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Abstract 

Nicotiana tabacum plants were transformed with the cDNA of barley trypsin inhibitor BTI-CMe under the control 
of the 35S CaMV promoter. Although the transgene was expressed and the protein was active in the homozygous 
lines selected, growth of Spodoptera exigua (Lepidoptera: Noctuidae) larvae reared on transgenic plants was not 
affected. The protease activity in larval midgut extracts after 2 days feeding on transformed tobacco leaves from the 
highest expressing plant showed a reduction of 25% in the trypsin-like activity compared to that from insects fed on 
non-transformed controls. The susceptibility of digestive serine-proteases to inhibition by BTI-CMe was confirmed 
by activity staining gels. This decrease was compensated with a significant induction of leucine aminopeptidase-
like and carboxipeptidase A-like activities, while chymotrypsin-, elastase-, and carboxipeptidase B-like proteases 
were not affected. 

Introduction 

Crop protection against insects is of crucial import
ance to modern agriculture, since close to 17% of the 
agricultural product world-wide is lost to pest attack 
(Duck & Evola, 1997). This damage is even greater 
in places where costly chemical pesticides are less 
available, such are those in the developing world. In 
Europe and North America, abuse of chemicals has led 
to environmental problems. Although a goal of plant 
breeders has been the search of insect resistant genes, 
genetic engineering has offered a new strategy for crop 
protection (Hilder & Boulter, 1999). Several variants 
of the Cry genes encoding the toxic Bt crystal protein 
of Bacillus thuringiensis are being widely used to pro-

duce insect-resistant transgenic crops (Maagd et al., 
1999). The transgenic expression of other insecticidal 
proteins such as α-amylase and protease inhibitors, 
lectins, chitinases, etc, is also being evaluated as a 
potential protective strategy against insects (Schuler 
et al., 1998). 

In wheat and barley kernels an important fraction 
of the albumins and globulins is represented by a mul-
tigene family of protease/α-amylase inhibitors. These 
heterologous inhibitors of hydrolases may have a role 
in plant defence (Carbonero et al., 1993; 1999). Barley 
trypsin inhibitor BTI-CMe, one of the best character
ized members of this family, is an abundant protein 
specifically expressed in barley endosperm that is en
coded by the Itr1 gene. Both cDNA and genomic 
clones have been characterized (Rodriguez-Palenzuela 
et al., 1989; Díaz et al., 1993; Royo et al., 1996). 
This 14-kDa protein was first purified from barley 
kernels by Mikola and Soulinna (1969), who showed 



that it was active in vitro against trypsin and inact
ive against chymotrypsin, papain, subtilopeptidase A, 
pepsin, as well as against the endogenous proteases 
from green malt. The protein was sequenced by Odani 
et al. (1983), who did not find activity against elast-
ase or α-amylase from various sources. More recently, 
Alfonso et al. (1997) reported that it inhibited in vitro 
the trypsin-like proteases of the gut extracts of the 
fall armyworm, Spodoptera frugiperda (Lepidoptera: 
Noctuidae). The transgenic expression of the Itr1 gene 
in wheat resulted in a high accumulation (up to 1.1% 
of total protein) in the seeds which significantly re
duced the survival rate of the grain moth Sitotroga 
cerealella (Lepidoptera: Gelechiidae), an important 
storage pest, reared on the transgenic wheat seeds 
(Altpeter et al., 1999). 

The beet army worm Spodoptera exigua (Lepid-
optera: Noctuidae) is a widespread and polyphagous 
pest causing severe economic damage to main crops. 
Purification and characterization of the gut protease 
activities of S. exigua larvae have shown that they 
are mainly of the serine-protease type (Broadway & 
Duffey, 1986; Jongsma et al., 1996). 

The over-expression of several trypsin inhibitors 
of different plant origins in transgenic tobacco plants 
has resulted in an increase in insect resistance (Hilder 
et al., 1987; Johnson et al., 1989; Boulter et al., 
1990; Yeh et al., 1997; De Leo et al., 1998). How
ever, in some cases, insects have been reported to 
induce gut protease insensitivity to the transgenically 
expressed inhibitor (Jongsma et al., 1995; Wu et al., 
1997). 

The present paper reports on the adaptation of 
Spodoptera exigua larvae after being reared on trans-
genic tobacco leaves expressing the barley trypsin 
inhibitor BTI-CMe. Digestive serine-proteases in the 
larval midgut were susceptible to inhibition by extracts 
of BTI-CMe expressed in transgenic tobaccos. The de
crease in the trypsin-like activity in larvae midguts was 
compensated by increases in leucine aminopeptidase-
and carboxipeptidase A-like specific activities, while 
the chymotrypsin, elastase- and carboxipeptidase 
B-like activities were not significantly affected. 

Materials and methods 

Plant material 

Tobacco plants (Nicotiana tabacum cv. SNN) used in 
the transformation experiments were grown axenically 

in MS medium containing 30 g/l sucrose in an environ
mentally controlled growth chamber at 25° ± 2°C un
der a 16L:8D h photoperiod. Developing endosperms 
from barley plants (Hordeum vulgarecv. Bomi) grown 
under standard greenhouse conditions, were collec
ted at approximately 15 days after pollination (dap), 
hand-dissected, frozen in liquid nitrogen and stored 
at -70°C until needed. Tobacco leaves for nucleic 
acid and protein extractions were similarly frozen and 
stored. 

Plasmid construct and tobacco transformation 

A 584-bp cDNA fragment spanning the complete ORF 
for the barley Itr1 gene encoding the trypsin inhib
itor BTI-CMe (Rodriguez-Palenzuela et al., 1989), 
was subcloned in the plant transformation Ti plasmid 
pBin19 (Bevan, 1984) under the control of the CaMV 
35S promoter followed by the 3' non-coding region 
of the nopaline synthase gene (NOS). The vector with 
the Itr1 insert in the correct orientation also contained 
between the right and left borders of its T-DNA the 
nptII gene, as a selectable marker, under the con
trol of the same promoter and terminator sequences. 
Agrobacterium tumefaciensLBA4404 cells (Hoekema 
et al., 1983) were used to transform leaf discs from 
axenic Nicotiana tabacum (cv. SNN) cultures. Selec
tion of transformants was in 100(ig/ml kanamycin, 
and plant regeneration was performed following estab
lished procedures (Horsch et al., 1985). Regenerated 
R0 transgenic plants were transferred to soil, grown 
in the greenhouse and self-pollinated. Seeds were ger
minated always in kanamycin containing MS medium, 
and homozygous R3 progeny plants were used for 
insect feeding trials. 

Nucleic acid analysis 

Total RNA was purified from frozen tissues by 
phenol/chloroform extraction, followed by precipita
tion with 3 M LiCl at 4°C (Lagrimini et al., 1987). For 
evaluation of the R0 transformants, aliquots of dena
tured RNA from leaves (from 10 down to 0.156 (ig) 
were applied to Hybond-N membranes (Amersham) 
using a Dot-blot apparatus (BioRad) according to the 
manufacturer’s instructions. For northern analysis, de
natured RNA was electrophoresed in 7.5% formalde
hyde/1.2% agarose gels and blotted onto Hybond-N 
membranes (Amersham). Hybridization and washings 
were performed under stringent conditions, following 
standard procedures (Sambrook et al., 1989), using as 



a probe the [32P]-labelled cDNA insert from the Itr1 
gene (Rodriguez-Palenzuela et al., 1989). 

Total DNA was isolated from tobacco leaves, es
sentially as described by Taylor and Powell (1988). 
Purified DNA (8 µg) was restricted with EcoRI, elec-
trophoresed in 0.8% agarose gels and blotted onto 
Hybond-N membranes (Amersham). Hybridization 
was carried out using stringent conditions and the 
same probe as described for the RNA analysis. 

Protein electrophoresis and immunodetection 

Plant proteins were extracted by grinding frozen tis
sues directly in the buffer (1:3, w/v) described by 
Laemmli (1970). After centrifugation for 10 min at 
4•C, protein concentration in the supernatant was es
timated using a protein assay kit (BioRad) and BSA 
as a standard. Separation of proteins by SDS-PAGE 
was done using polyacrylamide gradient gels (4–20%, 
w/v), run for 2 h at 150V. After electrophoresis, pro
teins were transferred to PVDF membranes (Milli-
pore) with an Electro Transblot apparatus (BioRad). 
Immunological staining was done with anti-BTI-CMe 
antibody (produced in rabbits by Eurogentec, Brus
sels). Membranes were blocked with TBS, 5%(w/v) 
nonfat milk and 0.1% (v/v) Tween 20, after which 
purified monospecific IgG was added at a dilution 
1:1000 (v/v), and incubated for 1 h. After washing, the 
second antibody (goat anti-rabbit IgG conjugated to 
alkaline phosphatase, Sigma) was added at a concen
tration 1:2000 (v/v) for 1 h. Colour was developed by 
the reaction of nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate. For semiquantitative BTI-
CMe evaluation in transgenic plants, standards with 
purified protein from barley seeds were prepared at 
different concentrations (Altpeter et al., 1999). 

Trypsin inhibitor activity assays 

Tobacco leaves were ground in liquid nitrogen and 
the resulting powder from 100 mg of leaf material 
was extracted with 500 µl ice-cold 0.15 M NaCl solu
tion. Various amounts (50–150 µg) of protein extracts 
from tobacco leaves were preincubated with 2 µg of 
bovine trypsin (Sigma), for 30 min at 37•C. After the 
addition of 4 mM BANA (N-benzoyl-DL-arginine-β-
naphtylamide) as substrate, incubation was continued 
for 1 h at 37•C. The reaction was stopped with 2% 
(v/v) HCl/ethanol and colour was developed by adding 
0.06% (w/v) of p-dimethyl-amino-cinnamaldehyde in 
ethanol. Absorbance at 540 nm was measured after 
15 min at room temperature. Inhibition was expressed 

as percentage of remaining trypsin activity over con
trols without leaf protein. Protein extracts from barley 
endosperm and the Kunitz trypsin inhibitor (Sigma) 
from soybean were run as positive controls. 

Trypsin inhibitor assays were also performed after 
electrophoresis, using 0.1% (w/v) gelatin-containing 
0.1% (w/v) SDS-12% (w/v) polyacrylamide gels ac
cording to Michaud et al. (1993). Protein extracts 
from tobacco leaves and from developing barley en
dosperms were incubated with 2 µg of bovine trypsin 
(Sigma) for 30 min at 37•C. Positive and negative 
controls were prepared by replacing the protein ex
tracts from transformed tobacco leaves by the Kunitz 
soybean trypsin inhibitor (Sigma) and by the non-
transformed leaf extracts, respectively. The reaction 
mixtures were electrophoresed at 4 •C and the gels 
transferred to a 2.5% (v/v) aqueous solution of Triton 
X-100 for 30 min. Gels were then incubated in the ac
tivation buffer (100 mM citrate, pH 6.0) for 2 h at 37•C 
and stained as described by Novillo et al. (1997). 

Insect bioassays 

Spodoptera exigua eggs were kindly donated by Dr 
G. Smagghe (University of Gent, Belgium). The lar
vae were reared on the semi-artificial diet described 
by Poitout and Bues (1970) under a 16L:8D h pho-
toperiod, at 22 ± 1•C. 

For short term feeding assays, fourth instar S. 
exigua larvae (42–48 mg weight) were starved for 4 h 
before infesting three to four fully developed leaves 
per tobacco plant, by confining one starved larva per 
leaf with a polythene bag clipped at the base of the 
petiole. Larval weight was determined 48 h after in
festation. Seven plants per transgenic line and per 
non-transformed tobacco were used, arranged in a 
completely randomized block design. 

For long term feeding assays, second instar larvae 
(about 1 mg weight) were allowed to feed on tobacco 
leaves for 9 days as described above. 

Midgut protease assays 

At the end of the short-term bioassay, actively feed
ing fifth instar larvae were dissected and each midgut 
homogenized in 500 µl of 0.15 M NaCl. After cent-
rifugation, supernatants were individually frozen to 
provide 22–25 samples of each treatment for en
zymatic determinations. Total protein in midgut ex
tracts was determined using the protein assay kit 
(BioRad) with BSA as the standard. 



All enzymatic assays were carried out in trip
licate and blanks were used to account for spon
taneous breakdown of substrates following the con
ditions described by Ortego et al. (1999). Unless 
otherwise stated, enzymatic activities were performed 
at their optimum pH, using 20µl of midgut ex
tract in 1ml of reaction mixture, at 30•C. Non
specific protease activity was assayed with 0.1% 
(w/v) sulfanilamide-azocasein, incubating 1 h at pH 
9.5; trypsin-like activity with 1 mM BapNa (Nα– 
benzoyl-DL-arginine-p-nitroanilide), 45 min at pH 
10.5; elastase-like activity with 0.5 mM SA3pNa 
(N-succinyl-(alanine)3-p-nitroanilide), 5 h at pH 9.5; 
carboxipeptidase A-like activity with 1 mM HPA 
(hippuryl-phenylalanine), 24 h at pH 8.0; carbox-
ipeptidase B-like activity with 1 mM HA (hippuryl-
L-arginine), 24 h at pH 7.5; chymotrypsin-like activ
ity with 0.25 mM SA2PPpNa (N-succinyl-(alanine)2-
proline-phenylalanine-p-nitroanilide), 30min at pH 
10.0, using in this case 2 µl of midgut extract and 
leucine aminopeptidase-like activity with 1 mM LpNa 
(L-leucine p-nitroanilide), 1 h at pH 8.5, and 50 µl of 
midgut extract. 

Larval growth and protease activities were com
pared between each treatment and the control by the 
Dunnett two-tailed test, using protein content as cov-
ariate for those specific protease activities that resulted 
dependent on the protein content (Ortego et al., 1999). 

Detection of proteolytic isozymes in midgut ex
tracts was performed by 0.1% (w/v) SDS-12% 
(w/v) polyacrylamide gel electrophoresis under non-
denaturing conditions. Samples, containing approxim
ately 2 µg of midgut protein, were preincubated for 
30 min at 30•C with protein extracts from transformed 
and non-transformed tobacco leaves (10 µg of pro
tein), with 0.5 mM of the serine protease inhibitor STI 
from soybeans and with 0.5 mM of the specific trypsin 
inhibitor TLCK (Nα-p-tosyl-L-lysine chloromethyl-
ketone). Tobacco leaf protein extracts were enriched 
in protease inhibitors and depleted in proteolytic activ
ity, by incubation at 60•C for 1 h. After keeping on 
ice for 5 min, samples were centrifuged at 10,000g 
for 5 min, to remove the precipitated proteins. After 
electrophoresis, gels were soaked into a 2.5% (v/v) 
aqueous solution of Triton X-100 for 45 min at room 
temperature and then placed in a 2% (w/v) gelatin 
(type B: from bovine skin, Sigma) solution in 0.1 M 
glycine-NaOH, pH 10.5 to let the protein substrate 
diffuse into the membrane and incubated for 1.5 h at 
35•C. Proteolytic activity was developed as previously 
described (Novillo et al., 1997). 

Results and discussion 

RNA and DNA analysis of transgenic tobacco plants 

In the transformation process mediated by Agrobac-
terium, 11 independent tobacco R0 plants were ob
tained after kanamycin selection (nptII gene) and were 
analysed by RNA dot-blot hybridization, using as a 
probe the [32P]-labelled insert of the cDNA from the 
Itr1 gene. Four serial dilutions of total RNA extrac
ted from leaves of the transformed tobacco lines (10, 
2.5, 0.625 and 0.156 µg, respectively) were applied 
to a Hybond-N membranes (Figure 1a). Strong dif
ferences in the level of expression of the Itr1 mRNA 
could be observed, among the different transgenic 
lines, ranging from below the limits of detection to 
signal levels of the same order as those found when 
applying lower amounts of total RNA from develop
ing barley endosperm (660, 165, 41.2 and 10.3 ng, 
respectively). Although this experiment was not in
tended to be quantitative, it is remarkable that the 
intensity of the hybridization dots obtained with RNA 
from barley was equivalent to that found in the highest 
expressing lines of tobacco, despite the fact that the 
starting amount of RNA loaded per well was 15 times 
less than that loaded from the transgenic leaves. No 
transcripts were detected with the Itr1 probe in the 
RNA samples isolated from non-transformed plants. 

Mature seeds of each transformant line were ger
minated on MS medium containing 100 µg/ml of 
kanamycin to study segregation rates. Germination 
frequencies of lines 1, 3, 4, 6, 9 and 11 were consistent 
with the expected (3:1) Mendelian segregation for a 
single integration site (data not shown). Northern blot 
analysis of total RNA from leaves of these R1 tobacco 
lines presented a single mRNA band of about 0.6 kbp 
which was the predicted size (Royo et al., 1996) of 
the barley Itr1 gene transcript (CMe, Figure 1b). Al
though equivalent RNA quantities were applied from 
each line analyzed, as shown by the hybridization res
ults obtained with the ribosomic probe (rib, Figure 1b), 
the differences in the BTI-CMe mRNA expression 
between lines were considerable (Figure 1b). Lines 3, 
4 and 6 showed the highest accumulation of BTI-CMe 
transcripts and were selected for further studies. As in 
the analysis of the R0 generation (Figure 1a), RNA ex
tracted from developing barley endosperms and RNA 
from leaves of non-transformed tobacco were used as 
positive and negative controls, respectively. 

To identify highly expressing homozygous plants, 
R1 lines 3, 4 and 6 were self-pollinated and seeds 



Figure 1. Expression of the Itr1 mRNA in transgenic tobacco 
leaves. (a) Dot blot analysis of selected transgenic R0lines, 
using serial dilutions (factor 1:4) starting with 10 µg of total 
RNA from leaves of kanamycin resistant plants (1–11) and from 
non-transformed tobacco (NT). As a positive control, serial dilutions 
of total RNA (660, 165, 41.2 and 10.3 ng) from developing barley 
endosperm (Hv) were applied. (b) Northern analysis of transgenic 
R1 tobacco plants derived from R0 lines 1, 3, 4, 6, 9 and 11. Total 
RNA (8 µg) from a pool of leaves from different R1 plants was ap
plied per slot. Non-transformed tobacco (NT) and developing barley 
endosperm (Hv) RNAs were used as negative and positive controls, 
respectively. Line 2 was not analysed because it did not produce 
viable seeds. (c) Northern analysis of transgenic R2 tobacco leaves 
from independent plants (a–j) of the line 4. Experimental condi
tions as in 1b. Hybridization was carried out with the [32P]-labelled 
cDNA insert of the Itr1 gene (CMe). Filters used for northern ana
lysis were subsequently hybridized with an 18S rRNA probe (rib) 
as a loading control. 

germinated for several generations on kanamycin-
containing medium until 100% germination was at
tained (R3 generation). The progeny of the R1 lines 
was not yet homozygous as shown in Figure 1c, where 
two levels of Itr1 mRNA expression could be detected, 
probably corresponding to hemizygous (a, b, e, h, i) 
and homozygous lines (c, d, f, g, j). Homozygous R3 

lines stably transmitted the Itr1 transgene for at least 
two generations (data not shown). 

Figure 2. Southern analysis of transgenic R3 tobacco plants. Total 
DNA (8 µg) from two different plants (a, b) of tobacco lines 3, 4 and 
6 was digested with EcoRI and hybridized with the [32P]-labelled 
cDNA insert from the Itr1 gene. Non-transformed tobacco (NT) 
and developing barley endosperm (Hv) DNAs were used as negative 
and positive controls, respectively. Molecular marker positions are 
indicated (kb). 

Southern blot analysis with DNA purified from R3 

generation plants demonstrated the stable integration 
of a single copy of the barley Itr1 gene in the genome 
of the transformed tobaccos. A single hybridization 
band appeared in all samples analysed after restric
tion with the EcoRI endonuclease. While lines 3 and 
6 showed an identically migrating band, the higher 
size of the hybridizing DNA fragment found in line 
4 indicated a different integration event (Figure 2). 
Total DNA from barley restricted with the EcoRI 
enzyme and hybridized with the same probe, presen
ted two hybridization bands of different intensities 
which correspond to the gene/pseudogene duplication 
within less than 25 kbp that was previously found in 
the barley genome by Royo (1993). The DNA from 
non-transformed tobacco did not hybridize with the 
BTI-CMe cDNA probe (Figure 2). 

BTI-CMe protein expression in transgenic tobacco 

The presence of BTI-CMe protein in leaves of trans-
genic tobacco plants was analysed by western blotting. 
Immunoblot analysis after SDS electrophoresis re
vealed the presence of two bands in extracts from 
independent plants of the R3 homozygous lines 3, 4 
and 6, as well as in extracts from developing barley 
endosperm. The upper band was absent in extracts 
from non-transformed tobacco (Figure 3). The higher 
intensity of the specific band of BTI-CMe detected in 



Figure 3. Western blot analysis of transgenic R3 tobacco plants ex
pressing the Itr1 gene in SDS-PAGE gel. Protein extracts (60 µg) 
from leaves of independent plants (a, b and c) of the R3 lines 3, 4 and 
6. Non-transformed tobacco leaf (NT: 60 µg) and developing barley 
endosperm (Hv: 10 µg) proteins were used as negative and positive 
controls, respectively. The arrow indicates the band corresponding 
to the BTI-CMe protein. 

the barley endosperm in comparison to transgenic to
baccos, indicated a major content of trypsin inhibitor 
protein, that had been previously quantified to repres
ent approximately 0.86% of the total soluble protein 
(Altpeter et al., 1999). The amount of the BTI-CMe 
protein found in transgenic tobacco leaves ranged 
from 0.03 to 0.14% of total soluble protein (data not 
shown). These values were lower than those found in 
wheat transformed with the same barley gene under 
the control of the ubiquitin promoter, that ranged from 
0.13 to 0.38% in leaves and from 0.18 to 1.1% in seeds 
(Altpeter et al., 1999). The lower protein accumula
tion in tobacco might be due to the different promoters 
used in tobacco and wheat, to different codon usage in 
dicot versus monocotyledoneous plants. Other differ
ences may account for the different tissues analysed. 
In a given wheat transgenic line, the Itr1 transgene 
was always expressed at a lower level in leaves than 
in endosperm (Altpeter et al., 1999). 

Protein extracts from transgenic tobacco lines (3, 
4 and 6) showed inhibitory activity against commer
cial bovine trypsin (Figure 4). Denatured gelatin-
polyacrylamide electrophoretic gels showed a clear 
band of hydrolytic activity corresponding to trypsin 
(arrow in Figure 4a), which was strongly inhibited 
by protein extracts from the three transgenic tobacco 
lines, especially by those of the homozygous line 
4, and was unaffected by protein extracts from non-
transformed tobacco (Figure 4a). The band associated 
with trypsin activity was also inhibited by protein ex
tracts from developing barley endosperm as well as 
by the commercial Kunitz trypsin inhibitor from soy
bean. When the trypsin was preincubated with protein 
extracts from barley endosperm plus Kunitz inhibitor 
before loading the gel, the corresponding hydrolytic 
band in the zymogram almost disappeared (Figure 4a). 

The inhibitory activity of the R3 transgenic tobacco 
plants was also quantified by the decreased amount of 
BANA-hydrolyzing activity of trypsin with increas
ing amounts of protein extracts from tobacco leaves 

Figure 4. Trypsin inhibitor activity of proteins from transgenic 
tobacco plants. (a) Zymogram of the gelatinolytic activity of tryp
sin after preincubation with 150 \xg of crude protein extracts 
from transgenic tobacco leaves. Developing barley endosperm (Hv: 
30 \xg) protein and the Kunitz trypsin inhibitor from soybean (K: 
3 [xg) were used as positive controls, as well as a mixture of the two 
(K/Hv: 1 \xg K + 10\xg Hv:). Non-transformed tobacco proteins 
were used as negative control. (b) Remaining proteolytic activity 
after incubation of 2 \xg of trypsin with different amounts of proteins 
from tobacco leaves, using BANA as substrate. Transgenic tobacco 
lines 6: (•), 3: (•), 4: (O) and Non-transformed tobacco (•) . Bars 
represent the mean ± SE of four duplicated samples. Proteins from 
tobacco corresponded to a mixture of proteins extracted from leaves 
of 10 independent plants (R3) derived from the same R0 transgenic 
tobacco lines 3, 4 and 6 and from non-transformed tobacco (NT). 

and was expressed as percentage of remaining trypsin 
activity. As shown in Figure 4b, crude extracts from 
transgenic tobacco lines 4 and 3 inhibited trypsin to a 
greater degree than did extracts from line 6, and from 
non-transformed tobacco control. The capacity to in
hibit trypsin in this quantitative assay, was congruent 
with the inhibition data in the zymogram (Figure 4a). 
Extracts from the homozygous line 4 presented the 
highest inhibitory activity in both assays. These data 
are in agreement with the levels of BTI-CMe protein 
estimated in protein leaf extracts of transgenic lines 
CMe 3 (0.09%), CMe 4 (0.16%) and CMe 6 (0.05%). 



Table 1. Larval growth and protease activity of larval midgut extracts from S. exigua after 
2 days feeding on R2 transgenic tobacco plants expressing BTI-CMe 

Tobacco plants 

Larval growtha (mg fw) 

Protein (µg/midgut) 
Protease specific activityb 

Protease (Azocasein) 

TRY (BapNA) 

CHY (SA2PPpNa) 
ELA (SA3 pNa) 
LAP (LpNa)) 

CPA (HPA) 

CPB (HA) 

NT 

75.9 ± 2.8 

493 ± 29 

474 ± 29 

158 ± 15 

2013 ± 131 

15.7 ± 1.1 

129 ± 1 0 

13.3 ± 0.8 

16.2 ± 1.7 

CMe3 

86.8 ± 4.5 

516 ± 24 

428 ± 24 
113 ± 9c 

1804 ± 104 

14.1 ± 1.0 

111 ± 15 

11.5 ± 0.9 

14.9 ± 1.3 

CMe4 

85.6 ± 5.6 

603 ± 41 

385 ± 40c 

118 ± 16c 

1789 ± 166 

12.9 ± 1.9 
285 ± 29c 

16.2 ± 1.1c 

17.6 ± 1.8 

CMe6 

84.4 ± 7.3 

556 ± 39 

462 ± 34 

142 ± 13 

2119 ± 130 

18.1 ± 1.5 

185 ± 18 

12.8 ± 1.2 

17.1 ± 1.9 

aLarval growth is expressed in mg of fresh weight. 
Protease specific activity is expressed as nmoles of substrate hydrolyzed/min/mg protein, 

except for general proteolytic activity against azocasein, that was expressed as mU Abs 
420 nm/min/mg protein. Data are the mean ± SE (n: 22-25). Enzyme type abbreviations: 
TRY (typsin-like proteases), CHY (chymotrypsin-like proteases), ELA (elastase-like pro
teases), LAP (leucine aminopeptidase), CPA and CPB (carboxipeptidases A- and B-like 
proteases). 
NT: non-transformed tobacco. CMe3, 4 and 6: different lines of transgenic tobacco 
plants. cSignificantly different from control (Dunnet two-tailed test P^ 0.05). Means were 
compared by analysis of covariance using as covariate protein content. 

Insect feeding trials 

Larvae of S. exigua were fed on tobacco leaves 
from either non-transformed control or R3 homozyg-
ous transgenic lines 3, 4 and 6 expressing stably 
the Itr1 gene, to assess the effects of the presence 
of a foreign proteinase inhibitor on insect growth. 
Insect survival was not affected and no statistic
ally significant differences in larval weight were ob
served for fourth instar larvae after 2 days feeding 
on transgenic tobacco plants (Table 1). Similar results 
were obtained for long-term feeding assays in which 
growth of larvae feeding on non-transformed plants 
(89.7 ± 10.1 mg) was not significantly different from 
that of larvae feeding on transgenic tobaccos express
ing CMe3 (105.4± 14.1mg), CMe4 (76.3±10.7mg), 
and CMe6 (114.1± 15.4 mg). The lack of growth in
hibition of the S. exigua larvae in feeding trials on 
transgenic tobaccos expressing the BTI-CMe protein 
contrasted with the inhibitory activity against trypsin 
detected in protein extracts from the highest express
ing tobacco plants (lines 3 and 4, Figure 4). The 
growth-enhancing effect of transgenic plants express
ing protease inhibitors has been previously reported 
(McManus et al., 1994; Girard et al., 1998; De Leo 
et al., 1998). Although, the mechanism is still un
known, it seems to be linked, as in our case, to a low 

level of inhibitor accumulation in transgenic plants 
(De Leo et al., 1998). 

To investigate the physiological background of the 
insensitivity to the BTI-CMe, biochemical analysis 
were carried out on guts of insects reared on trans-
genic tobacco leaves (Table 1). Total protease activity 
of gut extracts, estimated in azocasein as substrate, de
creased by 10% and 20% in larvae fed on transgenic 
lines 3 and 4 respectively, relative to larvae feeding on 
the non-transformed tobacco. In parallel, the trypsin-
like activity, one of the major types of serin-proteases 
in S. exigua gut (Broadway & Duffey, 1986; Jongsma 
et al., 1996), was significantly reduced (between 25% 
and 30%). No effects were observed upon the midgut 
chymotrypsin or elastase activities. These results were 
congruent with previous data on the in vitro inhibit
ory properties of BTI-CMe protein that was reported 
to be a strong inhibitor of trypsin, while being in
active against chymotrypsin and elastase (Mikola & 
Soulinna, 1969; Odani et al., 1983; Alfonso et al., 
1997). 

The reduction in the trypsin-like activity was ap
parently not sufficient to cause any growth retardation, 
suggesting the existence of an adaptive mechanism. 
It has been reported that insects are physiologic
ally adapted to circumvent plant protease inhibitors 
by enzyme hyperproduction, by secreting inhibitor 



Figure 5. Zymogram of the gelatinolytic activity of larval midgut 
extracts from S. exigua after feeding on transgenic tobacco lines 3, 4 
and 6, expressing the BTI-CMe inhibitor. Samples (2 µg of protein 
from midgut extracts) were pre-incubated with leaf extracts from 
transgenic tobacco line 4 and from non-transformed plants (10 µg 
of protein). Proteinase isoforms b1, b2, b3 and b4 were clearly 
distinguishable in the electrophoresis gels. 

resistant enzymes, and/or by proteolysis of inhibit
ors by inhibitor-insensitive digestive enzymes (Broad
way, 1996; Jongsma & Bolter, 1997). Gel assays 
were performed to look for induction of novel pro
teases and to determine whether they were sensitive 
or insensitive to inhibition by BTI-CMe. Four major 
bands of gelatinolytic activity (b1–b4) were resolved 
(Figure 5). The hydrolytic activities corresponding to 
b1, b2 and/or b3 were lower in extracts from larvae 
fed on transgenic tobacco lines 3, 6 and 4, relative to 
larvae feeding on the non-transformed plants. Further
more, preincubation with protease inhibitor-enriched 
extracts from transgenic tobacco line 4 completely ab
olished the activity of b1, and partially reduced the 
activity of b3 and b4 (Figure 5). Similar data were 
obtained when the samples were preincubated with 
extracts from transgenic tobacco lines 3 and 6 (data 
not shown). Incubation of digestive extracts from both, 
larvae feeding on transformed and non-transformed 
plants, with the serine protease inhibitor STI com
pletely inhibited b1, b2 and b3, whereas treatment 
with trypsin inhibitor TLCK strongly inhibited b1 and 
b4, and moderately reduced the activity of b2 and 
b3 (data not shown). These results suggest that the 
four bands corresponded to serine proteases, some of 
them susceptible to inhibition by the BTI-CMe protein 
expressed in transgenic tobacco. However, with this 
type of assay no evidence of induction of novel endo-
proteases in response to the ingestion of the inhibitor 
could be detected. 

In order to further investigate the putative adapt
ation, exo-peptidase activities of larvae guts were 

also analysed (Table 1). The activities of leucine 
aminopeptidase and carboxipeptidase A were signi
ficantly increased up to 2.2 and 1.2-fold respectively, 
when insects were fed on the transgenic tobacco line 
4, the highest CMe expressing line. These results are 
in agreement with the increased carboxypeptidase A 
activity detected in gut extracts of Helicoverpa ar-
migera larvae after chronic ingestion of STI (Bown 
et al., 1998). Likewise, Jongsma et al. (1995) have 
reported a 2.5-fold induction of new protease activ
ity insensitive to inhibition in larval guts of S.exigua 
adapted to potato protease inhibitor II expressed in 
transgenic tobacco. Wu et al. (1997) reported an 
induction of chymotrypsin and elastase activities in 
larvae of H. armigera fed on transgenic tobacco ex
pressing a taro trypsin protease inhibitor. Gatehouse 
et al. (1997a) have also found changes in gene ex
pression of major midgut proteases from H. armigera 
larvae in response to protease inhibitors added to an 
artificial diet. Chronic ingestion of STI by larvae of H. 
armigera resulted in increased levels of some serine 
protease encoding mRNAs, whereas other decreased 
(Bown et al., 1997). Bown et al. (1998) have shown 
that ingestion of STI by H. armigera larvae resulted in 
increased accumulation of carboxypeptidase A mRNA 
in the midgut cells. 

These data suggest that the increase of the larval 
gut exo-peptidase activity insensitive to a specific pro
tease inhibitor, could compensate for the reduction of 
specific target enzyme activity. However, as shown 
in Table 1 and Figure 5, not all the protease types 
insensitive to the inhibitor are positively stimulated, 
since chymotrypsin, elastase and carboxipeptidase B 
activities of S. exigua are not affected in our experi
ments. The enhanced proteolytic activity observed in 
larvae will allow the insect to digest dietary protein 
despite the fact of the inhibition. Probably, the re
sponse will be determined by the insect species, the 
type and amount of their gut proteases and the type 
and expression level of the inhibitor expressed. 

To overcome the diversity of adaptation mechan
isms, the expression of various insecticide encoding 
genes in the same transgenic plant will be more ef
fective than to use individual components to block the 
insect response (Boulter et al., 1990; Urwin et al., 
1998). However, the effectiveness of the gene com
bination will depend on the accumulation level of 
each individual insecticide protein (Gatehouse et al., 
1997b). In fact, De Leo et al. (1998) have reported 
that the adaptation capacity of some insects is linked 
to the expression level of the protease inhibitor in 



the transgenic plants. This will be in agreement with 
our previous data (Altpeter et al., 1999) on transgenic 
wheat, where BTI-CMe expressed at about 1% of total 
protein in the seeds was lethal to Sitotroga cerealella, 
a lepidopteran storage pest. 

The future strategies to improve the application of 
hydrolase inhibitors in plant transgenesis as an ap
proach to increase its insect resistance, will imply the 
design of multifunctional inhibitors with various in
hibitory capacities and different specificities and the 
use of strong and tissue specific promoters, as well 
as, to combine several hydrolase inhibitors with other 
insecticidal proteins. 
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