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Research Challenges and Needs for 

Safe Use of Transgenic Organisms 

Transgenic Plants for Insect Résistance 

Marc Giband 

CIRAD-CA, Laboratoire de Biologie Cellulaire, INRA, Centre de Versailles, 
Route de Saint-Cyr, 78026 Versailles Cedex, France 

Less than ten years after the publica
tion of the first reports describing the 
régénération of insect-resistant plants, 
such transgenic plants expressing 8-en-
dotoxins from the soil bacterium Bacil-
lus thuringiensis were commercially 
released. Thèse transgenic plants hâve 
shown their efficiency in controlling 
some of the major lepidopteran and 
coleopteran insect pests of cotton, corn 
and potato, and represent novel tools 
for insect control. Despite the obvious 
usefulness of this novel technology, 
some questions remain regarding the 
safe and durable utilization of thèse 
plants. In particular, the problem of the 
émergence of toxin-resistant insects de-
serves particular attention. Various strat
égies aimed at preventing or delaying 
the development of such résistance 
hâve been envisaged, but expérimental 
data on the management of insect-
resistant plants are still scarce. Thus, 
future work should concentrate on de-
fining the best strategy(ies) for the du
rable deployment of thèse transgenic 
plants. 

INSECT-RESISTANT 
TRANSGENIC PLANTS 
EXPRESSING GENES 
ENCODING o-ENDOTOXINS 
FROM BACILLUS 
THURINGIENSIS 

In 1987, the first plants expressing 
ô-endotoxins (crylA-type) from Bacillus 
thuringiensis {Bt) were produced. Thèse 
plants, which harboured bacterial (na
tive) gènes, showed good levels of ré

sistance towards early instar larvae of 
toxin-sensitive insect species (Mandu-
ca sexta). Nevertheless, when chal-
lenged with the less sensitive econom-
ically important species, or with later 
instar larvae, the résistance imparted 
was not as significant. This lack of ef
ficient protection could be attributed to 
the low level of Cry protein accumula
tion, which is due to the poor expres
sion of the bacterial cry gènes in trans
genic plants. In an effort to enhance 
gène expression, "synthetic" cry gènes 
were built. Thèse gènes, in which the 
nucleotide séquence is modified (with-
out changing the amino-acid séquence) 
so as to eliminate features that could 
potentially hinder gène expression, al-
lowed a much higher level of protein 
accumulation (up to a 500-fold increase 
when compared to bacterial gènes) and 
consequently, a much higher level of 
protection. To date, numerous plant 
species hâve been transformed with 
différent synthetic cry gènes and hâve 
been shown to be highly résistant to a 
number of economically important in
sect pests (for a review, see Mazier et 
ai, 1997). 

Since 1996, transgenic potato, cotton 
and corn harbouring respectively the 
crylllA, crylA(c) and crylA(b) or crylA(c) 
gène hâve been granted approval for 
commercial release in a number of 
countries (the USA, Canada, Australia, 
Argentina, the EU, South Africa and 
Japan). In it's introductory year, Bt 
cotton represented 12% of the US 
acreage, while Bt corn accounted for 
approximatively 9% of the US corn 
crop. It is estimated that in 1997, over 
20 mi l l ion acres could hâve been 
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devoted to the différent Bt crops (Krat-
tiger, 1997). In the future, an increasing 
acreage will be covered by insect-resis-
tant crop plants, and without the imple-
mentation of appropriate measures 
aimed at delaying insect résistance, this 
novel technology may be short-lived. 

THE DEPLOYMEIMT OF BT 
PLANTS 

The problem of the low level of expres
sion of Bttoxin gènes has been solved 
through the introduction of synthetic 
codon-optimized gènes, thus leading to 
a great improvement in the résistance 
imparted to the transformed plants. With 
the large scale release of such plants, 
the major concern now résides in the 
proper deployment and use of thèse 
plants. Indeed, if care is not taken in the 
way thèse plants are managed, the 
pressure of sélection to which insect 
pests will be exposed will be such that 
résistance to £f toxins will occur, mak-
ing this technology short-lived. 

Insect résistance to Bt toxins 
Insects hâve demonstrated their ability 
to develop résistance to chemical pes
ticides, and are expected to do the same 
with Bt toxins. In fact, résistance to Bt 
toxins has developed in a number of 
insects species (in laboratory expéri
menta but also in the field), including 
economically important pests such as 
the diamondback moth {Plutella xylos-
tella), the Indianmeal moth {Plodia in-
terpunctella), the tobacco budworm 
{Heliothis virescens), the beet army-
worm {Spodoptera exigua), the Egyp-
tian cotton leafworm {S. littoralis) or 
the Colorado potato beetle (Leptinotar-
sa decemlineata) (for a review, see 
Tabashnik, 1994a). The mode of résis
tance to Bt toxins, and it's genetic basis 
are complex, and vary with the strain of 
insect studied. In most cases the résis
tance could be attributed to a change in 
the binding affinity of the receptors (or 
binding sites) of the brush border mem
brane of the midgut; however, other 
mechanisms of résistance hâve also 
been described. In two strains of Bt-
resistant Indianmeal moths, résistance 
was correlated with the lack of a major 

gut proteinase that activâtes Bt protox-
ins (Oppert et ai, 1997), while in a ré
sistant H. virescens strain, gut enzymes 
were shown to process protoxins more 
slowly and dégrade toxins faster than 
enzymes from a susceptible strain 
(Forcada et al., 1996). Similarly, in S. 
littoralis, fifth instar larvae showed an 
increase in gut proteinase activity which 
was associated with a loss of sensitivity 
to the CrylC toxin (Keller et al., 1996). In 
the case where résistance is associated 
with a modification of the gut protein-
ases, it can be expected that broad-
spectrum résistance will occur if pro
toxins rather than activated toxins are 
used. Where it could be attributed to a 
modification in receptor binding, résis
tance was shown to be either spécifie of 
the toxin used for sélection (and to close-
ly related toxins)(Ferré et al., 1991; 
Tabashnik et al., 1993), but this type of 
mechanism was also shown to confer 
wider cross-resistance to more distant 
Bt toxins (Tabashnik et al., 1997). Even 
though in at least one case the inherit-
ance of résistance showed a paternal 
effect in S. littoralis (Chaufaux et al., 
1997), it is usually autosomally inherit-
ed, and partially to completely réces
sive with one or a few gènes involved. 
Nevertheless, in a strain of diamond
back moth which had evolved a high 
level of résistance to B. thuringiensis 
subsp. kurstakiand moderate résistance 
to CrylC in the field, and was further 
selected in the laboratory for résistance 
to the latter toxin, résistance to CrylC 
(which was inherited indépendante 
from résistance to CrylA(b)) was found 
to show a dose-dependant dominant 
inheritance (Liu and Tabashnik, 1997). 

Thus, résistance to Bt toxins does not 
involve a single mechanism, but is a 
rather complex phenomenon whose 
genetics varies greatly between insect 
species, but also within a species: dif
férent toxin-resistant strains of H. vire-
scenswere analysed, and it was shown 
that résistance mapped at three différ
ent genetic loci (Heckel, 1994). 

Managing insect résistance to 
plants expressing Bt toxins 
In view of the high probability that in
sects will evolve résistance to Bt plants, 
many agrée that such plants are not a 
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stand-alone solution to pest manage
ment, but rather represent a novel tool 
that should be integrated in a more 
gênerai effort. Various stratégies aimed 
at managing the development of insect 
résistance to transgenic plants hâve 
been proposed (Mallet and Porter, 1992; 
McGaughey and Whalon, 1992, Tabash-
nik, 1994b). Some of thèse tactics may 
be spécifie to transgenic insecticidal 
plants (level of expression of thetrans-
gene, tissue-specific or inducible pro-
moters, number of gènes), while others 
are commonly used in Integrated Pest 
Management (IPM) schemes (crop rota
tions, temporal or spacial refuges, 
mosaic planting). Nevertheless, thèse 
various stratégies are based on assump-
tions and rely on untested mathemati-
cal models which cannot take into ac-
countthefullcomplexityoftheproblem, 
and may therefore hâve to be adapted 
to each particular situation. 

For practical reasons,the strategy that 
is favored for the transgenic Bt plants 
that are at présent released is that of a 
combination of a high dose of toxin, 
delivered through the use of synthetic 
cry gènes and strong constitutive pro-
moters, with the implementation of 
separate spacial refuges consisting of 
non-transformed plants. Thus, for 
cr/Wcl-expressing cotton (Bollgard™, 
Monsanto), a 4% non-treated refuge, or 
a 25% refuge that can be treated with 
insecticides other than Bt products are 
mandated, while in c/y//4fôj-expressing 
corn (YieldGard™, Monsanto; Maximiz-
er™, Novartis; NatureGard™, Mycogen), 
a 5% non-treated refuge is required 
(Krattiger, 1997). 

This "high-dose/refuge" strategy is 
thought to be the most promissing one 
to manage and delay insect résistance 
to the transgenic plants that are at 
présent released. In this scheme, the 
dose of toxin that is delivered should 
be high enough so as to kill ail the 
insects heterozygous for a résistance 
allele (RS), while the refuges should 
allow the émergence of homozygous 
susceptible insects (SS) which could 
then mate with the RS insects, thus 
"d i lu t ing" the résistance allele and 
avoiding the émergence of homozygous 
résistant insects (RR) and a build-up of 

phenotypical résistance through the fix
ation of the résistance allele. 

POTENTIAL PITFALLS OF 
THE CURRENT STRATEGY 

To be effective, the strategy that is rec-
ommended at présent implies that (i) 
the plants deliver doses of toxin high 
enough to kill ail RS heterozygous in
sects, and (ii) the refuges provide sus
ceptible SS insects which, through ran-
dom mating with insects escaping 
sélection on the Bt plants, will prevent 
the fixation of the résistance allele. For 
the durable deployment of transgenic 
insect-resistant plants, it is important 
that thèse criteria be met. 

Defîning "high doses" of toxin 
Insect species show a wide range of 
sensitivity towards différent Bt toxins, 
and the gènes that hâve been trans-
ferred into plants are those that demon-
strate the highest activity towards the 
targetted insect pest. In the case dam
ages to a crop can be attributed to one 
major pest (the Colorado potato beetle 
or the European corn borer), achieving 
a high dose of toxin can be a matter of 
selecting transgenic lines that show high 
levels of transgene expression. In cot
ton cropping Systems, the situation is 
somewhat more complicated, with sev-
eral pests (mainly H. virescens and 
Helicoverpa zea) causing most damag
es in the continental USA, while in oth
er cotton-producing areas in which 
transgenic plants hâve been or are 
susceptible to be released (Australia, 
Africa, South-East Asia), the main pest 
is Helicoverpa armigera. If the trans
genic cotton plants at présent commer-
cialized show good control of H. vire
scens, control of the two other pests is 
not as efficient. This is not a surprise, 
since the two latter species are signif-
icantly less sensitive to the CrylA(c) toxin 
than the former, even though this toxin 
is the most potent one against thèse 
species. Thus, some plants might qual-
ify as "high dose expressors" relative 
to one target species, but not relative to 
other target pests. In such a case, it can 
be feared that résistance to the toxin 
that is expressed in the plant may occur 
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fairly quickly in the species that are 
exposed to sub-lethal doses. 

In most cases, the Cauliflower Mosa-
ic Virus (CaMV) 35S RNA promoter (or 
derivatives thereof) is used to drive the 
expression of the transgene. This pro
moter is often considered as constitu-
tively expressed, but it's activity has 
been shown to vary in différent tissues 
and during plant development, but also 
under différent environmental condi
tions. Thus, some plant tissues might 
not express the toxin at high levels, and 
insects feeding on thèse particular tis
sues will once again not be exposed to 
optimal doses of the toxin. It is conciev-
able that in such cases, some insects 
feeding on plant parts that express the 
toxin poorly will be allowed to reach 
later less sensitive larval instars before 
encountering higher doses of the toxin 
as they migrate from one tissue to 
another. There is no doubt that such a 
scénario would cause a high pressure 
of sélection, and lead to a rapid increase 
in the number of toxin-resistant indi-
viduals. 

Thèse examples testify on the diffi-
culty of determining what a "high dose" 
really means. It is obvious that for some 
insect species this dose can fairly easily 
be achieved, but for others, the task 
may be more difficult. This problem is 
further complicated by the fact that in 
différent geographical areas, a same 
insect species can show a range of 
susceptibility to a given toxin. For ex
ample, 8- and 16-fold ranges of suscep
tibility to B. thuringiensis subsp. kurst-
aki were found in unexposed field 

oo populations of H. virescens and H. zea 
cl respectively (Stone and Sims, 1993). 

^ Determining adéquate refuges 
§• In combination with plants delivering 
ï£ high doses of toxin capable of killing 
{5 both SS ad RS individuals, refuges, or 
z plants that do not express Bttoxins, on 
2 which SS insects can multiply are to be 
o implemented. Thèse refuges allow a 
H sufficient numbers of SS insects to 
S develop, thus ensuring a continuai in-
O flux of susceptible gènes into the pop-
£ ulation and preventing, through random 
J mating, the built-up of résistance. 

Several studies tend to show that 
separate refuges work better than in-
field refuges in preventing résistance 
built-up (Tabashnik, 1994b; Ramachan-
dra et al., 1998). This is probably due to 
insect movement between plants, which 
may not allow a sufficient number of 
SS individuals to develop if larvae move 
off non-expressing plants to those that 
do express a Bt toxin. 

The effectiveness and optimal size of 
the refuges will largely dépend on the 
targetpest'sbehaviour (movement from 
plant to plant, mating and host find-
ing...), the initial frequency of the résis
tance allele in the population, but also 
on the acceptance of losses in unpro-
tected stands. Benefits of the refuges 
will be greatest if résistance is a rece-
sive trait, and if the frequency of the 
résistance allele is low. Furthermore, 
critical assumption in this scheme in-
clude random mating between insects 
developing on Bt plants and those de-
veloping on refuges, and low mortality 
of SS insects on toxin-free plants. At 
this point, we hâve to admit that expér
imental data on cerain of thèse aspects 
are scarce, even if research efforts are 
currently under way. 

If certain of thèse assumptions/con-
ditions can fairly easily be met or ver-
ified (low mortality on toxin-free plants), 
other are more problematic, and some 
expérimental data are in contradiction 
with thèse conditions. Thus, in many 
models used for simulation, the initial 
frequency of the résistance allele is 
estimated at 104-106, while Gould et al. 
(1997) estimated this frequency in a field 
population of H. virescens to be at 
1.5x103. Similarly, it is assumed that 
random mating between populations 
will occur, which is not obvious if résis
tant (or RS heterozygous) insects show 
a delay in development. In fact, in lab-
oratory experiments, Gould et al. (1991) 
noted a delay in the development of 
toxin-adapted H. virescens larvae fed 
on a toxin-containing diet when com
parée! to the rate of development of 
sensitive larvae raised on a toxin-free 
diet. This type of behaviour could lead 
to assortive mating ratherthan random 
mating, and cause intense sélection and 
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rapid development of résistance. Final-
ly, rather than being récessive, the in-
heritance of résistance has been shown 
to vary from récessive to partially dom
inant (see above). In this latter case, 
built-up of résistance will occur rapidly 
unless very high doses of toxin, capa
ble of killing the RS résistant insects, 
are delivered by the plants. 

Other considérations 
Other circumstances may also speed 
up the émergence of toxin-resistant 
insects. The cotton bollworm {H. zea) is 
an insect pest that feeds on both corn 
and cotton, two crops that hâve been 
transformed with the crylA(b) and 
crylA(c) gènes respectively, and are 
commercially available. Although both 
toxins show some activity towards this 
insect, CrylA(b) is much less potentthan 
CrylA(c). With the success of thèse 
plants, and the increasing acreages that 
is devoted to their cultivation, it is pos
sible that thèse insects will encounter 
CrylA(b)-expressing corn before mov-
ing on to CrylA(c)-producing cotton; 
such movement will undoubtedly re
suit in the sélection of toxin-resistant 
insects. 

Another point of concern is related 
to the nature of the coding séquence 
that is transferred to the plant génome. 
Most plants that are at présent com-
mercialized harbour a truncated version 
of the Bt gène. Nevertheless, Monsan-
to's Bollgard™ cotton express a gène 
encoding the protoxin, which has to be 
activated by gut proteinases to exhert 
it's insecticidal activity. One mechanism 
by which insects develop résistance 
involves gut proteinases (Oppert et al., 
1997), and exposure to a single protox
in might sélect for this type of résis
tance, which will be broad-spectrum and 
preclude the use of fîf-based sprays. 

CONCLUSIONS AND 
PROSPECTS 

Plants that express Bt toxins hâve prov-
en their effectiveness in controlling 
some of the major pests in various crop-
ping Systems. Because the toxin they 
express is environmentally benign, has 
afairly narrowspectrum of activity, and 

can cause high mortality to the target 
pest, thèse transgenic plants represent 
powerful tools to be integrated in IPM 
schemes. Various studies hâve shown 
the benefit of thèse plants in enhancing 
the population of bénéficiais and re-
ducing the number of secondary pests 
when compared to chemical pesticide-
treated plots (for example, Feldman and 
Stone, 1997). 

Nevertheless, we hâve to admit that 
our current knowledge on the durable 
deployment of thèse plants is some-
times limited. In this respect, the great-
est needs concern the prévention of the 
build-up of insect résistance to the Bt 
toxins. Our lack of knowledge stems 
from the novelty of this technology and 
our lack of expérience in the large scale 
cultivation of such crops, the complex-
ity of the mechanisms involved in in
sect résistance, and the difficulty in 
designing experiments that will answer 
our questions (laboratory, greenhouse 
or even small scale trials seldomly re-
flect the situation in the field) and re-
search efforts should concentrate on 
thèse aspects. 

The plants that are currently released 
express a single insect-resistance gène, 
and are considered by many as first 
génération products. The second gén
ération of transgenic insect-resistant 
plants will probably harbour more than 
one résistance trait. Thèse traits could 
be imparted by other transgenes (en
coding Bt toxins with différent binding 
sites or other entomopathogenic molé
cules) or by the host plant itself(okra 
leaf, high terpenoid, nectariless in cot
ton; DIMBOA in corn; glandular tr i-
chomes in potato). The identification of 
novel sources of résistance is an area 
that is particularly active, and différent 
potential candidate gènes of various 
sources are currently under study (for 
a review, see Carozzi and Koziel, 1997). 
Similarly, protein engineering holds 
promises in improving the efficiency of 
current entomopathogenic molécules 
(Jongsma et ai, 1996; Rajamohan et al., 
1996), and this type of research certain-
ly deserves attention. 

With respect to this technology and 
to the benefits that can be expected 
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from it, some questions deserve to be 
addressed: 

(i) Sinceour body of knowledge on the 
management of Bt plants on a large 
scale is limited, should the current 
"first génération" of plants be used 
to aquire this knowledge, with the 
risk of curtailing the future use of Bt 
toxins? If not, how can we acquire 
the knowledge that is at présent lack-
ing? 

(ii) Some of the farmers that would 
benefit the most from this technol-
ogy belong to developing countries. 
How can we assure that this tech-
nology is safely transferred to such 
countries, and that as many as pos
sible can benefit from it? 

(iii) Should ail crops (including perenni-
al plants) be targetted for transfor
mation with insect résistance gènes, 
and should they be allowed to be 
deployed under any circumstance? 
If not, what body should assess the 
potential risks and benefits, and reg-
ulate the large scale release of thèse 
plants? 
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