Inhibition of Heliothis virescens larvae growth in transgenic
tobacco plants expressing cowpea trypsin inhibitor
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ABSTRACT

Fall armyworm (Spodoptera frugiperda) is an important pest for corn and rice in Cuba. Here, we describe the
obtainment of transgenic tobacco plants expressing the cowpea trypsin inhibitor (cpti) gene as a model to explore the
efficiency of this protein for fall armyworm control. Tobacco plants were transformed with Agrobacterium tumefaciens
containing a plasmid conferring kanamycin resistance and carrying the cpti gene fused to the 35S promoter and the
enhancer of the W fragment from the TMV. From the regenerated tobacco clones, lines 19 and 26 showed higher
trypsin inhibitory activity and were chosen for molecular characterization and bioassays against insects. Tobacco
budworm larvae feeding on leaf discs from clone 19 showed marked inhibition growth as a consequence of cpti in
the plants. This demonstrates the usefulness of the cpti protein in the control of insects with trypsin-like protease
activity and supports its potential to be combined with insecticidal Bacillus thuringiensis Cry proteins in transgenic
plants as an alternative against the development of insect resistance.
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RESUMEN

Interferencia del crecimiento de larvas de Heliothis virescens en plantas transgénicas de tabaco que
expresan el inhibidor de tripsina del frijol caupi. La palomilla del maiz (Spodoptera frugiperda) es una plaga
importante en los cultivos de maiz y arroz en Cuba. En este trabajo, describimos la obtencién de plantas transgénicas
de tabaco que expresan el inhibidor de tripsina del frijol caupi (cpti), como un modelo para evaluar la potencialidad
de esta proteina en el control de la palomilla del maiz. Se transformé el tabaco via Agrobacterium tumefaciens
conteniendo un pldsmido que confiere resistencia a la kanamicina y que porta el gen cpti fusionado al promotor 35S
del CaMV y al activador transcripcional W del TMV. Entre los clones regenerados, las lineas transgénicas 19 y 26,
mostraron la mayor actividad inhibitoria de la tripsina y fueron escogidas para su caracterizacién molecular y para
ensayos frente a insectos. Las larvas del cogollero del tabaco que fueron alimentadas con discos de hojas del clon 19
mostraron una marcada afectacién de su crecimiento como consecuencia de la expresién del cpti en las plantas. Esto
demuestra la utilidad de la proteina cpti para en el control de insectos con actividad proteasa tipo tripsina, y apoya
su potencialidad de combinarla con proteinas insecticidas Cry de Bacillus thuringiensis en plantas transgénicas, como
una alternativa contra el desarrollo de insecto resistencia.
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Introduccion

A number of proteinase inhibitors from many plant
species have been isolated and characterized by their
biochemistry and genetics [1]. With the advent of
plant genetic engineering, the introduction of foreign
genes allowed the expression of recombinant
proteinase inhibitors from several sourcesin trans-
genic tobacco [2, 3] and other species, including
monocotyledons asrice, providing resistance to major
crop pests [4, 5]. However, the only pesticidal
transgenic plantsthat have reached the market so far
express the insecticidal cry genes from the Bacillus
thuringiensis (Bt). As occurs with other substances
used for pest control [6], insects may develop
resistance to Cry proteins [7]. An alternativeis the
alteration of insect gutproteases that inactivate or
reduce Cry toxin potency. Protease inhibitors could
play a major role in the neutralization of insect gut
proteases, hence increasing the potency of any Bt
product. In the case of Bt-plants, the expression of
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aprotease inhibitor in addition to the Cry toxin could
result in better control of target pests, and give a
longer lasting resistance of the transgenic plants. The
use of this approach, however, is not completely
straightforward, since some reports have recently
suggested the importance of devising refined
strategies for the effective inhibition of insect
digestive proteinases in vivo, based on the use of
recombinant hybrid inhibitors active against different
protease classes [8, 9].

Fall armyworm (Spodoptera frugiperda Smith) is
one of the most important pests in tropical regions,
where it affects major crops such as rice, corn and
tomato [10]. Previously, we have characterized the
digestive activity of fall armyworm larvae as being
trypsin-like and demonstrated its inhibition by va-
rious inhibitors of plant origin [11, 12]. We are espe-
cialy interested in the study of the cpti trypsin and
itsinhibitory efficacy against this pest or otherswith
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similar digestive activity for use in future transgenic
Bt-rice and-corn plants [13].

Here, we describe the transformation of tobacco
plants with the cowpea trypsin inhibitor (cpti) gene
and the CPTI biologica activity against the tobacco
budworm Heliothis virescens and for the potential of
this genefor fall armyworm control. It was previous-
ly reported that insects of the Heliothis genus have
the same type of digestive activity as the fall army-
worms [14]. This makes it possible to use this insect
as a model for the potential of this inhibitor for
transgenic rice and corn plants against fall armyworm
attacks. In addition, tobacco requires less laborious
and time-consuming tissue cultures and genetic trans-
formation procedures than rice and corn plants.

Materials and methods

General methods

All DNA procedures, including double-strand DNA
seguencing were performed according to Manniatis
et al [15].

Cloning the cowpea trypsin inhibitor gene

A 350bp Ncol-Xbal fragment comprising the cpti gene
(Genbank accession AY 204562) was excised from plas-
mid pBluel 3 [16] and inserted into plasmid pBPFWS
[17] to obtain plasmid pBPFWcpti. This was Hindlll
digested to obtain the cassette containing the 35S pro-
moter, the non-trand atable tobacco mosaic virus (TMV)
W enhancer, thecpti gene and the NOS terminator, which
was inserted in the Hindl 1 site of the plasmid pBin19
[18] to yield the pBinWcpti plasmid (Figure 1).

Plant transformation

Leaf discs from Petit Havana SR-1 tobacco plants
grown in vitro were infected with the Agrobacterium
tumefaciensLBA 4404 strain carrying the binary plas-
mid pBinWecpti according to the procedure described
by Horsch etal. [19]. Seedsfrom self-pollinated plants
were germinated on an MS medium [20] containing 50
mg/L of kanamycin. F. plants resistant to kanamycin
were transplanted to pots and grown in greenhouse
conditions for further analysis.

Protein extraction

Leaves of the same devel opmental stage from transgenic
and non-transgenic tobacco plants were macerated in
liquid nitrogen. The resulting powder was homogenized
at a 1:2 ratio in the extraction buffer (100 mmol L*
Tris-HCI pH 8.2, 1.5% polyvinylpirro-lidone (m/v),
5% glyceral (v/v), and 77 mmol L™ b-mercaptoethanol)
and then sieved through cheesecloth and centrifuged
(13 000 g, 10 min, 4 °C) to remove cell debris. The
supernatant was stored at -70 °C for later use. Protein
concentration was determined by the Bradford method
[21] using bovine abumin protein as the standard.

Trypsin inhibition assays

Total protein extracts from tobacco plants were used
for assaying inhibitory activity against bovine pancreas
trypsin [22]. Briefly, protein extracts (75 ng) from
transgenic and non transgenic plants were incubated
with 2.8 ng of trypsinin 100 nL of 100 mmol L™ Tris
buffer for 15 min at 25 °C. N-benzoil-L-p-nitroanilide
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Figure 1. Schematic representation of the T-DNA region of pBinWpti plasmid, harboring the cpti gene.
LB=left border, RB=right border, p355S=35 S promoter from Cauliflower Mosaic Virus, W=TMV transcrip-
tional enhancer, cptl =cowpea trypsin inhibitor gene, tNos=nopaline synthase terminator fromA. tumefaciens,

nptll=neomycin phosphotransferase gene.

(L-BapNA) substrate was added to 1 mmol L™ in a
final volume of 700 nL and the enzyme activity was
measured in a spectrophotometer at 410 nm. Enzy-
matic activity was expressed in nmol min® with an
extinction coefficient of 8.8 cm? umol™ for L-BapNA.
Each assay was repeated three times.

DNA analysis

DNA from transformed and wild type tobacco plants
was extracted [23], and PCR amplification was per-
formed on genomic DNA templates using the cpti
primers described in figure 3, which amplify a cpti
genefragment of 225 bp. Theamplified productswere
electrophoresed on 0.8% agarose gel and then trans-
ferred onto a nitrocellulose membrane. Southern blot
hybridization was carried out using the Ncol-Xbal
cpti fragment from pBluelL 3 as the probe. ThisDNA
was radiolabeled by incorporating alpha *?P-dATP
using the Klenow fragment of DNA polymerase | and
random hexanucleotide primers [24].

Bioassays

Second instar Heliothis virescens larvae from a labo-
ratory colony [25] were used for the study. L eaf discs
of 1.5 cm diameter from transgenic and non transgenic
tobacco plants were collected, washed in distilled wa-
ter, blotted on filter paper, and transferred to vials
containing a gel prepared with 2% agar, 0.5 mg/mL
fundazol and 0.2 mg/L streptomycin. Vials containing
one disc and one larva were incubated at 27 °C. The
experiments consisted of ten replicates of each treat-
ment. Leaf discs were changed daily with new ones
and the weight of the larvawas recorded at 0, 2, 4, 7
and 9 days. Datawas used to measure the effect of the
feedings on the growth of each larva by calculating
the ratio of its weights recorded at the different time
points and the weight at day 0.

Results and discussion

Broadway and Duffey [14] showed that proteinase
inhibitor activity in tobacco |leaves accounted for a
reduction in the growth rate of the beet armyworm
Spodoptera exigua larvae when compared with con-
trols. In another report, McManus and Burguess [ 26]
reported asignificant reduction in growth of the Egyp-
tian armyworm Spodoptera litura fed with a purified
soybean trypsin inhibitor as compared with insects
fed aninhibitor-free diet. However, similar studiesare
not available for S. frugiperda, the predominant crop
pest of this genus in the western hemisphere. This
pest is polyphagous and causes major damagein corn,
rice and vegetables. Previous reports have established
that gut protease digestive activity of fall armyworm
larvae is mainly trypsin-like and inhibited by various
inhibitors of plant origin [11, 12]. We describe the
obtainment of transgenic tobacco plants expressing
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the cowpeatrypsininhibitor and use them to evaluate
the effectiveness of this protein against Heliothis
virescens, a L epidopteran defoliating pest of the same
family (Noctuidae) carrying adigestive proteinase ac-
tivity comparable to S. frugiperda [14, 27].

Figure 2 shows the results obtained from in vitro
evaluation of the inhibitory activity against bovine
trypsin protease extracts from four randomly selected
transgenic tobacco F lines compared with extracts
from a non-transformed line. Extracts from lines 19
and 26 showed the highest inhibition of enzymatic
activity. These lines were able to inhibit 78 and 63%
of the trypsin activity respectively. Others [3] have
reported a 70% inhibition of the bovine pancreas
trypsin activity with 90 ug of total protein extracts
from transgenic tobacco plants expressing the tomato
type Il inhibitor. As shown in figure 2, we obtained
78% of in vitro bovine trypsin activity inhibition
with 75 pg of total protein extract from clone 19.
Although the cpti expression levels were not quanti-
fied in the transgenic plants, greater inhibition was
achieved using less total protein extracts, as com-
pared with that reported by Johnson et al. [3], which
might be explained by higher expression levels of the
inhibitor because of the inclusion of the TMV W
fragment in the constructs. This sequence has been
previously reported as an enhancer of gene expres-
sion in transgenic tobacco plants when combined with
the CaMV 35S promoter [17, 28]. Also, arecent re-
port argues that the inhibitor expression levels will
determine the insecticidal effectiveness of the pro-
tein or the development of the adaptive capacity of
the target pest [29].

To confirm the transgenic nature of the plants, we
designed oligonucleotide primers and a band of 225
nucleotides from the cpti gene was amplified by PCR
from transgenic tobacco clones. This band was later
hybridized (PCR-Southern) using a radiolabeled frag-
ment of the cpti gene. A single band corresponding to
the cpti gene amplified product at the correct molecular
size was visualized in a PCR-Southern experiment of
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Figure 2. In vitro hhibition of trypsin activity by protein extracts
from transgenic tobacco plants. Gut extracts from larva were
assayed for protease activity in the presence of protein extracts
from transgenic and non transgenic tobacco clones. Values are
expressed as percentage of inhibition of protease activity of con-
trol larvae not assayed versus plant extracts. Thin bars represent
the standard deviations. NT=non-transgenic plant.
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Figure 3. PCR-Southern showing the presence of the cptigene in
the transgenic tobacco plants genome. The internal primers
gggtcactactgcagecatgg (5 ) and tcaaggcaacgacacttgee (37) were
used to detect the cptl gene in transgenic plants. Lane 1, non-
transformed plant; lane 2, clone 19; lane 3, clone 23. 100 bp
DNA ladder was used as a molecular weight marker (Promega,
Madison, USA).

clones 19 and 26 but not in non-transformed plants
after probing the membrane with the Ncol-Xbal cpti
fragment, thus confirming the transgenic nature of
clones 19 and 26 (Figure 3).

Given theresults of thein vitro trypsin inhibition
experiments, we used clone 19 to further test its in
vivo biological activity againstHeliothisvirescenslar-
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Figure 4. Growth of larvae fed with leaf discs from transgenic and
non-transgenic tobacco plants. Larvae were weighted at 0, 2, 4,
7 and 9 days after starting the feeding on tobacco leaves. Values
of the curve express the fold average of larvae weight gain
compared to the weight recorded in the preceding evaluation.
Thin bars on each point represent the standard deviations.
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vae. Figure 4 shows the weight gain of larvae fed leaf
discs from transgenic or non-transgenic plants during
the course of the experiment. The effects of cpti subs-
tantially delayed normal larvae growth compared to
larvae fed on non-transformed plants, causing 5 fold
lower weights. Coincidentally, areport by Chao-Y ang,
et al [16] using the same proteinase inhibitor found
comparable effects on insect growth when tested
against the cotton bollworm.

A recent report [30] from Zavalaand Baldwin have
shown that the expression of trypsin proteinase in-
hibitors interfering with insect metabolism account
for be-nefits greater than their cost when the plants
are attacked. This suggests that the proteinase in-
hibitor approach might result in a positive balance
for plant defense.

The simultaneous use of insect-protease inhibitors
and insecticidal Cry proteinsin transgenic plants could
be a strategy for insect-resistance management in the
field. While B. thuringiensis Cry proteins have shown
to be effective in insect control and in autologous-

pesticide transgenic plants, their use may berestricted
in thefuture by the appearance of insect-resistance, as
occurring with chemical insecticides. Indeed, any of
the steps in the complex multi-step mechanism of in-
sect killing of Cry proteins could explain insect-resis-
tance, and there are several reports on the inactivation
of the Cry toxin or the decline of its potency caused
by insect protease activities [31-33].

Theresults of thiswork demonstrate the feasibility
of controlling insect pests with trypsin-like digestive
activity by expressing trypsin inhibitors like cpti in
transgenic plants. The combined expression with spe-
cific Cry proteinsis a promising strategy for the con-
trol of plant insect-pests.

Acknowledgments

This work was supported by the Cuban Council of
State. The authors acknowledge the kind gift of the
cpti gene by Dr. Zhu Zhen, Beijing Genetics Insti-
tute, and the great help provided by JL Ayala and
Eduardo Menéndez.

18. Bevan M. Binary Agrobacterium vectors
for plant transformation. Nucleic Acids Re-
search 1984;12:8711-21.

19. Horsch RB, Fry JE, Hoffman NL, Eichholtz D,
Rogers SG, Fraley RF. A simple and general
method for transferring genes into plants.
Science 1985;227:1199-231.

20. Murashige T, Skoog F. A revised medium
for rapid growth and bioassay with tobacco
tissue cultures. Physiologia Plantarum 1962;
15:473-97.

21. Bradford MM. A rapid and sensitive
method for the quantitation of microgram
quantities of protein utilizing the principle of
protein-dye binding. Analitical Biochemistry
1976;72:248-54.

22. Ortego F, Novillo C, Castafiera P. Charac-
terization and distribution of digestive pro-
teases of the stalk corn borer, Sesania
nonagrioides Lef. (Lepidoptera: Noctuidae).
Archives of Insect Biochemistry Physiology
1996;33:163-80.

23. Dellaporta S, Wood J, Hicks B. A plant
minipreparation: Version Il. Plant Molecular
Biology Reporter 1983;4:19-21.

Received in may, 2004. Accepted

for publication in september, 2004.

24. Feinberg AP, Vogelstein B. A technique for
radiolabeling DNA restriction endonuclease
fragments to high specific activity. Analitical
Biochemistry 1983;132(1):6-13.

25. Ayala J, Armas J. Metodologia para la
cria continua de Spodoptera frugiperda (J.E.
Smith) (Lep., Noctuidae). Centro Agricola
1987;14(4):88-90.

26. McManus MT, Burgess EPJ. Effects of the
soybean (Kunitz) trypsin inhibitor on growth
and digestive proteases of larvae of Spo-
doptera litura. Journal of Insect Physiology
1995;41:731-8.

27. Johnston KA, Lee MJ, Brough C, Hilder VA,
Gatehouse AMR, Gatehouse JA. Protease Ac-
tivities in the Larval Midgut of Heliothis
virescens: Evidence for Trypsin and Chymot-
rypsin-like Enzymes. Insect Biochemistry and
Molecular Biology 1995;25(3):375-83.

28. Gallie DR, Sleat DE, Watts JW, Turner PC,
Wilson TM. The 5'-leader sequence of tobacco
mosaic virus RNA enhances the expression of
foreign gene transcripts in vitro and in vivo.
Nucleic Acids Research 1987;15:3257-73.

130

29. Lara P, Ortego F, Gonzdlez-Hidalgo E,
Castanera P, Carbonero P, Diaz |. Adapta-
tion of Spodoptera exigua (Lepidoptera:
Noctuidae) to barley trypsin inhibitor BTI-
Cme expressed in transgenic tobacco.
Transgenic Research 2000;9:169-78.

30. Zavala JA, Baldwin IT. Fitness benefits
of trypsin proteinase inhibitor expression in
Nicotiana attenuata are greater than their
costs when plants are attacked. BMC Ecolo-
gy 2004;4:11.

31. Inagaki S, Miyasono M, Ishiguro T,
Takeda R, Hayashi Y. Proteolytic processing
of d-endotoxin of Bacillus thuringiensis var.
kurstaki HD-1 in insensitive insect, Spo-
doptera litura: unusual proteolysis in the
presence of sodium dodecyl sulfate. Journal
of Invertebrate Pathology 1992;60:64-8.

32. Keller M, Sneh B, Strizhov N, Prudovsky E,
Regev A, Koncz Cet al. Digestion of delta-en-
dotoxin by gut proteases may explain reduced
sensitivity of advanced insctar larvae of
Spodoptera littoralis to Cry1C. Insect Biochem-
istry and Molecular Biology 1996,;26:365-73.

33. Lightwood DJ, Ellar DJ, Jarrett P. Role of
proteolysis in determining potency of Bacil-
lus thuringiensis Cry1Ac d-endotoxin. Applied
Environmental Microbiology 2000;66:
5174-81.

Biotecnologia Aplicada 2005; Vol.22, No.2



	BIOTECNOLOGÍA APLICADA Vol22 No2
	CONTENIDO / CONTENT
	ARTÍCULOS DE REVISIÓN / REVIEW ARTICLES
	Technology evolution for genomic revolution
	Overview on HLA and DNA typing methods

	ARTÍCULOS DE INVESTIGACIÓN / RESEARCH ARTICLES
	Ensayo inmunoenzimático para la cuantificación de inmunoglobulina E total  en muestras de sangre seca sobre papel de filtro
	Immunoenzymatic assay for total IgE quantification of blood spot on filter paper
	Production of an anti-HBsAg mouse IgG-2bk  monoclonal antibody in hollow fiber bioreactors using different cell culture media and operation modes
	Polisacárido del meningococo grupo C conjugado con diferentes cantidades de vesícula de membrana externa de Neisseria meningitidis serogrupo B
	Polysaccharide of meningococcal group C conjugated to different quantities of outer membrane vesicle from Neisseria meningitidis serogroup B.
	Inhibition of Heliothis virescens larva growth in transgenic tobacco plants expressing cowpea trypsin inhibitor

	ENFOQUE / FOCUS
	Developing an evaluation framework for Hepatitis B immunization programs in developing countries: A case study with Cuba
	Comment to “Developing an evaluation framework for Hepatitis B immunization programs in developing countries: A case study with Cuba"

	REPORTES / REPORTS
	Brief comments on the Pasteur Institute Euroconference: Tissue Repair / Chronic Ulcer Healing
	On the challenges in developing competitive technologies
	Premios de la Academia de Ciencias de Cuba 2004 / Awards of the Academy of Sciences of Cuba 2004
	Caracterización genética molecular del virus sincitial respiratorio humano en Cuba
	Molecular genetic characterization of the virus human breathing sincitial in Cuba
	Factibilidad, a través de una nueva interfase, de la espectrometría de masas de lipopolisacáridos separados en geles de poliacrilamida
	Feasibility, via a new interface, of mass spectrometry of lipopolysaccharides separated in polyacrylamide gels


	PRÓXIMOS EVENTOS / FUTURE EVENTS
	INSTRUCCIONES A LOS AUTORES
	INSTRUCTIONS TO AUTHORS





