good vigor,
trueness to type, heavy yields and high
uniform

ity w
hich hybrid plants enjoy, other

characteristics such as earliness, disease and
insect resistance and good w

ater holding
ability have been incorporated into m

ost F1
hybrids.

6,000 BC
In M

esopotam
ia, Sum

erians use yeast - a type of fungus - to m
ake beer and

w
ine.

E
xam

p
les of b

ioin
secticid

es an
d

 th
eir m

od
e of action

.

Bacteria

V
iruses

Fungi

Protozoa

N
em

atode

C
on

trol
ag

en
t

Produce toxins that are
detrim

ental to certain
insect pests w

hen
ingested.

K
ills insects w

hen
ingested. Insect’s feeding
behavior is disrupted thus
it starves and dies.

Controls insects by
grow

ing on them
secreting enzym

es that
w

eaken the insect’s outer
coat, and then getting
inside the insect and
continuing to grow,
eventually killing the
infected pest.

K
ills insects w

hen
ingested. Insect’s feeding
behavior is disrupted thus
it starves and dies.

They kill their target
organism

s by entering
natural body openings or
by penetrating the insect
cuticle directly.

M
od

e of A
ction

Bacillus thuringiensis
Bacillus popilliae
A

grobacterium
radiobacter

Baculoviruses:
N

uclear polyhedrosis
virus (N

PV
)

Baculoviruses:
G

ranulosis virus
(G

V
)

Baculoviruses: G
roup

C E
ntom

opox

E
ntomophaga praxibulli

Zoophthora radicans
N

eozygites floridana

N
osema

V
airimorpha

M
alam

oeba

H
eterorhabditis

bacteriophora
Phasmarhabditis
hermaphrodita
Steinernema carpocapsae

E
xam

p
les

Lepidopterans
Japanese beetles
Crow

n gall disease

Lepidotperan and
hym

enopteran

Lepidopteran

A
rthropods

G
rasshoppers

A
phids

C
assava G

reen
M

ite

G
rasshoppers

Lepidoptera
Locusts

Black vine w
eevil,

Japanese beetles
Various slugs and
snails
Black vine w

eevil,
straw

berry root
w

eevil, cranberry
girdler

2001
U

.S. an
d

 C
an

ad
ian

 scien
tists d

evelop
 a tran

sgen
ic tom

ato th
at th

rives in
 salty

conditions, a discovery w
ith the potential to create tom

atoes and other crops that can
grow

 in
 m

argin
al con

d
ition

s.

C
on

trol
again

st

4
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5,000 BC
F

arm
in

g com
m

u
n

ities in
 existen

ce.

4,000 BC
E

gyp
tian

s u
se yeast to m

ake b
read

 rise.

U
nfortunately, these advantages com

e w
ith a price. Because creating F1

hybrids involves m
any years of preparation to create pure lines and these

pure lines have to be constantly m
aintained so that the F seed can be

harvested each year, seed is m
ore expensive. The problem

 is com
pounded

because to ensure that no self pollination takes place, all the hybridization
of the tw

o pure lines som
etim

es has to be done by hand.

A
nother disadvantage is if the seeds of the F1 hybrids are used for

grow
ing the next crops, the resulting plants do not perform

 as w
ell as the

F1 m
aterial resulting in inferior yields and vigor. A

s a consequence, the
farm

er has to purchase new
 F1 seeds from

 the plant breeder each year. The
farm

er is, how
ever, com

pensated by higher yields and better quality of the
crop.

Though m
ore expensive, hybrid seeds have had a

trem
endous im

pact on agricultural productivity.
Today, nearly all corn and 50%

 of all rice are hybrids
(D

A
N

ID
A

, 2002).

In the U
SA

, the w
idespread use of corn hybrids,

coupled w
ith im

proved cultural practices by farm
ers, has m

ore than tripled
corn grain yields over the past 50 years from

 an average of 35 bushels per
acre in the 1930s to 115 bushels per acre in the 1990s. N

o other m
ajor crop

anyw
here in the w

orld even com
es close to equaling that sort of success

story.

H
ybrid rice technology helped China to increase its rice production from

140 m
illion tons in 1978 to 188 m

illion tons in
1990. Research at the International Rice
Research Institute (IRRI) and in other countries
indicates that hybrid rice technology offers
opportunities for increasing rice varietal yields
by 15-20%

 beyond those achievable w
ith

im
proved, sem

idw
arf, inbred varieties.

5

bioinsecticides have becom
e available in

N
orth A

m
erica and E

urope.

Inexpensive ferm
entation technology is

used to m
ass produce fungi. Spores are

harvested and packaged so they can be
applied to insect-ridden fields. W

hen the
spores are applied, they use enzym

es to
break through the outer surface of the insects’ bodies. O

nce inside, they
begin to grow

 and eventually cause death.

Bioinsecticides based on Bb have m
any advantages. The fungus does not

grow
 in w

arm
-blooded organism

s (such as people), nor does it survive
long in water reservoirs or rivers. H

ow
ever, its spores can w

ithstand long
periods of dryness and other harsh environm

ental conditions. Studies to
date have show

n that the fungus also does not hurt plants and becom
es

inactivated by the sun’s ultraviolet rays in one to eight w
eeks.

Fungal agents are view
ed by som

e researchers as having the best potential
for long-term

 insect control. This is because these bioinsecticides attack in a
variety of w

ays at once, m
aking it very difficult for insects to develop

resistance.

V
irus-B

ased B
ioinsecticides

A
 group of virus-based insecticides that scientists are testing are the rod-

shaped baculoviruses. Baculoviruses affect insect pests like corn borers, potato
beetles, flea beetles and aphids. O

ne particular strain is being used as a
control agent for bertha arm

y worm
s, w

hich attack canola, flax, and
vegetable crops. D

uring the worst years of the infestation in the early 1980’s
in Canada, they cleaned out over one m

illion hectares of prairie crops. In
the past, farm

ers used chem
ical insecticides to control these pests. But

Bertha arm
y worm

s attack crops w
hile in the larval (caterpillar) stage.

Traditional insecticides do not affect the worm
 until after it has reached this

stage and by then m
uch of the dam

age has been done.

20
0

0
T

h
e first en

tire p
lan

t g
en

om
e is seq

u
en

ced
, A

rabidopsis thaliana, w
h

ich
p

ro
vid

es research
ers w

ith
 g

reater in
sig

h
t in

to
 th

e g
en

es th
at co

n
tro

l
sp

ecific traits in
 m

an
y oth

er ag
ricu

ltu
ral p

lan
ts.
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M
any cultivars of popular vegetable or

ornam
ental plants are F1 hybrids. In term

s
of im

proved plant characteristics, tropical
vegetable breeders can point to som

e
rather clear achievem

ents over the last tw
o

decades:

Y
ield

 im
p

rovem
en

t. H
ybrids often outyield traditional O

P selections
by 50-100%

 thanks to im
proved vigor, im

proved genetic disease
resistance, im

proved fruit setting under stress, and higher fem
ale/m

ale
flow

er ratios

E
xten

d
ed

 grow
in

g season. H
ybrids often m

ature up to 15 days
earlier than local O

P varieties. For m
any crops, the hybrid’s relative

advantage over the O
P is m

ost pronounced under stress conditions

Q
u

ality im
p

rovem
en

t. H
ybrids have helped stabilize product quality

at a higher, m
ore uniform

 level. This alm
ost alw

ays m
eans im

proved
consum

ption quality (e.g. firm
 flesh of wax gourd, or crispy taste of

w
aterm

elon).

Conventional plant breeding resulting in open
pollinated varieties or hybrid varieties has had a
trem

endous im
pact on agricultural productivity over

the last decades. W
hile an extrem

ely im
portant tool,

conventional plant breeding also has its lim
itations.

First, breeding can only be done betw
een tw

o
plants that can sexually m

ate w
ith each other. This

lim
its the new

 traits that can be added to those that
already exist in that species. Second, w

hen plants
are crossed, m

any traits are transferred along w
ith

the trait of interest including traits w
ith undesirable

effects on yield potential.

4,000 BC - 1,600 AD
E

arly farm
ers - like th

ose in
 E

g
yp

t an
d

 th
e A

m
ericas - saved

 seed
s from

p
lan

ts th
at p

rod
u

ced
 th

e b
est crop

s an
d

 p
lan

ted
 th

em
 th

e n
ext year to

g
row

 even
 b

etter crop
s.

hum
ans and anim

als com
pared to synthetic insecticides; they are very

specific, often affecting only a single species of insect and have a very
specific m

ode of action; slow
 in action and the tim

ing of their application
is relatively critical.

Som
e of these characteristics how

ever, are seen by critics as a disadvantage.
For exam

ple, because m
ost of these bioinsecticide agents are living

organism
s, their success is affected by several factors like tem

perature, pH
,

m
oisture, U

V, soil conditions, and other m
icrobial com

petitors present in
the environm

ent.  Slow
 in action m

eans m
uch longer tim

e for it to
eradicate pathogens com

pared to synthetic pesticides.

B
acteria-based bioinsecticides

O
ne of the m

ost w
idely used bioinsecticides is

a naturally occurring soil bacterium
 called

Bacillus thuringiensis or Bt. Bt produces a
protein w

hich is poisonous to insects. O
ften

w
ithin 15 m

inutes of being eaten, the
poisons begin to create ulcers in the insect’s
stom

ach lining. The insect stops eating and
eventually dies.

Researchers have identified betw
een 500 and 600 strains, or types of Bacillus

thuringiensis. Bt is very selective —
 it affects only a specific species of insect

pest and does not harm
 hum

ans, birds, fish, or beneficial insects. In 1983, a
strain of Bt w

as used in W
est A

frica to w
ipe out disease-carrying black flies.

Fungi-based bioinsecticides
Fungi that cause disease in som

e 200 different insects are gaining
prom

inence as bioinsecticides. O
ne of the earliest to be discovered in the

1880s is Beauveria bassiana (Bb), a fungus found w
orldw

ide in soils and
plants. A

nother half a dozen fungi are also know
n to have characteristics

valuable for insect control. In China, over tw
o m

illion hectares are sprayed
w

ith Bb annually to control forestry pests. Since 1993, six new
 fungal

1999
G

erm
an

 an
d

 Sw
iss scien

tists d
evelop

 g
old

en
 rice, fortified

 w
ith

b
etacaroten

e, w
h

ich
 stim

u
lates p

rod
u

ction
 of V

itam
in

 A
 th

at can
p

reven
t som

e form
s of b

lin
d

n
ess.
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3,000 - 2,000 BC
P

eru
vian

s select p
otatoes (from

 arou
n

d
 160 w

ild
 sp

ecies) w
ith

 th
e low

est
levels of p

oison
s an

d
 g

row
 th

em
 for food

.
7

to the environm
ent com

pared to conventional herbicides and w
ill not

affect non-target organism
s.

W
ith the advances of genetic engineering, new

 generation bioherbicides are
being developed that are m

ore effective against weeds. M
icroorganism

s
are designed to effectively overcom

e the w
eed’s defenses. W

eeds have a
w

axy outer tissue coating the leaves that m
icroorganism

s have to penetrate
in order to fully infect the w

eeds.  Through biotechnology, these
m

icroorganism
s w

ill be able to produce the appropriate type and am
ount

of enzym
es to cut through the outer defenses.  Stream

lining of the
m

icrobe’s plant host specificity w
ill ensure that the w

eeds are taken out and
not the crops.  O

n the other hand, m
icrobes can also be m

ade to be
effective against several host w

eeds and not only to one type of w
eed as

this can be too expensive to produce for com
m

ercial use.

B
ioinsecticides

The science of biotechnology can also help in
developing alternative controls to synthetic insecticides
to fight against insect pests. Research has found
m

icroorganism
s in the soil that w

ill attack fungi,
viruses or bacteria w

hich cause root diseases.
Form

ulas for coatings on the seed (inoculants)
w

hich carry these beneficial organism
s can be

developed to protect the plant during the critical seedling stage.

W
hile synthetic pesticides are an invaluable tool for agricultural

productivity, som
e of them

 also have their draw
backs: they are expensive,

they are often not foolproof; they can accum
ulate in our environm

ent and
pollute our w

ater system
s; and they are not species specific as they can also

kill non-target organism
s.

Bioinsecticides, on the other hand, do not persist long in the environm
ent

and have shorter shelf lives; they are effective in sm
all quantities, safer to
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Just as every person is different and unique, so is each plant. Som
e have traits

like better color, yield, or pest resistance. For years, scientists have looked for
m

ethods to allow
 them

 to m
ake exact copies of these superior individuals.

Plants usually reproduce by form
ing seeds through sexual reproduction. That

is, egg cells in the flow
ers are fertilized by pollen from

 the stam
ens of the

plants. E
ach of these sexual cells contains genetic m

aterial in the form
 of

D
N

A
. D

uring sexual reproduction, D
N

A
 from

 both parents is com
bined in

new
 and unpredictable ways, creating unique organism

s.

This unpredictability is a problem
 for plant breeders as it can take several

years of careful greenhouse w
ork to breed a plant w

ith desirable
characteristics. M

any of us think that all plants grow
 from

 seeds but now,
researchers have developed several m

ethods of grow
ing exact copies of

plants w
ithout seeds.

Tissue culture is the cultivation of plant cells, tissues, or organs on specially
form

ulated nutrient m
edia. U

nder the right conditions, an entire plant can be
regenerated from

 a single cell. Plant tissue culture is a technique that has been
around for m

ore than 30 years. Tissue culture is seen as an im
portant

technology for developing countries for the production of disease-free, high
quality planting m

aterial and the rapid production of m
any uniform

 plants.
M

icropropagation, w
hich is a form

 of tissue culture, increases the am
ount of

planting m
aterial to facilitate distribution and large scale

planting. In this w
ay, thousands of copies of a plant can

be produced in a short tim
e. M

icropropagated
plants are observed to establish m

ore quickly,
grow

 m
ore vigorously and taller, have a

shorter and m
ore uniform

 production
cycle, and produce higher yields than
conventional propagules.

The use of bioherbicides is another w
ay of

controlling w
eeds w

ithout environm
ental

hazards posed by synthetic herbicides.
Bioherbicides are m

ade up of
m

icroorganism
s (e.g. bacteria, viruses,

fungi) and certain insects (e.g. parasitic w
asps,

painted lady butterfly) that can target very specific w
eeds.  The

m
icrobes possess invasive genes that can attack the defense genes of the

w
eeds, thereby killing it.

The better understanding of the genes of both m
icroorganism

s and plants
has allow

ed scientists to isolate m
icrobes (pathogens) w

hose genes m
atch

particular w
eeds and are effective in causing a fatal disease in those w

eeds.
Bioherbicides deliver m

ore of these pathogens to the fields. They are sent
w

hen the w
eeds are m

ost susceptible to illness.

The genes of disease-causing pathogens are very specific. The m
icrobe’s

genes give it particular techniques to overcom
e the unique defenses of one

type of plant. They instruct the m
icrobe to attack only the one plant

species it can successfully infect. The invasion genes of the pathogen have
to m

atch the defense genes of the plant. Then the m
icrobe know

s it can
successfully begin its attack on this one particular type of plant. The
m

atching gene requirem
ent m

eans that a pathogen is harm
less to all plants

except the one weed identified by the m
icrobe’s genetic code.

This selective response m
akes bioherbicides very useful because they kill

only certain w
eed plants that interfere w

ith crop productivity w
ithout

dam
aging the crop itself. Bioherbicides can target one w

eed and leave the
rest of the environm

ent unharm
ed.

The benefit of using bioherbicides is that it can survive in the environm
ent

long enough for the next grow
ing season w

here there w
ill be m

ore w
eeds

to infect.  It is cheaper com
pared to synthetic pesticides thus could

essentially reduce farm
ing expenses if m

anaged properly.  It is not harm
ful
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1700 - 1720
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Plant tissue culture is a straightforw
ard technique and m

any
developing countries have already m

astered it. Its
application only requires a sterile workplace, nursery,
and green house, and trained m

anpow
er.

U
nfortunately, tissue culture is labor intensive, tim

e
consum

ing, and can be costly. Plants im
portant to

developing countries that have been grow
n in tissue culture are oil palm

, plantain,
pine, banana, date, eggplant, jojoba, pineapple, rubber tree, cassava, yam

, sw
eet

potato, and tom
ato. This application is the m

ost com
m

only applied form
 of

biotechnology in A
frica.

Exam
ples of the use of tissue culture in crop im

provem
ent in Africa include:

1.
A

 new
 rice plant type for W

est A
frica (N

ERICA
 – N

ew
 Rice for A

frica)
resulting from

 em
bryo rescue of w

ide crosses m
ade betw

een A
sian rice (O

ryza
sativa) and A

frican rice (O
ryza glaberrim

a) follow
ed by anther culture of the

hybrids to stabilize breeding lines.

Benefits of T
C

 technology for rice farm
ers in W

est A
frica (Source: W

A
R

D
A

)
For years, scientists dream

ed of com
bining the ruggedness of the African rice

species (Oryza glaberrima) with the productivity of the A
sian species (Oryza

sativa). But the two are so different, attem
pts to cross them

 failed as the
resulting offspring were all sterile. In the 1990s, rice breeders from

 the W
est

A
frica Rice D

evelopm
ent A

ssociation (W
A

RD
A

) turned to biotechnology in an
attem

pt to overcom
e the infertility problem

s. K
ey to the effort were gene banks

that hold seeds of 1500 African rices —
 which had faced extinction as farm

ers
abandoned them

 for higher-yielding A
sian varieties.

A
dvances in agricultural research helped scientists cross the two species —

 a
breakthrough that is changing the lives of m

any rice farm
ers in W

est A
frica.

A
fter cross-fertilization of the two species, em

bryos were rem
oved and grown

on artificial m
edia in a process known as em

bryo-rescue.

Because the resultant plants are frequently alm
ost sterile, they are re-crossed

with the sativa parent wherever possible (known as back-crossing). O
nce the

9

the roots of plants prevent further infections by pathogens and m
ake plants

m
ore tolerant to drought and heavy m

etals.   BIO
-Q

uick, a com
posting

inoculum
, helps hasten the decom

position of farm
 and agro-industrial

w
astes by as m

uch as 80%
.

Biopesticides
A

s w
e all know, there are also m

icroorganism
s found in the soil that are not

so friendly to plants. These pathogens can cause extrem
e disease or dam

age
to the plant. A

s w
ith friendly m

icroorganism
s, scientists have developed

biological “tools” w
hich use these disease-causing m

icrobes to control
w

eeds and pests naturally.

B
ioherbicides

W
eeds are a constant problem

 for farm
ers. They not

only com
pete w

ith crops for w
ater, nutrients, sunlight,

and space but also harbor insect and disease pests;
clog irrigation and drainage system

s; underm
ine crop

quality; and deposit w
eed seeds into crop harvests.

If left uncontrolled, w
eeds can reduce crop yields

significantly.

Farm
ers fight w

eeds w
ith tillage, hand w

eeding, synthetic herbicides, or
typically a com

bination of all techniques. U
nfortunately, tillage leaves

valuable topsoil exposed to w
ind and w

ater erosion, a serious long-term
consequence for the environm

ent. For this reason, m
ore and m

ore
farm

ers prefer reduced or no-till m
ethods of farm

ing.

Sim
ilarly, m

any have argued that the heavy use
of synthetic herbicides has led to
groundw

ater contam
inations, death of

several w
ildlife species and has also been

attributed to various hum
an and anim

al
illnesses.
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fertility of the progeny was im
proved (often after several cycles of back-

crossing), anther culture was used to double the gene com
plem

ent of m
ale

sex cells (anthers) and thus produce true-breeding plants.

The first of the new rices dubbed ‘N
ew Rice for A

frica’ (or N
ERICA

) was
available for testing in 1994 and since then, the techniques have been refined
and stream

lined, so that m
any new lines are generated each year. The dream

had com
e true. The new plants had the best of both worlds – som

e of
them

 com
bined yield traits of the sativa parent with local adaptation traits

from
 glaberrima.

The N
ERICA

s inherited wide, droopy leaves from
 their A

frican parent,
which sm

other weeds in early growth. That reduces labor, and allows
farm

ers to work the sam
e land longer, rather than having constantly to clear

new land.

The structure of the panicles, or grain heads, has also been changed.
Panicles of the A

frican species produce only 75-100 grains. The new rices
inherited, from

 their A
sian parent, longer panicles with ‘forked’ branches,

and hold up to 400 grains.

Like their A
sian parent, the new rices hold grains tightly, not allowing them

to shatter. They produce m
ore tillers than either parent, with strong stem

s
to support the heavy grain heads.

The new
 varieties outyield others w

ith no inputs—
but respond

bountifully to even m
odest fertilization. D

uring rice trials, yields as high
as 2.5 tons per hectare at low

 inputs—
and 5 tons or m

ore w
ith just

m
inim

um
 increase in fertilizer use, have been obtained, approxim

ately
25%

 to 250%
 increase in production.

The new
 rices m

ature 30 to 50 days earlier than current varieties,
allow

ing farm
ers to grow

 extra crops of vegetables or legum
es. They are

taller than m
ost rices, w

hich m
akes harvesting easier—

especially for
wom

en w
ith babies strapped to their backs. They resist pests and

1750 - 1850
E

u
rop

ean
 farm

ers in
crease cu

ltivation
 of leg

u
m

es (to fix n
itrog

en
 in

 th
e

soil) an
d

 rotate crop
s to in

crease yield
.

A
 fungus called Penicillium bilaii is the roots’ key to unlock phosphate from

the soil. It m
akes an organic acid w

hich dissolves the phosphate in the soil
so that the roots can use it. A

 biofertilizer m
ade from

 this organism
 is

applied either by coating seeds w
ith the fungus (called inoculation), or

putting it directly into the ground w
here the plant’s roots w

ill live.

The friendly fungus can w
rap itself around the root, and prevent other less

helpful organism
s from

 living there. It has the first chance to use the plant’s
byproducts. This w

ill m
ake the m

icrobe stronger, and able to convert m
ore

phosphate for the roots to use. W
ith additional phosphate, the plants w

ill
be stronger and m

ore productive.

A
nother exam

ple of an organism
 that is used to m

ake
biofertilizers is the bacterium

 Rhizobium. This bacterium
lives on the plant’s roots in cell collections called nodules.
The nodules are biological factories that can take
nitrogen out of the air and convert it into an organic
form

 that the plant can use. Because the bacteria live
w

ithin the roots, it transfers the nutrient directly into the
plant.

This fertilization m
ethod has been designed by nature.

W
ith a large population of the friendly bacteria on its

roots, the legum
e can use naturally-occurring nitrogen

instead of the expensive traditional nitrogen fertilizer.

Biofertilizers help plants use all of the food available in the soil and air thus
allow

ing farm
ers to reduce the am

ount of chem
ical fertilizers they use. This

helps preserve the environm
ent for the generations to com

e.

N
itroPlus, Bio-N

 and BIO
-Fix are som

e Philippine exam
ples of bio

fertilizers that utilize the ability of m
icroorganism

s like rhizobia to fix free
nitrogen.  O

ther products like M
ycogroe and M

ykovam
 help plants absorb

w
ater and phosphorus from

 the soil.  The m
ycorrhizal fungi that colonizes

Late 1980s/Early 1990s
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tolerate drought better than the A
sian rices—

 vitally im
portant for

rainfed-rice farm
ers. The new rices grow better on infertile, acid soils—

which com
prise 70%

 of W
est A

frica’s upland rice area.

They also have about 2%
 m

ore body-building protein than their
A

frican or A
sian parents.

Because of their success, N
E

RICA
s w

ere quickly adopted by farm
ers.

In 2000, it w
as estim

ated that the new
 rices covered som

e 8,000 ha in
G

uinea, of w
hich 5000 ha grow

n by 20,000 farm
ers was under the

supervision of the national extension agency. In 2002, W
A

RD
A

projected that 330,000 ha w
ould be planted to N

E
RICA

s, sufficient to
m

eet the country’s ow
n seed needs, w

ith surplus for export to
neighboring countries.

For more, please read “Farmers embrace A
frican ‘miracle’ rice”

(http://www.un.org/ecosocdev/geninfo/afrec/vol17no4/174rice.htm)

2.
Bananas propagated from

 apical m
eristem

 in K
enya have been show

n to
have increased vigour and suffer low

er yield loss from
 w

eevils, nem
atodes,

and fungal diseases.

Benefits of T
C

 technology for sm
all-scale banana producers in K

enya
(Source: ISA

A
A

)
In K

enya, as in m
any parts of the tropical and subtropical developing w

orld,
banana is a highly im

portant food crop. In last 20 years, how
ever, there was a

rapid decline in banana production due to w
idespread soil degradation and

the infestation of banana orchards w
ith pests and diseases. These problem

s
were further aggravated by the com

m
on practice of propagating new

 banana
plants using infected suckers. The situation was threatening food security,
em

ploym
ent and incom

es in banana-producing areas.

Tissue culture (tc) technology was considered an appropriate option to
provide sufficient quality and quantity of such m

aterials.

1866
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u
strian

 m
on

k G
reg

or Joh
an

n
 M

en
d

el p
u

b
lish

es im
p

ortan
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ork on
h

ered
ity th

at d
escrib

es h
ow

 p
lan

t ch
aracteristics are p

assed
 from

g
en

eration
 to g

en
eration

.
11

For m
any years, m

an has been taking
advantage of the activities of m

illions of
m

icroorganism
s found in the soil to

im
prove agricultural productivity. W

ith the
large scale cultivation of m

icrobes or
other single cells, occurring w

ith or
w

ithout air – know
n as m

icrobial
ferm

entation -m
an has used naturally

occurring organism
s to develop biofertilizers

and biopesticides to assist plant grow
th and control w

eeds, pests, and diseases,
respectively.

M
any of the m

icroorganism
s that live in the soil actually help plants absorb

m
ore nutrients than they would by them

selves. Plants and these friendly
m

icrobes are involved in “nutrient recycling”. The m
icrobes help the plant to

“take up” essential energy sources. In return, plants donate their w
aste

byproducts for the m
icrobes to use for food. Because the m

icrobes have
helped plants digest m

ore nutrients, plants develop stronger and bigger
root system

s. The larger the plants’ roots, the m
ore living space and food

there is for the m
icrobes to enjoy.

Scientists use these friendly m
icroorganism

s to develop biofertilizers.

Biofertilizers
Phosphate and nitrogen are im

portant for plant grow
th.  These

com
pounds exist naturally in the environm

ent but plants have a lim
ited

ability to extract them
. Phosphate is abundant in the soil but rem

ains m
ostly

bound, and nitrogen is abundant in the air.  Phosphate plays an im
portant

role in crop stress tolerance, m
aturity, quality and directly or indirectly, in

nitrogen fixation. If phosphate is not quickly used by the plant, it becom
es

locked into the soil through chem
ical reactions. This leaves only a sm

all
am

ount of this vital nutrient available to the plant. The plant cannot unlock
phosphate by itself.
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W
ith proper m

anagem
ent and field hygiene, yield losses

caused by pests and diseases at farm
 level have been

reduced substantially. Tissue culture technology has m
ade

it possible for farm
ers to have access to the follow

ing:
-

large quantities of superior clean planting
m

aterial that are early m
aturing (12-16 m

onths com
pared

to the conventional banana of 2-3 years)
-

bigger bunch weights (30-45 kg com
pared to the 10-15 kg from

conventional m
aterial

-
higher annual yield per unit of land (40-60 tons per hectare against
15-20 tons previously realized w

ith conventional m
aterial)

M
oreover, uniform

ity in orchard establishm
ent and sim

ultaneous plantation
developm

ent has m
ade m

arketing easier to coordinate w
ith the possibility of

transform
ing banana grow

ing from
 m

erely subsistence to a com
m

ercial
enterprise. A

n encouraging finding from
 a cost-benefit analysis of the project

is that tc banana production is m
ore rem

unerative as an enterprise than
traditional banana production. The project has also benefited m

ainly w
om

en
w

ho tend the crop, thus helping to narrow
 the gender gap.

D
A

N
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A
.2002. A

ssessm
ent of potentials and constraints for developm

ent and
use of plant biotechnology in relation to plant breeding and crop
production in developing countries. W

orking paper. M
inistry of Foreign

A
ffairs, D

enm
ark

D
eVries, J. and Toenniessen, G

. 2001. Securing the harvest: Biotechnology,
breeding and seed system

s for A
frican crops. The Rockefeller Foundation,

N
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 York. U
SA

FAO
 2002 Crop Biotechnology: A

 working paper for adm
inistrators and policy

m
akers in sub-Saharan A

frica. K
itch, L., K

och, M
., and Sithole-N

ang, I.

W
am

bugu, F. and K
iom

e, R. 2001. The benefits of biotechnology for sm
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scale banana farm
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 Briefs N
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A
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W
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evelopm
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P
C

R
Polym

erase Chain Reaction (PCR) also uses nucleic acid probes to detect the
presence of a pathogen.  This is a lot m

ore sensitive com
pared to the other

techniques as PCR can detect very sm
all am

ounts of a pathogen’s genetic
m

aterial per sam
ple and am

plify certain sequences to a detectable level.

PCR can be used to detect the presence of pathogens in the air, soil, and water.
Spores, especially those produced by fungi, are the prim

ary source of infection
to initiate epidem

ics.  This can greatly help farm
ers in predicting possible

diseases and the extent of the dam
age it can bring.

It can also help farm
ers detect the presence of pathogens that have long latent

periods betw
een infection and sym

ptom
 developm

ent.  Farm
ers can therefore

keep track of the pathogen and apply the necessary control to prevent the
spread of the disease.

PCR can also be used to detect if m
utations are occurring in a given population

of pathogens.  These genetic m
utations lead to the developm

ent of resistant
strains.

The developm
ent of m

olecular test kits can be expensive but the returns are
great. Further, they have short com

m
ercial tim

efram
es, few

 regulatory barriers
(because they are not consum

ed), and can be m
arketed w

idely, including directly
to farm

ers.
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The process of developing new
 crop varieties requires

m
any steps and can take alm

ost 25 years. N
ow,

how
ever, applications of biotechnology have

considerably shortened the tim
e it takes to bring them

to m
arket. It currently takes 7-10 years for new

 crop
varieties to be developed. O

ne of the tools, w
hich

m
akes it easier and faster for scientists to select plant

traits is called marker-assisted selection (M
A

S).

M
olecular shortcut

The differences w
hich distinguish one plant from

 another are encoded in
the plant’s genetic m

aterial, the D
N

A
. The D

N
A

 occurs in pairs of
chromosomes (strands of genetic m

aterial), one com
ing from

 each parent.
The genes, w

hich control the plant’s characteristics, are specific segm
ents of

each chrom
osom

e. A
ll of the plant’s genes together m

ake up its genom
e.

Som
e traits, like flow

er color, m
ay be controlled by only one gene. O

ther
m

ore com
plex characteristics, how

ever, like crop yield or starch content,
m

ay be influenced by m
any genes. Traditionally, plant breeders have

selected plants based on their visible
or m

easurable traits, called the
phenotype. But, this process can
be difficult, slow, influenced
by the environm

ent, and
costly - not only in the
developm

ent itself, but also
for the econom

y, as farm
ers

suffer crop losses.

A
s a shortcut, plant breeders now

 use marker-assisted selection. To help
identify specific genes, scientists use w

hat are called molecular markers. The

13

There are already num
erous E

LISA
 test kits available in the

m
arket to detect diseases of root crops (e.g. cassava, beet,

potato), ornam
entals (e.g. lilies, orchids), fruits (e.g. banana,

apple, grapes), grains (e.g. w
heat, rice), and vegetables. For

exam
ple, these techniques can detect ratoon stunting

disease of sugarcane, tom
ato m

osaic virus, papaya
ringspot virus, banana bract m

osaic virus, banana bunchy
top virus, and w

aterm
elon m

osaic virus.

D
irect tissue blotting

This technique also utilizes specific antibodies to detect the presence of plant
pathogens. In this m

ethod, diseased tissue sam
ples are pressed to draw

 out
proteins onto a special paper and the antibodies are added to the sam

ple. A
color-inducing reagent is added afterw

ards to react w
ith the antibody-patho-

gen com
plex. Color reaction indicates a positive result and pinpoints the

location of the pathogen in the diseased tissue.

D
N

A
/R

N
A

 probes
A

nother set of tools that can be used in plant disease diagnostics is nucleic
acid (D

N
A

/RN
A

) probes. These probes are fragm
ents of nucleic acid

arranged in a sequence com
plem

entary to that of the D
N

A
 or RN

A
 of the

pathogen. Because the sequences com
plem

ent each other, the probes can be
used to identify specific diseases.

Sq
u

ash
 b

lot m
eth

od
In the squash blot m

ethod, tissue from
 a plant that is suspected to be

diseased is “squashed” onto a special piece of paper, called a membrane. This
m

em
brane is then treated w

ith a probe that can bind w
ith the D

N
A

 or
RN

A
 of the plant pathogen suspected to be in the tissue. Binding w

ill occur
w

hen com
plem

entary sequences are present. A
fter adding several m

ore
substances to the m

em
brane, a color reaction indicates that the probe and

the pathogen D
N

A
/RN

A
 have bound to each other and the disease is

present. N
o color reaction m

eans the test for the disease is negative.

1985
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ield
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iotech
 p
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e U
n

ited
 States.
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Biotechnology has also allow
ed the developm

ent of
diagnostics w

hich has assisted farm
ers worldw

ide in
m

anaging different diseases affecting their crops.

To successfully m
anage a plant disease, it is critical to

correctly identify the cause of the disease in its early
stages.  D

elaying this can result in extensive crop
dam

age and financial loss to farm
ers.  Som

e diseases
can be diagnosed quickly by visual exam

ination
although som

etim
es, visual detection at the plant

level is usually only possible after m
ajor dam

age to
the crop has been done, by w

hich tim
e, it is too late.

O
ther diseases require laboratory testing for diagnosis w

hich m
ay

take days or even w
eeks to com

plete and are, in som
e cases, relatively

insensitive. D
elays are frustrating w

hen a quick diagnosis is needed so that
appropriate m

easures m
ay be taken to prevent plant injury and loss.

Fortunately, new
 diagnostic techniques are now

 available that require
m

inim
al processing tim

e and are m
ore accurate in identifying pathogens.

These diagnostics are based on rapid detection of proteins or D
N

A
 that

are specific to each pathogen, disease or condition. Som
e procedures

require laboratory equipm
ent and training, w

hile other procedures can be
perform

ed on site by a person w
ith no special training.

E
xam

ples of existing diagnostic techniques:

ELISA
 diagnostic kits

E
LISA

 (enzym
e-linked im

m
unosorbent assay) kits are based on the ability

of an antibody to recognize a certain protein substance or antigen
associated w

ith a plant pathogen.  The kits are very easy to use; som
e tests

can be used in the field w
here a disease is suspected and can take only 5

m
inutes to perform

. In addition, they do not require sophisticated
laboratory equipm

ent or training.

m
arkers are a string or sequence of nucleic acid w

hich m
akes up a segm

ent
of D

N
A

. The m
arkers are located near the D

N
A

 sequence of the desired
gene. Since the m

arkers and the genes are close together on the sam
e

chrom
osom

e, they tend to stay together as each generation of plants is
produced. This is called genetic linkage. This linkage helps scientists to predict
w

hether a plant w
ill have a desired gene. If researchers can find the m

arker
for the gene, it m

eans the gene itself is present

A
s scientists learn w

here each of the m
arkers

occurs on a chrom
osom

e, and how
 close it is

to a specific gene, they can create a m
ap of the

m
arkers and genes on specific chrom

osom
es.

These genetic linkage m
aps show

 the location
of m

arkers and genes, and show
 their distance

from
 other know

n genes. Scientists can
produce detailed m

aps in only one generation
of plant breeding.

Previously, scientists produced very sim
ple

genetic m
aps using conventional techniques.

It w
as observed long ago that as generations

of plants w
ere crossed, som

e traits
consistently appeared together in the new

 generations (genetic linkage).
H

ow
ever, since researchers could concentrate on only a few

 traits in each
attem

pt at cross-breeding, it took m
any crosses to obtain even a very

sim
ple genetic m

ap. U
sing very detailed genetic m

aps and better
know

ledge of the m
olecular structure of a plant’s D

N
A

, researchers can
analyze a tiny bit of tissue from

 a new
ly germ

inated seedling. They don’t
have to w

ait for the seedling to grow
 into a m

ature plant so that they can
test for a specific characteristic. O

nce the tissue is analyzed, scientists know
w

hether that seedling contains the appropriate gene. If it doesn’t, they can
quickly m

ove on and concentrate analysis on another seedling, eventually
w

orking only w
ith the plants w

hich contain a specific trait.

1870 - 1890
P

lan
t research

ers crossb
reed

 cotton
 to d

evelop
 h

u
n

d
red

s of n
ew

varieties w
ith

 su
p

erior traits.
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FAO
 2002 Crop Biotechnology: A

 w
orking paper for adm

inistrators and
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N
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 strand on page 13 courtesy of the U

S D
epartment of

E
nergy H

uman G
enome Program (http://www.ornl.gov).

It should be noted, how
ever, that m

olecular breeding through m
arker

assisted selection is som
ew

hat lim
ited in scope com

pared to genetic
engineering or m

odification because: 1) it only w
orks for traits already

present in a crop; 2) it cannot be used effectively to breed crops w
hich

have long generation tim
e (e.g. citrus); and 3) it cannot be used effectively

w
ith crops w

hich are clonally propagated because they are sterile or do not
breed true (this includes m

any staples such as yam
s, bananas, plantain,

sw
eet potato, and cassava).

1871 - Early 1900s
R

esearch
er L

u
th

er B
u

rb
an

k
 d

evelop
ed

 th
e R

u
sset B

u
rb

an
k
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otato, an

d
later w

en
t on

 to d
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 several n
ew

 h
yb

rid
 fru

its, in
clu

d
in

g
 p

lu
m

s,
b

erries, p
ru

n
b

es an
d

 p
each

es.
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O
ver the last 30 years, the field of genetic

engineering has developed rapidly due to the
greater understanding of deoxyribonucleic acid
(D

N
A

) as the chem
ical double-helix code from

w
hich genes are m

ade. The term
 genetic engineering,

often interchanged w
ith term

s such as gene
technology, genetic modification, or gene manipulation, is
used to describe the process by w

hich the
genetic m

akeup of an organism
 can be altered using “recombinant D

N
A

technology.” This involves using laboratory tools to insert, alter, or cut out
pieces of D

N
A

 that contain one or m
ore genes of interest. The ability to

m
anipulate individual genes and to transfer genes betw

een species that
w

ould not readily interbreed is w
hat distinguishes genetic engineering from

traditional plant breeding.

W
ith conventional plant breeding, there is little or no guarantee of

obtaining any particular gene com
bination from

 the m
illions of crosses

generated. U
ndesirable genes can be transferred along w

ith desirable genes
or w

hile one desirable gene is gained, another is lost because the genes of
both parents are m

ixed together and re-assorted m
ore or less random

ly in
the offspring. These problem

s lim
it the im

provem
ents that plant breeders

can achieve. In contrast, genetic engineering allow
s the direct transfer of

one or just a few
 genes, betw

een either closely or distantly related
organism

s. N
ot all genetic engineering techniques involve inserting D

N
A

from
 other organism

s. Plants m
ay also be m

odified by rem
oving or

sw
itching off particular genes.

Nature’s ow
n genetic engineer

The “sharing” of D
N

A
 am

ong living form
s is well docum

ented as a
natural phenom

enon. For thousands of years, genes have m
oved from

 one
organism

 to another.  For exam
ple, A

grobacterium tumefaciens, a soil bacterium
know

n as ‘nature’s ow
n genetic engineer’, has the natural ability to

genetically engineer plants. It causes crow
n gall disease of a w

ide range of
broad-leaved plants, such as apple, pear, peach, cherry, alm

ond,

Proteom
ics can also be applied to m

ap protein m
odification to determ

ine
the difference betw

een a w
ild type and a genetically m

odified organism
.  It is

also used to study protein-protein interactions involved in plant defense
reactions.

For exam
ple, proteom

ics research at Iowa State U
niversity includes:

•
A

n exam
ination of changes of protein in the corn proteom

e during
low

 tem
peratures w

hich is a m
ajor problem

 for young corn seedlings
•

A
nalysis of the differences that occur in the genom

e expression in
developing soybean stressed by high tem

peratures
•

Identifying the proteins expressed in response to diseases like soybean
cyst nem

atode.

M
etabolomics is one of the newest ‘om

ics’ sciences. The metabolome refers to the
com

plete set of low
 m

olecular w
eight com

pounds in a sam
ple. These

com
pounds are the substrates and by-products of enzym

atic reactions and
have a direct effect on the phenotype of the cell. Thus, m

etabolom
ics aim

s at
determ

ining a sam
ple’s profile of these com

pounds at a specified tim
e under

specific environm
ental conditions.

G
enom

ics and proteom
ics have provided extensive inform

ation regarding
the genotype but convey lim

ited inform
ation about

phenotype. Low
 m

olecular w
eight com

pounds are the
closest link to phenotype.

M
etabolom

ics can be used to determ
ine differences

betw
een the levels of thousands of m

olecules betw
een a

healthy and diseased plant.  The technology can also be
used to determ

ine the nutritional difference between
traditional and genetically m

odified crops, and in
identifying plant defense m

etabolites.

1973
C

ohen and B
oyer successfully splice a gene from

 one organism
 and

m
ove it in

to an
oth

er, lau
n

ch
in

g th
e m

od
ern

 b
iotech

n
olog

y era.

1978
B

oyer’s lab
 created

 a syn
th

etic version
 of th

e h
u

m
an

 in
su

lin
 gen

e.
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raspberry and roses. The disease gains its nam
e from

 the large tum
or-like

sw
ellings (galls) that typically occur at the crow

n of the plant, just above soil
level. Basically, the bacterium

 transfers part of its D
N

A
 to the plant, and

this D
N

A
 integrates into the plant’s genom

e, causing the production of
tum

ors and associated changes in plant m
etabolism

.

Application of genetic engineering in
crop production
G

enetic engineering techniques are only used w
hen

all other techniques have been exhausted, i.e. w
hen

the trait to be introduced is not present in the
germ

plasm
 of the crop; the trait is very difficult to

im
prove by conventional breeding m

ethods; and w
hen it

w
ill take a very long tim

e to introduce and/or im
prove such trait in the

crop by conventional breeding m
ethods (see Figure 1).

M
odern plant breeding is a m

ulti-disciplinary and coordinated process
w

here a large num
ber of tools and elem

ents of conventional breeding
techniques, bioinform

atics, m
olecular genetics, m

olecular biology and
genetic engineering are utilized and integrated.

Is th
e trait of in

terest p
resen

t in
 close relatives?

Conventional breeding
and m

utagenesis

M
apping of genes

involved

Identification of D
N

A
m

arkers

D
N

A
 m

arker assisted
breeding

Y
E

S

Insertion of genes
from

 other organism
s

G
M

O
 breeding

N
O

G
enetic engineering

for trait identification

D
evelopm

ent of
m

arkers for the gene(s)

Screening of cultivars
and w

ild relatives

F
igu

re 1.

Source: D
A

N
ID

A
, 2002.
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G
enom

ics is an entry point for looking at the other ‘omics’ sciences. The
inform

ation in the genes of an organism
, its genotype, is largely responsible

for the final physical m
akeup of the organism

, referred to as the phenotype.
H

ow
ever, the environm

ent also has som
e influence on the phenotype.

D
N

A
 is the genom

e is only one aspect of the com
plex m

echanism
 that

keeps an organism
 running – so decoding the D

N
A

 is one step tow
ards

understanding, but by itself it does not specify everything that happens w
ithin

the organism
.

The basic flow
 of genetic inform

ation in a cell is as follow
s. The D

N
A

 is
transcribed or copied into a form

 know
n as RN

A
. The com

plete set of
RN

A
 (also know

n as its transcriptome) is subject to som
e editing (cutting and

pasting) to becom
e m

essenger-RN
A

, w
hich carries inform

ation to the
ribosom

e, the protein factory of the cell, w
hich then translates the m

essage
into protein.

Proteins are responsible for an endless num
ber of

tasks w
ithin the cell. The com

plete set of proteins in a
cell can be referred to as its proteome and the study of
protein structure and function and w

hat every protein in
the cell is up to is know

n as proteom
ics. The proteom

e is
highly dynam

ic and it changes from
 tim

e to tim
e in response to

different environm
ental stim

uli. The goal of proteomics is to understand how
the structure and function of proteins allow

 them
 to do w

hat they do, w
ho

or w
hat they interact w

ith, and how
 they contribute to life processes.

A
n application of proteom

ics is know
n as protein expression profiling w

here
proteins are identified at a certain tim

e in organism
 as a result of the expres-

sion to a stim
ulus.  Proteom

ics can also be used to develop a protein-
network m

ap w
here interaction am

ong proteins can be determ
ined for a

particular living system
.

1960s
W

ork on
 creatin

g
 h

ig
h

 yield
 varieties of m

ajor g
rain

s, esp
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w
h

eat, corn
, m

illet, an
d

 rice m
assively in

crease p
rod

u
ction

 of
th

ese crop
s in

 m
an

y cou
n

tries - lau
n

ch
in

g
 th

e G
reen

 R
evolu

tion
.

T
h

e creation
 of d

w
arf w

h
eat in

creases yield
s b

y 70%
.
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G
enomics is the new

 science that deals w
ith the discovery

and noting of all the sequences in the entire genom
e of a

particular organism
. The genom

e can be defined as the
com

plete set of genes inside a cell. G
enom

ics, is therefore
the study of the genetic m

ake-up of organism
s.

D
eterm

ining the genom
ic sequence, how

ever, is only the beginning.
O

nce this is done, the data is translated into new
 know

ledge and is
used to study the function of the num

erous genes (functional genomics),
to com

pare the genes in one organism
 w

ith those of another
(comparative genomics), or to generate the 3-D

 structure of one or m
ore

proteins from
 each protein fam

ily, thus offering clues to their function
(structural genomics).

In crop agriculture, the m
ain purpose of the application of genom

ics is to
gain a better understanding of the w

hole genom
e of plants. A

gronom
ically

im
portant genes m

ay be identified and targeted to produce m
ore nutritious

and safe food w
hile at the sam

e tim
e preserving the environm

ent.

A
n im

portant current genom
ic research is the International Rice G

enom
e

Sequencing Project w
hich is a collaborative effort of several laboratories

w
orldw

ide. This project aim
s to com

pletely sequence the entire rice
genom

e (12 rice chrom
osom

es) and subsequently apply the know
ledge to

im
prove rice production.

In 2002, the draft genom
e sequences of tw

o agriculturally im
portant

subspecies of rice, indica and japonica, w
ere published.  O

nce com
pleted, the

rice genom
e sequence w

ill serve as a m
odel system

 for other cereal grasses
and w

ill assist in the identification of im
portant genes in m

aize, w
heat, oats,

sorghum
, m

illet, etc.

Developm
ent of transgenic crops

A
lthough there are m

any diverse and com
plex techniques involved in genetic

engineering, its basic principles are reasonably sim
ple.  It is, how

ever, very
im

portant to know
 the biochem

ical and physiological m
echanism

s of action,
regulation of gene expression and safety of gene and gene product to be
utilized.

The process of genetic engineering requires the successful com
pletion of a

series of five steps.

Step 1.  N
ucleic acid (D

N
A

/R
N

A
) Extraction

N
ucleic acid extraction, either D

N
A

 or RN
A

, is the first step
in the genetic engineering process.  It is therefore im

portant
that reliable m

ethods are available for isolating these
com

ponents from
 the cell.  In any isolation procedure, the

initial step is the disruption of the desired organism
, w

hich
m

ay be viral, bacterial or plant cells, in order to extract the
nucleic acid.  A

fter a series of chem
ical and biochem

ical
steps, the extracted nucleic acid can be precipitated to form
a thread-like pellets referring to the D

N
A

/RN
A

.

Step 2.  G
ene cloning

The second step in the genetic engineering process is gene cloning.
U

pon D
N

A
 extraction, all D

N
A

 from
 the desired organism

 is
extracted at once.  Through gene cloning, the desired gene/s can be
isolated from

 the rest of the D
N

A
 extracted, w

hich
is then m

ass-produced in a host cell to m
ake

thousands of copies of the desired gene.

There are basically four stages in any cloning
experim

ent involving generation of D
N

A
fragm

ents, joining to a vector, propagation in a
host cell, and selection of the required sequence.

1908
F

irst U
.S. h

yb
rid

 corn
 p

rod
u
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 th

rou
g

h
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ollin
ation
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1919
W
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n
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Step 3.  G
ene D

esign and Packaging
O

nce the gene of interest has been cloned, it has to be linked to pieces
of D

N
A

 that w
ill control how

 the gene of interest w
ill w

ork once it is
inside the plant genom

e.  These pieces of D
N

A
 w

ill sw
itch on

(promoter) and off the expression of the gene inserted.  G
ene

designing/packaging is done by replacing an existing prom
oter w

ith a
new

 one and incorporating a selectable m
arker gene.

Prom
oters allow

 differential expression of
genes.  For instance som

e prom
oters cause

the genes inserted to be expressed all the
tim

e, w
hereas others allow

 expression only
at certain stages of plant grow

th, in certain
plant tissues, or in response to external
environm

ental signals.  The am
ount of the

gene product to be expressed is also
controlled by the prom

oter.  Som
e prom

oters are weak, w
hereas

others are strong.  Controlling the gene expression is an advantage.

Selectable m
arker genes are also usually linked to the gene of interest to

facilitate its detection once inside the plant tissues.  This enables to select
the cells that have been successfully incorporated w

ith the gene of
interest, thus saving considerable expense and effort.  Currently, genetic
engineers use antibiotic resistance m

arker gene to screen plant tissues
w

ith the insert.  Those cells that survive the addition of antibiotics to
the grow

th m
edium

 indicate the presence of the inserted gene.
Because of som

e concern that the use of antibiotic resistance m
arker

genes w
ill increase antibiotic resistance in hum

ans and anim
als, genes

coding for resistance to non-m
edically im

portant antibiotics are
preferred.  In addition, alternative types of m

arker genes are being
developed.

O
nce the gene of interest is packaged together w

ith the prom
oter and

the m
arker gene, it is then inserted into a bacterium

 to allow
 for the

creation of m
any copies of the gene package.

1928
Im

p
act of X

-rays an
d

 rad
iu

m
 on

 b
arley m

u
tation
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escrib

ed
.

1933
H
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 corn
 b
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m
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n
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cau
sin

g
 corn

 yield
s to trip

le over th
e p

ast 50 years.
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Step 4.  T
ransform

ation
O

nce the gene package is ready, it can then be
introduced into the cells of plant being m

odified
through the process called transformation or gene
insertion.

The m
ost com

m
on m

ethods used to introduce
the gene package into the plant cells include
biolistic transform

ation using the gene gun or
A

grobacterium-m
ediated transform

ation. The m
ain

goal in any transform
ation procedure is to introduce the gene of

interest into the nucleus of the cell w
ithout affecting the cell’s ability to

survive.  If the introduced gene is functional, and the gene product is
synthesized, then the plant is said to be transformed.  O

nce the gene
inserted is stable, inherited and expressed in subsequent generations,
then the plant is considered a transgenic.

Step 5.  Backcross Breeding
Backcross breeding is the final step in producing
genetically engineered crops.  This is done by crossing
the transgenic plant w

ith elite lines using conventional
plant breeding m

ethods.  This enables the com
bination

of the desired traits of the elite parents and the
transgenic into a single line.  The offspring are
repeatedly crossed back to the elite line to obtain a
high yielding transgenic line.

The length of tim
e in developing transgenic plant

depends upon the gene, crop species, available
resources and regulatory approval.  It varies from

 6 to 15 years before
a new

 transgenic hybrid is ready for com
m

ercial release.

1941
D

iscovery th
at ch

em
icals can

 cau
se m

u
tation
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1944
D
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olecu

le - in
 oth
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w
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en
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 b
etw
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 g

en
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Com
m

ercially available crops im
proved through

genetic engineering
There has been a consistent increase in
the global area planted to transgenic or
G

M
 crops from

 1996 to 2003. Close
to 68 m

illion hectares w
as planted in

2003 w
ith high m

arket value transgenic
crops such as herbicide tolerant
soybean, m

aize, canola, cotton; insect
resistant m

aize and cotton; and virus
resistant squash and papaya.

W
ith genetic engineering, m

ore than one trait can be incorporated into a
plant.  Transgenic crops w

ith com
bined traits are also available

com
m

ercially.  These are the herbicide tolerant and insect resistant m
aize

and cotton.

New
 and future initiatives in crop genetic engineering

To date, com
m

ercial G
M

 crops have delivered benefits
in crop production, but there are also a num

ber of
products in the pipeline w

hich w
ill m

ake m
ore direct

contributions to food quality, environm
ental benefit,

pharm
aceutical production, and non-food crops.

Exam
ples of these products include: rice w

ith higher
levels of iron and b-carotene (an im

portant
m

icronutrient w
hich is converted to vitam

in A
 in the

body); long life banana that ripens faster on the tree and can
therefore be harvested earlier; m

aize w
ith im

proved feed
value; tom

atoes w
ith high levels of flavonols, w

hich are
pow

erful antioxidants; drought tolerant m
aize; m

aize
w

ith im
proved phosphorus availability; arsenic-

tolerant plants; edible vaccines from
 fruit and

vegetables; and low
 lignin trees for paper m

aking.

1953
W

atson
 an

d
 C

rick d
escrib

e th
e d

ou
b

le h
elix stru

ctu
re of D

N
A

, p
rovid

in
g

m
ore in

sig
h

t in
to h

ow
 D

N
A

 carries gen
etic in

form
ation

.
20

21


