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Abstract 

Proteinase inhibitors have been proposed to function as plant defence agents against herbivorous pests. We have in
troduced the barley trypsin inhibitor CMe (BTI-CMe) into wheat (Triticum aestivum L.) by biolistic bombardment 
of cultured immature embryos. Of the 30 independent transgenic wheat lines selected, 16 expressed BTI-CMe. 
BTI-CMe was properly transcribed and translated as indicated by northern and western blot, with a level of expres
sion in transgenic wheat seeds up to 1.1% of total extracted protein. No expression was detected in untransformed 
wheat seeds. Functional integrity of BTI-CMe was confirmed by trypsin inhibitor activity assay. The significant 
reduction of the survival rate of the Angoumois grain moth (Sitotroga cerealella, Lepidoptera: Gelechiidae), reared 
on transgenic wheat seeds expressing the trypsin inhibitor BTI-CMe, compared to the untransformed control 
confirmed the potential of BTI-CMe for the increase of insect resistance. However, only early-instar larvae were 
inhibited in transgenic seeds and expression of BTI-CMe protein in transgenic leaves did not have a significant 
protective effect against leaf-feeding insects. 

Introduction 

Proteinase inhibitors, commonly found in plant seeds 
and tubers, have been proposed to function either as 
regulators of endogenous proteinases or as defensive 
agents against herbivores [24]. The efficacy of a spe
cific inhibitor depends on the structural compatibility 
of its reactive site with the substrate-binding site of 
the targeted proteinase. For example, trypsin inhibitors 
include either an arginyl or lysyl residue, which is 
recognized by trypsin-like enzymes. In addition to this 
site, there is contact between amino acids that sur
round the reactive site of the inhibitor and the enzyme. 
Barley trypsin inhibitor CMe (BTI-CMe), an abun
dant protein in barley endosperm, is one of the best 
characterized members of the cereal multigene family 
of trypsin/α-amylase inhibitors [14, 9] and was first 

purified from barley flour [31] as a protein of 14 kDa 
that was specifically active in vitro against trypsin. The 
inhibitor protein was sequenced [34] and cDNA and 
genomic clones have been characterized [36, 13, 37]. 

A direct approach to determine the activity of pro-
teinase inhibitors against herbivorous insects is the 
in vitro inhibition of proteinases extracted from the 
midgut of an insect by addition of the inhibitor. Re
cently BTI-CMe was shown to inhibit specifically 
the trypsin-like proteases of the gut extracts of the 
fall armyworm, Spodoptera frugiperda (Lepidoptera: 
Noctuidae) [1]. However, the BTI-CMe inhibitor is 
sensitive to proteolytic inactivation by pepsin and has 
a very low activity against porcine and human trypsin, 
compared to endogenous trypsin inhibitors in wheat 
[4]. To measure the target organisms’ physiologi-



cal response, proteinase inhibitors can be added to 
an artificial diet in insect feeding studies. However, 
this diet is not identical to the host plant material. 
Therefore, it is more conclusive to express proteinase 
inhibitors in transgenic plants, which also avoids the 
change in other phytochemical constituents. The ex
pression of several trypsin inhibitors of different origin 
in transgenic tobacco plants resulted in increased in
sect resistance [16, 18, 20]. Increased insect mortality 
is due to directly lowered protease activity in insect 
guts, leading to a direct shortage of amino acids [5, 
22]. However, some insect species are able to in
duce gut proteinase activity insensitive to inhibition 
and therefore acquire a certain degree of adaptation to 
proteinase inhibitors [7, 8, 23, 44]. 

Grasshoppers such as Melanoplus sanguinipes 
(Orthoptera: Acrididae) are one of the worst pests 
of grain crops. They have a feeding preference for 
wheat [17] and cause substantial losses in produc
tion and increased costs for crop protection. The 
Angoumois grain moth (Sitotroga cerealella; Lepi-
doptera: Gelechiidae) is a major pest of stored bread 
wheat in many developing countries [19]. The rapid 
multiplication of S. cerealella, developing inside the 
wheat kernel, results in a decrease of germination and 
kernel weight as well as an increase of moisture con
tent, followed by fungal and bacterial infections of the 
seeds. 

We have genetically transformed wheat (Triticum 
aestivum L.) with the Itr1 gene encoding the BTI-
CMe, under the control of the constitutive maize 
ubiquitin promoter in order to evaluate its potential for 
improvement of resistance against leaf feeding insects 
as well as storage pests. 

Materials and methods 

Plant growth conditions 

All seeds and plants for the insect resistance test, 
including the untransformed control, were pro
duced under the same environmental conditions: 
first 40 days in the growth chamber at 15 •C/12 • C 
day/night temperature and 10 h photoperiod at 
600 µE m - 2 s - 1 , followed by culture in the green
house at 20 •C/15 • C day/night temperature, 16 h 
photoperiod at 3000 µE m - 2 - s - 1 , no pesticide treat
ment. 

Plasmid construction 

The plasmid pUPMBTI-66 used for transformation is 
an expression vector derived from the pAHC25 plas
mid [10], containing the entire coding region of the 
barley Itr1 gene encoding the trypsin inhibitor BTI-
CMe and 83 nt upstream of the initial ATG codon 
[37], under the control of the maize ubiquitin promoter 
[11], followed by the 3' non-coding region of the nopa-
line synthase gene (NOS). As a selectable marker the 
plasmid contained the bar gene under control of the 
ubiquitin promoter (Figure 1). 

Wheat Transformation 

Transformation was carried out by bombardment of 
immature embryos of Triticum aestivum L. (cv. Bob 
White) with a biolistic particle acceleration device 
(PDS1000/He, BioRad) as described [42, 2]. Trans
genic lines were selected on a bialaphos containing 
medium as described [2]. 

PAT assay 

Following selection, primary transformants were iden
tified by determination of phosphinothricinacetyl-
transferase (PAT) activity in leaf extracts by silica gel 
thin-layer chromatography [40]. 

PCR analysis 

Oligonucleotide primers used were derived respec
tively from the intron 1 sequence of the ubiquitin pro
moterofmaize [11] (5'CGTTCTAGATCGGAGTAGA 
ATTCTG-3'), and from the 3'untranslated region of 
the Itr1 gene (antisense, 5'CCATGCTTATTCATGAT 
CG-3'), positions +486 to +466. PCR was per
formed with 35 repetitive cycles for denaturation 
(94 °C, 1 min), annealing (50 °C for 1 min) and exten
sion (72 °C, 1 min).The reaction products were elec-
trophoresed in 1% agarose gels, blotted onto Hybond-
N membrane and hybridized using the same probe and 
conditions described for northern analysis. 

Southern analysis 

Genomic DNA was isolated from the leaves of PAT-
positive R0 plants by the CTAB method [28]. Purified 
DNA (20 /xg) was digested with SstI, electrophoresed 
in 0.8% agarose gel, and blotted onto Hybond-N mem
brane (Amersham). Hybridization was performed at 



Figure 1. Schematic representation of pUPMBTI-66 used for transformation. H, HindIII; B, BamHI; S, SstI. Itr1 gene encodes barley trypsin 
inhibitor (BTI-CMe). Bar gene encodes phosphinothricin acetyltransferase (PAT), both under control of the constitutive ubiquitin promoter and 
Nos terminator. 

65 • C for 24 h, using a [32P]-labelled probe, compris
ing of a 764 bp fragment spanning the entire coding 
region of the barley Itr1 gene. 

Northern analysis 

RNA was purified by phenol/chloroform extraction, 
followed by precipitation with 3 M lithium chloride 
at 4 • C [27]. Denatured RNA was electrophoresed in 
7.5% formaldehyde/1% agarose gels and blotted onto 
Hybond-N membranes (Amersham). Hybridization 
and washings were performed under stringent condi
tions, according to standard procedures [38], using as 
a probe the complete [32P]-labelled cDNA BTI-CMe 
[36]. 

Western analysis 

Plant proteins were extracted by grinding frozen tis
sues directly in Laemmli buffer [26] (1:3, w/v). After 
centrifugation for 10 min at 4 •C, protein concentra
tion in the supernatant was estimated using a protein 
assay kit (BioRad) with BSA as a standard. Af
ter separation on SDS-PAGE polyacrylamide gradient 
gels (4 to 20% w/v) proteins were transfered onto 
PVDF membranes (Millipore). Immunological stain
ing was done with anti-BTI-CMe antibody (produced 
by Eurogentec, Brussels) (1:100, v/v) and alkaline 
phosphatase-conjugated anti-rabbit IgG (1:2000, v/v) 
conjugated to alkaline phosphatase (Sigma) by the re
action 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. 

Trypsin inhibitor activity assay 

Protein extracts from seeds were prepared and puri
fied through precipitation of heat-labile proteins, fol
lowed by ammonium sulfate fractionation of trypsin-
inhibiting activity, as described [31]. To extract leaf 

material, leaves were ground in liquid nitrogen and 
the resulting powder of 100 mg leaf material was ex
tracted with 500 yul ice-cold extraction buffer (0.5 g 
diethyldithiocarbamate, 0.2 g phenylthiourea, 1.21 g 
Tris-Cl, 2.5 mg PVP, 10 ml 0.5 M EDTA pH 7.6). Af
ter purification proteins were separated on 10% Tris-
glycine gels (BioRad), run in the Mini-Protean II elec
trophoresis cell (BioRad) in 25 mM Tris and 192 mM 
glycine pH 8.2 at 200 V and 4 •C, until the dye front 
had reached the end of the gel. After electrophoresis, 
gels were treated as described [25] with the following 
modifications: 15 min wash in 0.1 M sodium phos
phate buffer with 5 mg/50 ml bovine trypsin (Sigma T-
8253) on an orbital shaker (20 rpm) at room tempera
ture. Gels were rinsed three times in distilled water and 
incubated for 30 min at 37 •C in freshly prepared sub
strate solution (20 mg of N-acetyl-DL-phenylalanine-
/3-naphthyl ester (APNE) (Sigma A-7512) dissolved 
in 8 ml N,N-dimethylformamide added to a solution 
of 40 mg o-dianisidine tetrazoitized (Sigma D-3502) 
in 80 ml distilled water. 

Insect resistance test 

A colony of the Angoumois grain moth (Sitotroga 
cerealella) was maintained at the USDA-ARS 
Gainesville, FL on wheat at 30 ± 1 •C and 60 ± 10% 
relative humidity under a 12 h photoperiod [43]. Un
der the same conditions we tested the development of 
neonate larvae (0-12 h) to adult moths on R3 seeds 
of five independent homozygous transgenic lines ex
pressing the trypsin inhibitor protein (lines 12, 25, 30, 
51, 69; Figure 4) and an untransformed control. Single 
seeds (average seed weight per line 36.28 ± 0.2 mg) 
in 4 ml glass vials, covered with polypropylene mesh 
(210 /xm) were kept under experimental conditions 
one week before the experiment to adjust their mois
ture content. Single neonate larvae were transferred to 
individual vials, using a soft paint brush. Twenty-five 
days after the beginning of the experiment, and each 
day thereafter, the vials were examined for emergence 



of adults. Observations were continued for 40 days 
from the start of emergence. The parameters evaluated 
were: developmental period and survival from larvae 
to adult, newly emerged adult weight and sex ratio. 
The experiment was arranged in a completely random
ized block design in 36 replications before the transfer 
of the larvae to the vials. All data sets were statisti
cally analyzed using the ANOVA procedure of SAS 
[39]. Least squares means were used to test for sig
nificant differences among the treatments (P < 0.05). 
To analyse the newly emerged adult weight, average 
female and male weights were determined and the data 
were normalized according to the sex of the moths. 

To determine if the inhibitory effect is confined to a 
particular developmental stage of the insects, 30 single 
seeds of lines 12 and 30, as well as untransformed con
trol seeds, were infested with a single neonate larva in 
30 individual vials and incubated as described above. 
After 25 days of incubation, vials were transferred for 
15 min to - 8 0 •C to inactivate insects. Seeds were ex
amined for the presence of an entrance hole and 1 mm 
cross-sections were performed and analyzed for the 
presence of larvae or pupae and cavities (Figure 6). 
The observations were categorized into three groups: 
early-instar larvae or only cavities, mid-instar larvae, 
late-instar larvae or pupae. 

A colony of grasshoppers (Melanoplus san-
guinipes; Orthoptera: Acrididae) was maintained in 
the Department of Entomology and Nematology at the 
University of Florida under the following conditions: 
14:10 h light/dark cycle, 32 •C constant temperature, 
30-45% ambient relative humidity. After hatching, 
grasshoppers were fed Romaine lettuce, wheat (Bob 
White) seedlings and a dry diet consisting of a pinch of 
dry fish food (HiProMin® , Hartz Mountain Company, 
Harrison, NJ) and wheat bran, whole-wheat flour, and 
soy flour in a 2:1:1 ratio. Water and food were supplied 
ad libitum. 

Unsexed grasshoppers that were in the third in-
star were weighed and each grasshopper was confined 
to an individual wheat plant from seven independent 
transgenic lines expressing the trypsin inhibitor pro
tein (lines 2, 5, 12, 25, 30, 51, 69; Figure 4) and 
an unntransformed control. Cages used to confine 
grasshoppers were constructed from 960 ml plastic 
drink cups (Solo Cup Company, Urbana, IL) with lids 
attached. A single 5-week old wheat plant (six leaves) 
protruded into the cage through a circular hole cut 
in the lid. Thirty replicate cages per treatment were 
arranged in a walk-in plant growth chamber (29 •C, 

16 h photoperiod at 600 µE m - 2 s -1) in a randomized 

complete block design. Grasshoppers were confined 
on the wheat plants for 7 days, after which they were 
removed, weighed and staged according to instar. 

To minimize a potential effect of the leaf age, 
grasshoppers were reared in a subsequent experiment 
on excised wheat leaves. Unsexed grasshoppers that 
were 24 h into the fifth instar were weighed and 
then fed with the youngest leaf of 5-week old wheat 
plants (six leaves) from three independent transgenic 
lines expressing the trypsin inhibitor protein (lines 
2, 30, 51) and a nontransformed control. Wheat 
plants were maintained in the growth chamber at 
15 •C/12 •C day/night temperature and 10 h photope
riod at 600 µE m - 2 s - 1 . Individual grasshoppers 
were confined to Magenta (Sigma) jars at 30 •C, 
16 h photoperiod and fed wheat leaves ad libitum 
in 20 replications per line. The leaves were replaced 
every 12 h with fresh leaves. After 76 h, grasshop
pers were removed from the foliage and weighed. 
Data were analysed with the ANOVA procedure of 
SAS [39]. Final grasshopper weight was adjusted us
ing pre-experiment grasshopper weight as a covariate. 
Least-squares means were used to test for significant 
differences among the treatments (P < 0.05). 

Results 

Expression and segregation of PAT and trypsin 
inhibitory activity in transgenic wheat plants 

Immature embryos of wheat cultivar Bob White were 
transformed with plasmid pUPMBTI-66 (Figure 1). 
Thirty independent transformed plants were identified, 
based on determination of phosphinothricin acetyl 
transferase (PAT) activity from a total of 2000 bom
barded embryos, resulting in an overall transformation 
frequency of 1.5%. Plants were transferred to soil 
within 8 to 10 weeks after culture initiation. Each of 
the 30 transformed lines was fully fertile and produced 
viable R1 seeds. 

Mature embryos excised from R1 seeds of each 
line were germinated on bialaphos-containing B3 
medium to study segregation rates (Table 1) and to 
identify bar homozygous lines in subsequent gen
erations. Germination frequencies of 13 lines were 
consistent with the expected (3:1) Mendelian segrega
tion rate for a single integration site, while 11 lines 
differed significantly from this rate and 6 of them 
did not resist the herbicide medium. Five lines ho-
mozygous for PAT-expression (100% germination on 



Table 1. Germination ratios of mature embryos from R1 seeds on 
B3 medium (3 mg/l bialaphos) 

Transgenic 

line number 

2 

3 

5 

7 

8 

10 

12 

25 

30 

36 

37 

44 

45 

50 

51 

56 

57 

63 

65 

67 

68 

69 

74 

77 

82 

85 

88 

91 

93 

95 

Germinated 

embryos 

21 

0 

16 

0 

7 

25 

19 

23 

21 

0 

9 

0 

20 

0 

20 

17 

22 

19 

17 

14 

0 

21 

6 

24 

16 

3 

12 

20 

22 

15 

Ungerminated 

embryos 

9 

30 

14 

30 

23 

5 

11 

7 

9 

30 

21 

30 

10 

30 

10 

13 

8 

11 

13 

16 

30 

9 

24 

6 

14 

27 

18 

10 

8 

15 

Germination 

ratio (%) 

69a 

0 

54 

0 

22 
83a 

63a 

77a 

70a 

0 

29 

0 
67a 

0 
67a 

57 
74a 

64a 

57 

47 

0 
69a 

19 
82a 

54 

9 

41 
68a 

72a 

50 

aAnalysis using the x test indicated that segregation ratios of R1 
mature embryos from these lines were not significantly different 
from 3:1 (at P < 0.05. 

bialaphos-containing B3 medium) were identified in 
the R2 generation (lines 12, 25, 30, 51 and 69) and 
used for further analysis. 

Total proteins were extracted from the flour of 
20 seeds per transgenic line and of untransformed 
wheat seeds as control. After fractionation of the pro
teins by PAGE under non-denaturing conditions and 
incubation of the gels in a trypsin solution, trypsin 
inhibitor activity was visualized with N-acetyl-DL-
phenylalanine/3-naphthyl ester (APNE) as substrate. 
The detection limit of this assay was 0.4 to 0.2 /xg 
trypsin inhibitor per lane in seed extracts and 0.6 to 
0.8 jxg trypsin inhibitor per lane in leaf extracts, as es

timated with a commercially available soybean trypsin 
inhibitor (Sigma T 9003) (data not shown). Sixteen 
out of the thirty transgenic lines presented a clearly 
detectable level of trypsin inhibitory activity in R1 
seeds as shown in Figure 2A. Five out of the sixteen 
lines (12, 25, 30, 51, 69) that were already homozy
gous in the R2 generation, were assayed for inhibitory 
activities after self-pollination through two more gen
erations (Figure 2B) and individual seeds from the 
R3 homozygous line were also analysed (Figure 2C). 
All samples tested from the R2 and R3 generations 
showed trypsin inhibitory activity. A variation in level 
of trypsin inhibitory activity occurred from generation 
to generation (Figure 2B) and from seed to seed (data 
not shown) in some of the transgenic lines. No trypsin 
inhibition was detected in the control Bob White seeds 
(NC) as well as in transgenic and untransformed leaves 
(data not shown). 

RNA and DNA analysis of transgenic plants 

To ascertain Itr1 expression in the transgenic wheat 
leaves, northern blot analysis of total RNA from leaves 
of each of the 30 transgenic lines was carried out using 
the complete BTI-CMe cDNA as a probe. As shown in 
Figure 3, mRNA expression was detected in lines 2, 5, 
10, 12, 25, 30, 36, 37, 51, 57, 67, 69, 77 as well as 
in RNA extracted from developing barley endosperm 
used as a positive control and was not detected in the 
RNA from leaves of untransformed wheat, even after 
long exposures times. 

To test directly for the presence of the Itr1 gene, 
DNA from leaves of positive transgenic lines in the 
northern blot analysis, was amplified by polymerase 
chain reaction using specific primers derived from 
the intron-1 of the ubiquitin gene (sense) and the 3'-
untranslated region of the Itr1 gene (antisense). All 
the lines tested exhibited the expected 0.9 kb band 
after electrophoresis of the PCR-amplified products 
and its identity was confirmed by hybridization with 
the complete BTI-CMe cDNA as a probe (data not 
shown). 

Southern blot of genomic DNA of 9 transgenic R0 

lines showing trypsin inhibitory and PAT activity, di
gested with SstI showed a clear individual pattern of 
integration in all of the lines after hybridization to a 
probe encompassing the full-length coding region of 
the Itr1 gene (data not shown). The untransformed 
control DNA, digested with SstI, did not hybridize 
to this probe. The restriction enzyme SstI was used 
for DNA digestion because there is a single SstI re-



Figure 2. Trypsin inhibitor activity was visualized following incubation in N-acetyl-DL-phenylalanine-β-naphthyl ester (APNE) as a decol
orized band after separation of the proteins in non-denaturing PAGE and incubation of the gels in a trypsin solution. A. Protein extracts from R1 
seeds of lines 2, 5, 10, 12, 25, 30, 37, 51, 56, 57, 67, 69, 77, 82, 88, 95 and from nontransformed wheat seed (NC). B. Protein extracts from R1, 
R2 and R3 seeds of lines 12, 25, 30, 51 and 69. C. Protein extracts from independent homozygous R3 seeds of line 30 and from nontransformed 
wheat seed (NC). 

striction site, located outside the coding sequences 
in pUPMBTI-66 (Figure 1). The resulting integration 
pattern suggests the presence of two to twelve copies 
of the transgene in the lines that express the trans-
gene (data not shown) No clear correlation could be 
found between transgene copy number and level of 
expression. 

Western-blot analysis 

Because of the high detection limit of the trypsin in
hibitor activity assay and the failure of this assay to 
detect activity in transgenic leaves, the expression of 
the inhibiting proteins in leaves was also studied by 
immunoblotting with protein extracts from a mixture 
of different aged leaves of different plants of each 
transformed R1 line that had a good mRNA expres
sion level. The analysis in denaturing SDS-PAGE gels 
revealed one major band (arrow in Figure 4A) that 
was absent in extracts from leaves of untransformed 
wheat. In some extracts (line 36, 37) a second band 
of smaller size was detected. Since this extra band 
is present in both, untransformed wheat extracts, as 

well as barley endosperm extracts used as a positive 
control, this band appears to be neither a degradation 
product nor cross-reactivity with endogenous wheat 
inhibitors. The BTI-CMe protein content in R1 leaves 
was estimated to be in the range of 0.1% (line 2) to 
0.4% (line 69) of the total extracted protein (Table 2, 
Figure 4A). 

Four individual seeds from each of the R3 homozy-
gous lines (2, 12, 25, 30, 51 and 69) were assayed 
for the presence of the BTI-CMe protein. Highest 
expression was found in seeds of line 30 with ca. 
1.1% of total extracted protein representing BTI-CMe. 
This level of expression exceeds the detected amount 
of BTI-CMe in barley endosperm (0.86%, Table 2, 
Figure 4B). Variation in level of BTI-CMe protein ex
pression occurred from seed to seed in some of the 
transgenic lines; this variation was particularly low in 
line 30, 25 and 12 (Figure 4B). 

Insect resistance test 

Of the Angoumois grain moth larvae reared on 
the control seeds 86% developed into adult moths, 
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Figure 3. Northern analysis of transgenic R0 wheat plants. 10 µg of total RNA extracted from leaves of PAT positive plants (2 to 95) and 
untransformed wheat (NC) and 2 µg of total RNA from developing barley endosperm (PC) were electrophoresed, blotted onto nylon membranes 
and hybridized with [32P]-labelled Itr1 cDNA as a probe. 

Table 2. BTI-CMe protein content in the leaves (R1) 
and homozygous seeds (R3) of transgenic wheat lines, 
untransformed control plants and barley endosperm 

Wheat lines 

2 

12 

25 

30 

51 

69 

Untransformed 

Barley endosperm 

% BTI-CMe protein 

leaves (R1) 

0.13 ± 0.02 

0.15 ± 0.03 

0.12 ± 0.02 

0.17 ± 0.03 

0.13 ± 0.02 

0.38 ± 0.04 

not detected 

– 

seeds (R3) 

0.18 ± 0.03 

0.70 ± 0.04 

0.60 ± 0.02 

1.05 ± 0.12 

0.65 ± 0.09 

0.51 ± 0.07 

not detected 

0.86 ± 0.05 

Data represent average of three independent assays 
(± standard errors) expressed as% of the total protein 
content (BioRad kit) of leaves and seeds. 

whereas survival of the larvae reared on the homozy-
gous transgenic seeds was reduced up to 29%. The 
reduction of survival was significant (P < 0.05) in 
four of the five lines (12, 25, 30, 69). One line (51) 
was approaching significance with a difference of 13% 
from the control (Figure 5). The weight of the newly 
emerged adult moths was significantly reduced by 7 
to 9% in larvae reared on the transgenic lines 51 and 
30 compared to the control. The developmental period 
from larvae to adult moth was, on average, 37.3 days 
showing no significant difference between different 
lines and the control (Table 3). 

To determine if the inhibitory effect is confined to a 
particular developmental stage of the insects, seeds of 
lines 12 and 30 as well as untransformed control seeds 
were infested with a single neonate larva in individual 
vials per seed. After 25 days of incubation seeds were 
examined for the presence of an entrance hole and 
1 mm cross-sections were performed and analyzed for 
the presence of larvae or pupae and cavities (Figure 6). 
Most of the seeds (80–83%) had an entrance hole with 

an equal distribution of this event between transgenic 
lines and the control. Cross-sections revealed that all 
insects penetrating control seeds developed into late 
instar larvae or pupae, whereas 23% of the insects pen
etrating BTI-CMe expressing seeds were inhibited in 
their development right after penetrating the seeds (Ta
ble 4, Figure 6). Mid-instar larvae were not detected in 
any of the seeds. 

Survival of grasshoppers on whole wheat plants 
over the 7-day experiment was 77% on control wheat 
and did not differ significantly in the lines expressing 
the trypsin inhibitor. Most grasshoppers had molted to 
the fifth instar, but some were still in the fourth instar. 
Final instar did not differ significantly among the diets. 
Final weight was greatest for grasshoppers fed control 
wheat (111.0 ± 4.7 mg, mean ± SE). However, the fi
nal weight of grasshoppers reared on transgenic plants 
was not significantly different (data not shown). 

Only two of the 80 grasshoppers reared on excised 
wheat leaves died during the feeding trial (one reared 
on line 30 and one reared on line 2) and one (reared 
on line 2) molted to the adult stage. Final weight was 
greatest for grasshoppers fed control leaves and least 
for those fed leaves from transgenic line 2 (data not 
shown). Effect of diet on final grasshopper weight was 
not quite significant at the 5% level (F = 2.41; df = 
3,56; P = 0.0764). Gut weight was not significantly 
different by diet (data not shown). 

Discussion 

All 30 wheat lines expressing the selectable bar gene 
(overall transformation efficiency of 1.5%) were nor
mal and fertile, which most probably results from the 
short period in tissue culture used in the accelerated 
transformation protocol [2]. Presence of the Itr1 gene, 
encoding the barley trypsin inhibitor CMe (BTI-CMe) 
was confirmed by PCR (data not shown). The South-



Table 3. Developmental period (d) from newly hatched larvae to newly emerged 
adult and weight (mg) of newly emerged adult Sitotroga cerealella reared on trans-
genic seeds expressing the CME trypsin inhibitor (12, 25, 30, 51, 69) or the 
untransformed control seeds 

Control 

Develop. (d)a 37.3a 

LSD = 3.06 

Weight (mg)a 4.54a 

LSD = 0.28 

wheat lines 

69 51 30 25 

38.6a 38.0a 36.6a 37.0a 

4.28abc 4.23bc 4.15c 4.47ab 

12 

36.2a 

4.43abc 

aLeast-square means , different letters within a row indicate significant differences 
(P < 0.05). * Weight data were normalized according to the sex of the moths. 

Table 4. Examination of seeds for entrance holes and cross-sections of seeds for Sitotroga cerealella 
reared on transgenic seeds expressing the CME trypsin inhibitor (12, 30) or the nontransformed 
control seeds. 

Seeds with Early-instar larvae Mid-instar larvae Late-instar larvae 

entrance holes (%) or small cavities (%) (%) or pupae (%) 

Control 80 

Line12 80 

Line30 83 

0 

23 

23 

80 

57 

60 

ern blot, using the entire coding region of the Itr1 
gene as a probe, after restriction of the genomic DNA 
with Sst1 suggests a transgene copy number of 2 to 
about 5 in most of the lines (data not shown). Five 
lines (12, 25, 30, 51, 69) were selected for a detailed 
study. All these lines stably transmitted the transgene 
expression in a Mendelian fashion up to the third seed 
generation (Table 1, Figures 2B, 4B), consistent with 
integration at a single-locus. Single-locus integration 
was also the predominant event after transmission of 
a high-molecular-weight glutenin gene into wheat [3]. 
The transgenic proteinase inhibitor was properly ex
pressed and processed as shown by northern (Figure 3) 
and western blot (Figure 4). The expression level of 
BTI-CMe protein in transgenic wheat seed was up to 
1.1% of the total extracted protein whereas expression 
in nontransformed wheat seeds could not be detected 
(Table 2). Trypsin inhibitor expression of ca. 1% of the 
total soluble protein in tobacco was sufficient to sig
nificantly reduce survival of a lepidopteran pest [16]. 
In transgenic wheat line 30 the level of BTI-CMe was 
higher than in barley, when expressed under its native 
seed-specific promoter (Table 2). This indicates that a 
constitutive promoter like the ubiquitin promoter from 
maize can be used to express transgenes in wheat seeds 
at a high level. The functional integrity of BTI-CMe 

was confirmed with a trypsin inhibitor activity assay 
(Figure 2). A clear correlation between the expression 
level of the individual line and its insect resistance 
is difficult, since western analysis (Figure 4B) and 
the trypsin inhibitor test (Figure 2B) indicated that 
variation in expressed amount of BTI-CMe protein oc
curred from generation to generation and from seed 
to seed in most of the transgenic lines. The presence 
of endogenous trypsin inhibitors in wheat has been 
reported [4, 32, 33]. Such activity was below the de
tection limit of the electrophoretic trypsin inhibitor 
activity assay employed in the present study. The ab
sence of endogenous trypsin inhibitor activity might 
also be due to their separation during the purification 
process. Boiling of the extracts has been used to re
move heat-labile proteins from heat stable BTI-CMe 
protein. Antitryptic activity from wheat has been re
ported to retain its initial activity only up to 80 • C [33]. 
The level of BTI-CMe detected in leaves was lower 
than in the seeds in all analyzed lines (Table 2, Fig
ure 4A, B). Grasshoppers feeding on transgenic leaves 
expressing CMe did not show a significant reduction 
in survival or weight gain compared to grasshoppers 
feeding on nontransformed control plants (data not 
shown). Jongsma et al. [23] showed that a low level 
of trypsin inhibitor expression (0.16% of the total pro-



Figure 4. Western blot analysis of transgenic wheat plants express
ing Itr1 gene in SDS-PAGE gel. A. Protein extracts (20 µg) of 
different aged leaves from different plants of each R1 line (2 to 
95), from untransformed wheat leaves as a negative control (NC: 
20 µg) and from developing barley endosperm (PC: 10 µg) from 
developing barley endosperm as positive control. B. Protein extract 
(10 µg) of individual seeds (a, b, c, d) of each homozygous R3 

line (2, 12, 25, 30, 51, 69), from untransfomed wheat seed (NC: 
10 µg) and from barley seed (PC: 10 µg). The arrow indicates the 
corresponding BTI-CMe protein of 14 kDa. 

tein) in transgenic plants can alter the composition of 
digestive enzymes in insect guts, resulting in resis
tance towards the inhibitor in some insects. Whether 
grasshoppers are able to adjust to the trypsin inhibitor 
CMe in accordance with these observations should be 
investigated. 

Our results show a significant reduction of the sur
vival rate of the Angoumois grain moth (Sitotroga 
cerealella) reared on transgenic wheat seeds express-

Figure 5. Survival rates (%) of S. cerealella reared on transgenic 
seeds of lines 12, 25, 30, 51, 69 or untransformed wheat seeds 
(control). 

Figure 6. Entrance hole (arrow) from S. cerealella in transgenic 
wheat seed (left). Cavity (arrow) formed by early instar larvae of 
S. cerealella (Lepidoptera: Gelechiidae) fed and died in transgenic 
wheat seeds of line 12 (middle). Cavity formed by S. cerealella 
reared on untransformed wheat 25 days after the inocculation with 
a neonate larvae (right). 

ing the trypsin inhibitor BTI-CMe compared to the 
untransformed control (Figure 5). This proteinase in
hibitor had also a significant effect on the weight gain 
of the insect (Table 3), but no effect on the devel
opmental period of the insect. Cross-sectioning of 
seeds 25 days after infestation with neonate larvae 
of S. cerealella revealed that only the very early de
velopmental stage of the larva is inhibited and once 
the larvae have passed this stage they can overcome 
the inhibition (Figure 6, Table 4). Hoffmann et al. 
[18] also reported that the early developmental stage 
of a lepidopteran pest was most susceptible to mor
tality after feeding on transgenic tobacco expressing 
a trypsin inhibitor. Broadway [7, 8], Jongsma et al. 
[23] and Wu et al. [44] report that some insect species 
are able to induce gut proteinase activity insensitive to 
inhibition by a specific trypsin inhibitor and become 



resistant to this proteinase inhibitor. The effectiveness 
of the protection and the range of target insects may be 
extended by engineering highly specific inhibitors by 
phage display [35, 12] as proposed by Jongsma et al. 
[21], or by computer modeling as performed by Urwin 
et al. [41]. This approach should also minimize the 
risk of insects developing resistance to the inhibitor. 
However, with this approach it has to be considered 
that some proteinase inhibitors are anti-nutritional for 
humans or animals [15, 29, 6], which needs to be eval
uated before the commercial release of a transgenic 
crop. 

In summary, our results show that high levels of a 
proteinase inhibitor could be stably expressed in trans-
genic wheat seeds, increasing its resistance against an 
important storage pest. 
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