
832 / Molecular Plant-Microbe Interactions 

MPMI Vol. 14, No. 7, 2001, pp. 832–838. Publication no. M-2001-0508-01R. © 2001 The American Phytopathological Society 

Heterologous Expression 
of Genes Mediating Enhanced Fungal Resistance 
in Transgenic Wheat 
Klaus H. Oldach, Dirk Becker, and Horst Lörz 

Institute for Applied Molecular Plant Biology, AMPII, University of Hamburg, Ohnhorststr. 18, 22609 
Hamburg, Germany 

Submitted 28 November 2000; Accepted 26 February 2001. 

Three cDNAs encoding the antifungal protein Ag-AFP 
from the fungus Aspergillus giganteus, a barley class II 
chitinase and a barley type I RIP, all regulated by the con-
stitutive Ubiquitin1 promoter from maize, were expressed 
in transgenic wheat. In 17 wheat lines, stable integration 
and inheritance of one of the three transgenes has been 
demonstrated over four generations. The formation of 
powdery mildew (Erysiphe graminis f. sp. tritici) or leaf 
rust (Puccinia recondita f. sp. tritici) colonies was signifi-
cantly reduced on leaves from afp or chitinase II- but not 
from rip I-expressing wheat lines compared with non-
transgenic controls. The increased resistance of afp and 
chitinase II lines was dependent on the dose of fungal 
spores used for inoculation. Heterologous expression of the 
fungal afp gene and the barley chitinase II gene in wheat 
demonstrated that colony formation and, thereby, spread-
ing of two important biotrophic fungal diseases is inhib-
ited approximately 40 to 50% at an inoculum density of 80 
to 100 spores per cm2. 

High yields of elite wheat cultivars are often reduced se-
verely by epidemically spreading diseases. Among wheat 
pathogens, fungi represent the largest group. Actual control of 
fungal diseases is based mainly on various husbandry tech-
niques such as crop rotation, the use of agrochemicals, and 
breeding for resistant cultivars. Nevertheless, fungi regularly 
cause yield losses of approximately 20% in wheat (Oerke et al. 
1994; Wiese 1991). An additional method to achieve yield secu-
rity might be created by the genetic engineering of cereals. 

Candidate genes for the transformation of wheat for en-
hanced fungal resistance include those that encode compo-
nents of the natural defense response of plants. Ribosome-
inactivating proteins (RIPs) specifically cleave a highly con-
served adenine residue from the large rRNA of the large ribo-
somal subunit, which results in the inhibition of translation 
elongation (Hartley et al. 1996). The cytosolic type I RIP from 
barley endosperm does neither inactivate plant ribosomes in 
vitro (Leah et al. 1991; Taylor et al. 1994) nor if expressed in 
planta (transgenic tobacco), but it does inhibit fungal growth 
(Jach et al. 1995; Logemann et al. 1992). A further barley seed 
protein, the secreted chitinase II, belongs to “pathogenesis-

related” proteins and possesses well-known antifungal activity 
by hydrolyzing fungal cell wall constituents (Kitajima and 
Sato 1999; Stintzi et al. 1993). 

The synthesis of antimicrobial proteins is not restricted to 
plant species but seems to be ubiquitous in nature (Hancock 
and Lehrer 1998). The mould Aspergillus giganteus secretes 
the antifungal protein Ag-AFP (Wnendt et al. 1994), which 
displays inhibitory effects on the growth of phytopathogenic 
fungi. Presumably, toxicity comes from an interaction of posi-
tively charged sites of the small protein with negatively 
charged phospholipids of susceptible fungal membranes 
(Lacadena et al. 1995). 

The fast and effective activation of defense mechanisms is 
crucial to prevent an infection and seems to be the main dif-
ference between resistant and susceptible plants (Yang et al. 
1997). The constitutively expressed afp, chitinase II, or rip I 
in transgenic wheat plants represent potential defense mecha-
nisms, which are active even before an infection takes place. 

In this paper, we report the stable transformation of bread 
wheat by the transfer of cDNAs encoding three differently 
acting antifungal proteins. In addition, comparisons of the 
transgenic lines, with respect to their resistance against two 
economically important biotrophic fungal pathogens Erysiphe 
graminis f. sp. tritici (powdery mildew of wheat) and Puc-
cinia recondita f. sp. tritici (leaf rust of wheat), are presented. 

RESULTS 

Genetic transformation of wheat. 
The commercial bread wheat cultivars Florida and Combi 

(Triticum aestivum L.) served as donor plants for immature 
embryos, which were used as target tissue for biolistic trans-
formation experiments. In each experiment, one of the plant 
expression vectors pubi2afp, pubi.chi, or pubi2rip was co-
bombarded with p35SAcS containing the bar gene as selec-
tion marker (Fig. 1), mediating tolerance to the herbicide 
Basta. After selection and subsequent genomic Southern blot 
analysis, 24 regenerants that showed a complete integration of 
the bar gene (not shown) were identified, indicated by the 
0.56-kb BamHI fragment (Fig. 1). The transformation fre-
quency ranged from 0.3 to 2.6% in single bombardments with 
a mean of approximately 0.9% for plants containing an active 
bar gene. 

In 17 independent T0 plants, the cotransformed pubi2afp, 
pubi.chi, or pubi2rip construct was detected by genomic 
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Southern blot analysis, as shown for five plants containing the 
barley rip I gene (Fig. 2). 

The use of uncut, EcoRI- and HindIII–EcoRI-digested ge-
nomic DNA from each T0 plant proves that signals after hy-
bridization with the labeled Ubiquitin1 promoter probe origi-
nate from integrated transgene copies; wheat lines possess 
different integration patterns (genetic independence of trans-
genic lines); and the whole expression cassette containing 
promoter, cDNA, and terminator is integrated in the genome. 
The afp gene was integrated in four lines, the chitinase II gene 
in eight, and the rip I gene in five lines (Table 1). The esti-
mated number of integrated transgene copies varied from one 
to eight in these lines. 

Transgenic progenies. 
Progenies of T0 plants were sprayed with Basta, and surviv-

ing plants were analyzed by genomic Southern blots to verify 
the cosegregation of afp, chitinase II, or rip I with the bar 
selection marker. In all 17 lines, a cosegregation of the active 
bar gene with afp, chitinase II, or rip I in transgenic progenies 
was demonstrated. Wheat line 6/1, for example, possesses 
four copies of the pubi.chi construct and shows a consistent 
pattern of hybridization signals in T1 and T2 progeny plants, 
indicating a single integration locus (Fig. 3). 

Expression of afp, chitinase II, and rip I. 
Expression of afp, chitinase II, and rip I in transgenic wheat 

lines was verified by Northern blot analysis of plants in the T0, 

T1, and T2 generations as well as selected lines in the T3 gen-
eration. Whole cDNAs of afp, chitinase II, and rip I were used 
as radioactively labeled probes for hybridization of extracted 
total RNA of transgenic plants (Fig. 4). 

In all but one of the 17 lines. a specific expression of the 
corresponding transgene could be detected in the T0 genera-
tion. Ten out of the 12 lines analyzed by Northern blots over 
the following two generations showed stable expression (Ta-
ble 2). 

The constitutive and stress-inducible activity of the Ubiq-
uitin1 promoter (Christensen et al. 1992) used in all three anti-
fungal constructs (Fig. 1) was estimated in leaves from trans-
genic wheat plants expressing afp. The quantification of the 
afp transcript revealed a more than tenfold increase when total 
RNA was isolated from rust spore-inoculated plants, in com-
parison to unstressed plants (Fig. 5), and still more than twice 
as much transcript as revealed after wounding by cutting the 
leaves into segments. 

Inoculation with mildew and leaf rust. 
Plants of T2 progenies were chosen for detached leaf infec-

tion assays with spores of E. graminis f. sp. tritici (powdery 
mildew of wheat) and P. recondita f. sp. tritici (leaf rust of 
wheat). The number of developing fungal colonies on leaf 
segments from different afp-, chitinase II-, and rip I-
expressing lines from plants expressing only the bar selection 
marker gene and nontransgenic wild-type controls was com-
pared. A significantly reduced number of mildew colonies was 
observed in afp- and chitinase II-expressing plants in com-

Fig. 1. Constructs used for wheat transformation. Plasmids containing the 
afp, chitinase II, or rip I gene were cobombarded with plasmid p35SAcS 
containing the bar selection marker gene. Ubiquitin1 promoter from maize 
(Ubi1 pro.) and Tnos terminator sequence from the nopaline synthase gene 
from Agrobacterium tumefaciens were used in expression vectors 
pubi2afp, pubi.chi, and pubi2rip. Expression of the bar gene in vector 
p35SAcS is regulated by the 35S promoter (35S pro.) and 35S terminator 
(T35S) from Cauliflower mosaic virus. Restriction sites relevant to the 
presented Southern blot analysis and the sizes of the Ubi1 promoter, rip I 
expression cassette (HindIII–EcoRI fragment containing promoter, cDNA, 
and terminator), and bar gene (BamHI fragment) are indicated. 

 

Fig. 2. Southern blot analysis of five rip I T0 plants. Genomic DNA 
isolated from five selected regenerants (3–32) and a wild-type control 
(wt) was hybridized to a radioactively labeled Ubiquitin1 promoter PstI 
fragment from plasmid pubi2afp. Individual plants are characterized in 
three adjacent lanes: u (uncut DNA); E (restriction with EcoRI), cutting 
once in the transferred plasmid; H (double restriction by HindIII–
EcoRI), releasing the expected 3.0-kb fragment containing promoter; 
cDNA; and terminator, as indicated by HindIII–EcoRI restriction of 
plasmid pubi2rip (lane p). 

Table 1. Transgenic T0 wheat plants 

T0 plants 
with active bar gene 

T0 plants 
with cotransformed antifungal gene 

8 4 afp 
8 8 chitinase II 
8 5 rip I 

∑ 24 17 
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parison to the wild-type and rip I-expressing plants. The re-
duction ranged from 32 to 42% in afp line 33/8 and chitinase 
II lines 6/1, 6/8, and 9/9 at an inoculum density of approxi-
mately 100 mildew spores per cm2 (Fig. 6A). Additionally, 
colony size was bigger on the controls, resulting in stronger 
sporulation than the colonies on leaves of afp and chitinase II 
plants. 

We obtained similar results when detached leaf segments 
were inoculated with spores of leaf rust (80 spores per cm2; 
Fig. 6B and C). A significant reduction of rust colonies was 
observed on leaf segments of afp line 35/6 (36% compared 
with the wild type) and chitinase II lines 6/8 (30%), 25/7 
(52%), and 9/9 (37%). The very low afp-expressing line 33/3 
(not shown) exhibited no significantly improved resistance 
just as plants only expressing the bar or the barley rip I gene. 
At very high inoculum densities of rust spores (≥ 300 spores 
per cm2), a differentiation with respect to the formation of 
fungal colonies between nontransgenic controls and afp- or 
chitinase II-expressing lines, was no longer detectable (not 
shown). None of the four barley rip I-expressing wheat lines 
exhibited a detectable reduction of disease symptoms. 

The results in Figure 6 were obtained in inoculation ex-
periments with the powdery mildew isolate 1998W and leaf 
rust isolate 77WxR. The afp-expressing lines 33/3 and 35/6, 
the chitinase II-expressing lines 6/8 and 9/9, and the rip I-
expressing lines 28/6 and 32/1 were used as random samples 
in two repetitions with one further leaf rust (167WxR176) and 
two powdery mildew isolates (1R, 5R) at inoculum densities 
of approximately 80 and 100 spores per cm2, respectively. No 
significant differences to the results of the aforementioned 
isolates (1998W and 77WxR) were obtained. Thus, the im-
proved resistance of chitinase II- and afp-expressing plants 
and the lack of resistance of rip I-expressing plants do not 
seem to be isolate-specific phenomenons. 

Ribosome inactivating activity. 
All known RIPs show inhibition of mammalian ribosomes 

(Hartley et al. 1996). Ribosome-inactivating activity of leaf 

extracts from barley rip I-expressing wheat lines was verified 
and confirmed with a cell-free rabbit reticulocyte lysate tran-
scription–translation system. Clear inhibition of translation 
was found when extracts from plants of strong rip I-
expressing lines such as 32/1 were used (Fig. 7). 

At the same protein concentration (2.5 µg per ml), protein 
extracts of nontransgenic controls (wt) only slightly disturbed 
the synthesis of active luciferase in comparison to the buffer 
control. 

DISCUSSION 

Transgenic plants were produced at a transformation rate 
(approximately 0.9%) that was comparable with rates cited by 
others for wheat (Becker et al. 1994; Vasil et al. 1993). Stable 
integration and inheritance of the chitinase II and the rip I 
gene from barley and the fungal afp gene was confirmed in all 

 

Fig. 3. Southern blot analysis of chitinase II T1 plant 6/1 and its T2 progeny. Genomic DNA extracted from one T1 and 28 T2 plants from chitinase II line 
6/1 and a wild-type control (wt) was hybridized to the radioactively labeled Ubiquitin1 promoter PstI fragment. Identical pattern of hybridization signals 
can be observed in all individuals after restriction with EcoRI, cutting at one site in the pubi.chi construct, as indicated in lane p (linearized plasmid). 

Fig. 4. Northern blot analyses of T2 progeny. Total RNA of six individu-
als from different A, afp-, B, barley chitinase II-, or C, rip I-expressing 
wheat lines and wild-type control plants (wt) was hybridized to radioac-
tively labeled, corresponding complete cDNAs. 

Table 2. Transgene-expressing lines per generation 

Examined transgenic lines T0 T1 T2 

4 afp 3 3 3 
3 chitinase 3 3 3 
5 rip 5 4 4 

∑ 12 11 10 10 
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examined generations (T0 to T3). Stable expression of all three 
genes was proven by Northern blot analysis in three genera-
tions for 10 out of 12 examined lines. A correlation between 
expression levels and the number of integrated transgene cop-
ies was not obvious. This may be the result of positional ef-
fects or homology-dependent transgene inactivation caused by 
multiple copy integrations (Flavell 1994; Kumpatla et al. 
1998). 

Besides its moderate constitutive activity, heat stress-
induced expression of the Ubiquitin1 promoter from maize 
has been reported in different monocots such as maize 
(Christensen et al. 1992), rice (Takimoto et al. 1994), and, 
recently, for wheat (Clausen et al. 2000). The strong and fast 
induction (approximately tenfold within 1 h) in rust-inoculated 
leaf tissue qualifies the Ubiquitin1 promoter for the regulation 
of transgenes encoding antifungal proteins in wheat to inhibit 
leaf diseases such as rust or powdery mildew. 

Thus, the heterologous expression of the fungal afp and the 
barley seed-specific chitinase II gene in wheat resulted in an 
enhanced resistance against mildew and rust, representatives 
of the Ascomycotina and Basidiomycotina subdivisions of 
higher fungi. Transgenic wheat lines exhibiting an improved 
resistance against mildew also showed an improved resistance 
against rust and vice versa. A general specificity of afp- or 
chitinase II-expressing lines with respect to their efficiency 
against one of these two pathogens has not been observed. A 
reduced number of spore-containing colonies (30 to 50%, at 
an inoculum density of approximately 100 mildew or 80 rust 
spores per cm2) on the leaves of transgenic wheat lines could 
prevent or slow down an epidemic spread of these worldwide, 
economically important pathogens (Obst and Paul 1993; 
Wiese 1991). 

The quantitative resistance of leaves from afp and chitinase 
II plants suggests that both antifungal proteins do not prevent 
the establishment of the plant-pathogen interaction but influ-
ence the expansion of both obligate biotrophic fungi. Until 
now, complete resistance against fungal pathogens has not 
been achieved by the expression of single genes encoding 
antifungal proteins. In reports on various transgenic plant 
species, expression of chitinase genes of different origin re-
sulted in a quantitatively enhanced resistance, e.g., in tobacco 
(Broglie et al. 1991; Jach et al. 1995; Terakawa et al. 1997), 
rape seed (Broglie et al. 1991; Grison et al. 1996), rice (Lin et 
al. 1995), roses (Marchant et al. 1998), or wheat (Bliffeld et 
al. 1999). Small antifungal proteins such as Rs-AFP2 from 
radish (Terras et al. 1995) and a thionin from Arabidopsis 
(Epple et al. 1997), which show structural similarities to the 
Ag-AFP (Campos-Olivas et al. 1995) that was used, also me-
diated a quantitative effect in transgenic tobacco against Al-
ternaria longipes and Arabidopsis against Fusarium ox-
ysporum, respectively. 

Although mediating an improved resistance against the soil-
borne fungus Rhizoctonia solani in transgenic tobacco (Jach et 
al. 1995; Logemann et al. 1992), the barley rip I gene was 
ineffective in our wheat plants to powdery mildew and leaf 
rust infections, independent of the transcript level in the four 
transgenic lines. The successful application in transgenic to-
bacco (Jach et al. 1995; Logemann et al. 1992) might be 
caused by a sensitivity of R. solani against barley RIP I or the 
assistance of endogenous tobacco factors that have no pendant 
in wheat. Recent reports in which a cofactor dependence for 

full activity of barley seed RIP I was observed support the 
latter supposition (Brigotti et al. 1998; Carnicelli et al. 1997). 
The resistance of the barley rip I gene-expressing tobacco 
against biotrophic fungi has not been reported. Thus, our find-
ings in transgenic wheat might reflect the only weak inhibi-
tory effect on fungi observed in former in vitro assays (Leah et 
al. 1991). The translation inhibition in a mammalian reticulo-
cyte lysate by extracts of rip I-expressing wheat plants indi-
cates that an active gene product is synthesized and that plant 
ribosomes are insensitive to RIP I, confirming the findings of 
others (Hartley et al. 1996; Leah et al. 1991; Taylor et al. 
1994). Our data do not support the assumption of Bieri and 
coworkers (2000) that barley RIP I possibly is toxic for plant 
ribosomes and inhibits plant regeneration when expressed 
cytosolically in transgenic wheat. 

The dependence of the resistance of afp and chitinase II 
plants on the inoculum dose resembles the situation in non-
transgenic plants, where rapid and effective activation of de-
fense mechanisms is essential for the successful inhibition of 
pathogen attack (Elstner et al. 1996; Yang et al. 1997). The 
dose-dependent resistance of afp and chitinase II wheat plants 
might be sufficient in the field, provided that the disease is at 
the beginning of its development and has not reached epi-
demic extent. 

The applied detached leaf assay, which has long been 
used in obligate biotroph studies and to monitor pathogen 
populations (Limpert et al. 1988), is sensitive enough to detect 
differences in the resistance of individual lines. Clearly, what 
awaits confirmation is the reliability of the observed improved 
resistance of afp- and chitinase II-expressing wheat plants in 
the field where, in general, environmental factors strongly 
influence the resistance of cultivars. 

Fig. 5. Inducible Ubiquitin1 promoter activity. afp transcript levels were 
quantified approximately A, after isolation of total RNA from leaves of 
unstressed plants (un), detached leaf segments (de) incubated for 1 h at 
20ºC, and plant leaves that were inoculated with rust spores 1 h before 
RNA isolation (in). Quantification was carried out in two independent 
experiments. Total RNA isolated from wheat line 35/6 after C, gel elec-
trophoresis was blotted and hybridized to B, radioactively labeled afp 
cDNA. 
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Nearly all of the approaches applied in wheat for the im-
provement of fungal resistance were first realized in dicot 
plant systems, principally tobacco, which is more amenable to 
genetic transformation than is wheat. Results obtained with 
transgenic dicots cannot always be extrapolated to cereals, 
however, because of the different endogenous backgrounds 
and spectra of pathogens, as indicated by the barley rip I gene. 

The synergistic effects of defense-related proteins such as 
chitinase, β-1,3-glucanase, and RIP were demonstrated in 
vitro (Leah et al. 1991; Mauch et al. 1988) and confirmed in 
transgenic tobacco and tomato (Jach et al. 1995; Jongedijk et 
al. 1995; Zhu et al. 1994). Additive or similar synergistic ef-
fects also might be achieved in wheat by combining the dif-
ferent antifungal proteins via crosses between well-
characterized lines, each expressing a single antifungal trans-
gene. Homozygous progeny plants with combined antifungal 
genes showing quantitative fungal resistance could then be 
used for further crosses with elite wheat cultivars and would 
allow simple marker-assisted breeding in contrast to the often 
difficult-to-detect, natural quantitative resistance traits. 

MATERIALS AND METHODS 

Plant material and wheat transformation. 
Cultivation of Florida and Combi in the greenhouse, prepa-

ration of immature embryos for particle bombardment, and 
selection conditions were performed as described (Becker et 
al. 1994). A modified MS medium (Murashige and Skoog 
1962) composed of major and minor elements and 30 g of 
sucrose without vitamins per liter (D. Becker, unpublished) 
was used as basal medium for in vitro culture. 

Expression vectors. 
Plasmids p35SAcS, pubi2afp, pubi2rip, and pGJ38 were 

provided by P. Eckes (Aventis CropScience). The HindII site 
of plasmid pubi.cas (D. Becker, unpublished) between the 
Ubiquitin1 promoter from maize and Tnos served as a recipi-
ent for the complete, filled-in EcoRI restriction fragment of 
the barley chitinase II cDNA (1021 bp) from construct pGJ38. 

Fig. 6. Infection of detached leaves with A, mildew or B and C, rust
spores. The average number of fungal colonies on transgenic leaves was 
scored and compared to the number on nontransgenic (wt) leaves (in per-
centages). Plants per wheat line (8–15) were tested in three repetitions with 
mildew (isolate 1998W) or five repetitions with rust (isolate 77WxR) using 
an inoculum density of approximately 100 or 80 spores/cm2, respectively. 
Wheat lines 33/3, 33/8, and 35/6 are expressing the afp gene; 6/1, 6/8, 
25/7, and 9/9 are expressing barley chitinase II; 28/6 is expressing barley 
rip I; and bar is expressing the bar gene. Standard deviations of mean 
values are indicated as A and B, error bars. Rust-inoculated leaf segments 
from afp line 35/6, chitinase II lines 9/9 and 25/7, rip I line 28/6, and bar
line and control (wt) C, 12 days after inoculation. 

Fig. 7. Inhibition of a rabbit reticulocyte lysate coupled transcription–
translation system by total protein extracts. At 24 min after the lysate 
started to synthesize luciferase from plasmid DNA, leaf protein extracts 
were added. The time course of luciferase activity (arbitrary units) was 
scored reflecting the effect of protein extract from the wild-type control 
(wt), rip I-expressing line (32/1), or extraction buffer (buffer). Curves 
represent the mean values of three repetitions with 2.5 µg of total pro-
tein per ml reaction volume with standard deviations as error bars. 
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Southern blot analysis. 
Total genomic DNA was isolated from leaf tissue with a 

rapid extraction protocol (Dellaporta et al. 1983). Uncut and 
restriction enzyme-digested genomic DNA (20 µg per lane) or 
20 pg of restricted plasmid DNA (positive control) were sepa-
rated in a 0.8% agarose gel, blotted onto a Hybond NX nylon 
membrane (Amersham, Braunschweig, Germany), and hybrid-
ized to 32P-labeled probes synthesized from DNA restriction 
fragments (1.5-kb Ubiquitin1 promoter PstI fragment or 0.56-
kb BamHI bar fragment) with the Rediprime DNA labeling 
system (Amersham). Nonincorporated nucleotides were re-
moved with Microspin columns HR S300 (Pharmacia, Erlan-
gen, Germany), and hybridization was carried out as described 
(Sauter 1997). Blots were washed successively at 68ºC for 10 
min in 1 × SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium 
citrate); 1 × SSC, 0.1% sodium dodecyl sulfate (SDS) 
(wt/vol); 0.5 × SSC, 0.1% SDS; and 0.2 × SSC, 0.1% SDS. 

RNA blot analysis. 
Total RNA was extracted from leaf tissue with Trizol-

Reagent ultrapure (GIBCO-BRL, Karlsruhe, Germany). Total 
RNA (12 µg) was separated, blotted, and hybridized under 
conditions as described (Sauter 1997). 32P-labeled probes were 
prepared, as described above for Southern blot analysis, with 
restriction fragments containing the complete cDNAs of afp, 
barley chitinase II, or barley rip I. The blots were washed at 
70°C, as they were for the Southern blots, but with 1% SDS 
instead of 0.1% SDS. To prevent an induction of endogenous 
wheat chitinase genes, plants were cultivated aseptically. 
Moreover, Northern blots were washed twice with 0.1% SDS 
at 100ºC for 30 min and hybridized additionally with a radio-
actively labeled barley β-1,3-glucanase (Leah et al. 1991) 
probe from plasmid pGJ38 (data not shown). This hybridiza-
tion functioned as an internal control because chitinase and β-
1,3-glucanase are simultaneously induced in wheat (Caruso et 
al. 1999; Münch-Garthoff et al. 1997). Only Southern-positive 
chitinase II plants that showed no signal in Northern blot 
analysis after hybridization with the β-1,3-glucanase probe 
were designated as plants expressing barley chitinase II. 

Inoculation experiments. 
For inoculation with conidia of different isolates of E. 

graminis f. sp. tritici, field isolate 1998W (Epilogic, Wei-
henstephan, Germany) and single-spore isolates 1R and 5R 
were maintained on the highly susceptible cultivars Kanzler 
and Florida. Inoculation experiments were carried out as 
described (Limpert et al. 1988). Briefly, for mildew inocula-
tion, three to four leaf segments, 3 cm in length, were cut 
from the middle section of primary leaves of up to 15 T2 
seedlings per wheat line and placed on 0.5% (wt/vol) agar 
containing 30 mg of benzimidazole per liter. For each inocu-
lation experiment, samples of all examined lines were in-
oculated together in a settling tower with freshly harvested 
conidia to guarantee the same inoculation densities. The 
inoculation density was determined for each experiment by 
microscopical counting of spores on the agar. Leaf segments 
were incubated in a climate chamber at 16ºC under continu-
ous light (70 ± 5 µE per m2 per s). The number and size of 
formed colonies was evaluated 9 and 13 days postinocula-
tion. Different inoculation densities of approximately 100, 
300, and 600 spores per cm2 were used. 

Inoculations with leaf rust spores (single spore isolates. 
77WxR and 167WxR176) were carried out in a similar man-
ner to mildew inoculations with the following modifications. 
Leaf segments were placed on agar containing 40 mg of ben-
zimidazole per liter, and came from secondary and tertiary 
leaves of seedlings. Inoculation densities of about 80, 300, and 
600 spores per cm2 were applied. Directly after inoculation, 
samples were incubated in the dark for 24 h at 20ºC and 100% 
relative humidity, followed by incubation under light condi-
tions (16 h per day; 150 ± 20 µE per m2 per s), until 12 days 
after inoculation when final evaluation (number of formed 
colonies) took place. For the quantification of the inducible 
Ubiquitin1 promoter activity (Fig. 5), approximately 600 
spores per cm2 were applied. Statistical analysis was per-
formed by means of the Scheffe test and the Student t test, 
with a significance level of 5%. 

Ribosome-inactivating activity of protein extracts. 
Total leaf protein was extracted with a Borax buffer (200 

mM boric acid; 2 mM Borax; 250 mM KCl; 20 mM Tris-HCl, 
pH 6.8; glycerol 50% [vol/vol]; and protease inhibitor cocktail 
[complete Mini; Roche, Mannheim, Germany]). A cell-free 
rabbit reticulocyte lysate (TNT T7 Quick Coupled Transcrip-
tion–Translation System; Promega, Madison, WI, U.S.A.) was 
used to measure ribosome-inactivating activity of leaf extracts 
from rip I-expressing and wild-type wheat plants. The lysate 
synthesized luciferase for 24 min from plasmid DNA as a 
template before extraction buffer (Fig. 7) or total leaf protein 
extracts from rip I-expressing (32/1) or control plants (wt) 
were added. The time course of luciferase activity was meas-
ured at intervals of 5 min at 30ºC in reaction volumes of 25 µl 
containing 0.5 µg of plasmid DNA and total leaf protein with 
concentrations of 2.5 (Fig. 7), 5, or 25 µg (not shown) per 
milliliter reaction mix. 
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