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Abstract The possibility of controlling wheat scab
(caused by Fusarium graminearum Schw.) was explored
by engineering wheat plants for constitutive expression
of pathogenesis-related (PR) protein genes. A rice
thaumatin-like protein (TLP) gene (tlp) and arice chitin-
ase gene (chill) were introduced into the spring wheat
cultivar ‘Bobwhite’ by co-transformation of the plasmids
pGL2ubi-tlp  (ubiquitin/tip//CaMV  35S/hpt)  and
PAHG11 (CaMV 35S/chill//ubiquitin/bar). The trans-
formation was by biolistic bombardment. Bialaphos was
used as the selection reagent. The integration and expres-
sion of the tlp, bar, chill and hpt genes were analyzed
by Southern, Northern and Western blot analyses. The
four transgenes co-segregated in the T, progeny of the
transgenic plant and were localized at the telomeric re-
gion of the chromosome 6A long arm by sequential N-
banding and fluorescent in situ hybridization (FISH) us-
ing pAHG11 or pGL2ubi-tlp as the probes. Only the
transgenes tlp and bar, under the control of the ubiquitin
promoter-intron, were expressed. No expression of the
chill and hpt genes, controlled by the CaMV 35S pro-
moter, was detected in T, plants. After inoculation with
conidia of F. graminearum, the symptoms of scab devel-
oped significantly slower in transgenic plants of the T,
T, and T generations expressing the tlp gene than in
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non-transformed control plants. This is the first report of
enhanced resistance to F. graminearum in transgenic
wheat plants with constitutive expression of TLP.
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Introduction

Scab or Fusarium head blight (FHB), caused mainly by
Fusarium graminearum Schw., is a destructive disease of
wheat, barley and other small grains in warm and humid
wheat growing areas of the world, especially in China, Ja
pan and increasingly in Southeast Asia and North and
South America. In serious epidemic years in China, scab
incidence may be 50-100%, and yield is reduced by
10-40%. The harvested grain is contaminated by fungal-
secreted mycotoxins that reduce the usefulness of the grain
for food or feed consumption. In a recent review,
McMullen et a. (1997) documented past and recent epi-
demics of scab on the world's cereal crops. In the 1993 ep-
idemics, the wheat and barley producers in the tri-state ar-
ea of Minnesota, North Dakota and South Dakota and the
adjacent province of Manitoba in Canada suffered one bil-
lion dollarsin loss due to reduced yield and quality. Thisis
the greatest loss due to any plant disease in asingle year in
North America. Loca epidemics in these and many other
states, especialy lIllinois, Indiana, Michigan and Ohio,
have occurred since then (McMullen et al. 1997).

Control of wheat scab by fungicide application and
other practices is neither practical nor sustainable. Chris-
tensen et al. (1929) stated that "the only effective method
of controlling wheat scab is to grow resistant varieties’,
and this is still true today. The identification of sources
of resistance to scab in wheat and related species and
their use in breeding is atop priority in many wheat im-
provement programs. Here we explore an aternative
strategy for scab disease control in wheat through the de-
ployment of pathogenesis-related (PR) protein genes.
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The PR-proteins (reviewed by Linthorst 1991; Cuitt
and Klessig 1992) were divided into 11 subgroups (PR-1
to PR-11) based on serological relations, similarities in
molecular masses and amino acid sequence data (Van
Loon et a. 1994). PR-proteins have anti-fungal activity
in vitro. The genes belonging to 3 PR-protein groups,
PR-2 (B-1,3-glucanases), PR-3 (chitinases) and PR-5
(thaumatin-like proteins, TLPs), have been used success-
fully to enhance plant resistance to fungal pathogens (re-
view: Yun et a. 1997). A combination of PR-proteinsis
more effective than a single PR-protein (Mauch et al.
1988; Jongedijk et al. 1995).

We recently cloned two TLP cDNAs from a rice
cDNA library (Velazhahan et a. 1998). One of these
genes, controlled by the CaMV 35S promoter, was trans-
ferred into rice. The transgenic rice plants with constitu-
tive expression of TLP had enhanced disease resistance
to the pathogen Rhizoctonia solani (Datta et al. 1998).
Similarly, arice chitinase gene (Huang et a. 1991), con-
trolled by the CaMV 35S promoter, when introduced in-
to rice plants resulted in over-expression of aclass| rice
chitinase and enhanced resistance of the transgenic
plants to rice sheath blight (Lin et al. 1995). In this study
reported here, we introduced the rice TLP gene (tlp) and
the rice chitinase gene (chill) into wheat (Triticum
aestivum L.) in an attempt to enhance resistance to fun-
ga pathogens. The integration and expression of the
transgenes and the resistance of the transgenic plants to
scab were studied. We also report the physical mapping
of the transgenes to a specific region of awheat chromo-
some by fluorescent in situ hybridization (FISH).

Materials and methods

Plant materials and methods of particle bombardment, protein ex-
traction, phosphinothricin acetyltransferase (PAT) assay, SDS-
polyacrylamide gel electrophoresis and Western and Southern blot
analyses were as described in Chen et al. (1998a). The plasmids
pGL2ubi-tlp and pAHG11 were used to transform wheat plants.
The plasmid pGLZ2ubi-tlp contains a rice TLP gene (tlp) and the
hygromycin phosphotransferase gene (hpt). The promoters are
ubiquitin-intron (ubi), driving tlp, and CaMV 35S, driving hpt ex-
pression (Fig. 1). The plasmid pAHG11 was described in Chen et
a. (1998a) and contains the chill and bar genes, driven by CaMV
35S and ubiquitin promoters, respectively.

For Western blot hybridization, a polyclonal anti-TLP-anti-
body (primary antibody) raised in rabbits against a Pinto bean
TLP wasinduced (Sehgal et al. 1991). The antibody was diluted to
1:1000 (V/V). For Northern blot hybridization, total RNA was ex-
tracted from ten florets of control or scab-inoculated plants with
TRIZOL® reagent (GIBCO BRL, Grand Island, N.Y.). Aliquots of

HindIlI (3.0) EcoRI (5.3) BamHI (6.8)
HindllI (0)
BamHI (2.0) BamHI (5.8)
= }J_1 tlp hpt «D

ubiquitin promoter CaMV 35S promoter

Fig. 1 Schematic representation of pGL2ubi-tlp (7.5 kb). Numeri-
cal values after restriction sites indicate approximate sizes in kilo-
bases

RNA were analyzed by agarose-formaldehyde gel electrophoresis
and the transferred to Hybond-N+ nylon membrane (Amersham,
Arlington Heights, 1l1.) with 7.5 mM NaOH solution (Sambrook et
a. 1989). The probe was the coding region of the rice TLP gene.
The other procedures for Northern hybridization were similar to
those for Southern hybridization (Chen et al. 1998a).

The procedure for N-banding was similar to that of Gill et al.
(1991), except the incubation temperature in the phosphate buffer
was 92°C and the slides were not dehydrated in ethanol.

For FISH analysis, chromosome preparations were made by
sguashing root-tip meristems in a drop of 45% acetic acid on a
glass slide. The slides were treated as outlined by Pedersen et al.
(1997) and denatured according to Heslop-Harrison et al (1991).
Plasmids pAHG11 and pGL 2ubi-tlp were labeled by nick-transla-
tion in the presence of DIG-11-dUTP. Approximately 12.5 ng of
the digoxigenin-labeled probe in hybridization solution (50%
formamide, 10% dextran sulphate, 0.1% SDS and 2X SSC) was
used per slide. This solution was applied to each slide and incubat-
ed at 37°C overnight. After washing to a stringency of 85%, the
slides were blocked with 5% IgG-free BSA (Jackson ImmunoRe-
search Laboratories, West Grove, Pa.). Hybridization signals were
detected using fluorescein isothiocyanate (FITC)-conjugated
sheep-antidigoxigenin antibody. The fluorescence signal was en-
hanced with FITC-conjugated rabbit-anti-sheep antibody. The
method of washing slides was according to Leitch et al. (1991).

Resistance to scab was evaluated by a ‘single floret injection
inoculation method’ (Xu and Chen 1993). The first floret of a
middle spikelet was injected with 10 ul of a conidial suspension at
a density of 5-10x104 conidia per milliliter. The inoculated plants
were grown in a closed inoculation chamber in a greenhouse and
sprayed with tap water for 15 s every 10 min for 3 days. The
plants were then placed in a greenhouse (26°-30°C, T, and T,
plants) or growth chamber (25°-26°C, T plants). The infected
spikelets per inoculated spike were counted on the 7th day after
inoculation for greenhouse-grown plants or the 10th day for plants
grown in the growth chamber.

Results
DNA hybridization and expression of transgenes

The regenerated plants, obtained from immature embry-
0s co-bombarded with plasmids pAHG11 and pGL 2ubi-
tlp, were sprayed with 0.2% Liberty in the greenhouse.
Only 1 putative transgenic plant (no. 14) survived spray-
ing with this herbicide (Chen et al. 1998b). Seeds from
this selfed plant were germinated to obtain T, progeny.
Southern blot analysis of DNA from a T, plant using
four probes consisting of coding regions of the tlp, bar,
chi1ll and hpt genes indicated that all of the four trans-
genes were present and integrated into the genome of the
transgenic plants (Fig. 2a). However, the expression of
the four genes differed when determined by Northern
blot analysis (Fig 2b). The presence of mRNA for the tlp
and bar genes, whose expression was driven by the
maize ubiquitin promoter, was easily detected in the
transgenic plants, but transcripts of the chill and hpt
genes, driven by the CaMV 35S promoter, were not de-
tected. Western blot and PAT assays of extracts of sever-
al Liberty-resistant T, plants confirmed that the tlp and
bar genes were expressed at the protein level (Fig. 3a,
b). However, no expression of chill was observed in
Western blots using a chitinase antiserum (data not
shown). These results are consistent with the results of
Northern blot analysis.
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Fig. 2a A T, progeny of herbicide-resistant plant no. 14 analyzed
by Southern blot hybridization using probes from the coding re-
gions of thetlp, bar, chill and hpt genes. b A T, progeny of herbi-
cide-resistant plant no. 14 analyzed by Northern blot hybridization
using probes from the coding regions of the tlp, bar, chill and hpt
genes. The RNA blot also was hybridized with a rice actin
1 cDNA probe to indicate similar amounts of transgenic and con-
trol plant RNAs on the blot. The plant and plasmid DNA were di-
gested with Hindlll. P, positive control containing a mixture of
plant and plasmid pGL2ubi-tlp DNA, or plasmid pAHG11 in
Southern blot (a), or the RNA of transgenic rice harboring chill
and hpt (b); N, DNA or RNA from non-transformed ‘Bobwhite’
leaves; 14, DNA or RNA from the transgenic plant leaves. The
sizes of the DNA fragments indicated by arrows in positive con-
trols are 3.0 kb (tlp), 5.8 kb (bar), 1.5 kb (chi1l) and 4.5 kb (hpt)
in panel a the sizes of RNA in panel b are 1.2 kb (tlp), 0.8 kb
(bar), 1.3 kb (chill) and 1.2 kb (hpt)
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Fig. 3a, b TLP (a) and PAT (b) expression in Liberty-resistant T,
transgenic plants by Western blot analysis (a) or by thin layer
chromatography assay (b). P, Transgenic tobacco containing the
rice tlp gene (&) or transgenic wheat callus containing the bar gene
(b); N, non-transformed ‘Bobwhite’ extract; M, protein molecular-
weight marker (the upper band is 30 kDa, and the lower band is
21.5kDa; A, acetyl coenzyme A

To study the segregation of the four transgenes, we
analyzed 34 T, plants with resistance to 0.2% Liberty
and two randomly selected sensitive plants by Southern
blotting using the tlp, bar, chill and hpt coding-region
fragments as the probes. The results indicated that all of
the herbicide-resistant plants contained all four trans-
genes, while the two sensitive plants lacked all the trans-
genes. No segregation of the four transgenes was ob-
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Fig. 4a—d Southern blot analysis of DNA from T;-14 plants. The
DNA blot was hybridized with chill (a), bar (b), hpt (c) and tip
(d) coding regions. The T, plants were resistant to 0.2% Liberty
except for the 2 plants marked with an =. Plant and plasmid DNA
were digested with Hindlll. P, A mixture of pGL2ubi-tlp (40 pg)
and non-transformed ‘Bobwhite’ DNA (c, d) or pAHG11 (40 pg)
(a, b). N, Non-transformed ‘ Bobwhite' DNA. Arrows indicate the
sizes of the DNA fragments for the positive control. The results
from 17 plants analyzed (15 resistant and 2 sensitive) are shown

served among the T, progeny (Fig. 4), suggesting that
they are linked and presumably integrated at one site.
Fluorescent in situ hybridization (FISH) was used to ob-
tain additional support for this possibility. The FISH re-
sults indicated that the pAHG11 locus, containing the
chill and bar genes, is located near the telomeric region
of the long arm of wheat chromosome 6A. The identity
of the chromosome was determined by sequential N-
banding and FISH probed with pAHG11 DNA according
to Jiang and Gill (1993) (Fig. 5). No additional hybrid-
ization loci were detected, indicating that both chill and
bar transgenes probably were inserted at one locus.
When pGL2ubi-tlp DNA was used as the FISH probe,
the tlp and hpt transgenes also were detected at the same
region of chromosome 6A (data not shown), indicating
that both plasmids were integrated at or near the same
locus.

Induction of TLP mRNA in scab-infected wheat plants
and resistance of transgenic plants to scab disease

In order to study the expression of endogenous TLPs up-
on infection of scab, we inoculated the florets of non-
transformed ‘Bobwhite’ with conidia of F. gramine-
arum. The glumes of the inoculated floret became slight-
ly brown on the second day after inoculation. The floret
was dark-brown and became wilted by the third day after
inoculation, and the amount of RNA recovered was less
than in the uninfected control. Not enough RNA was ob-
tained from ten inoculated florets 3 days after inocula-



758

Fig. 5a, b The transgenes were detected and localized by FISH
and chromosome N-banding. The signals of the transgenes were
seen at the telomeric region of a pair of chromosomes in a homo-
zygous T, plant (a). For identifying the chromosome carrying the
transgenes, metaphase chromosomes were subjected to the N-
banding procedure and photographed, and then analyzed by FISH
(b). The chromosome carrying the transgenes was identified as 6A

tion. The induction of endogenous tlp genes upon scab
infection was detected by Northern blot hybridization
(Fig. 6). A time-course study indicated that both the un-
infected florets and the scab-inoculated florets 12 h after
infection had nearly the same levels of TLP mRNA, pre-
sumably representing the base level of expression of the
gene(s) in this tissue. Between 12 h and 24 h after inocu-
lation of the latter, the TLP mRNA level increased rapid-
ly and remained near this level at 48 h and 72 h. These
data indicate that the expression of endogenous tlp genes
in wheat plants increases rapidly after scab infection.
The level of the mRNA in uninfected florets of transgen-
ic plant no. 14 was more than that in the infected control
plants. Thus, the constitutive expression levels in trans-
genic plants may be high enough to be an effective de-
fense.

Hyphae appeared on the spikes of transformed and
untransformed plants in the greenhouse on the third day
after inoculation with conidia. The number of infected
spikelets per spike was scored on the 7th day after inocu-
lation in the greenhouse (T, and T, plants) or on the 10th
day in the growth chamber (T; plants). The number of
infected spikelets per inoculated spike was significantly
lower in transgenic plants from all three generations (T,
T, and T,) than in non-transformed control plants (Table
1). On day 10 in the greenhouse, 43% (6/14) of spikesin
control plants were half-wilted as compared to 16%
(12/74) of the spikes in transgenic plants. Fourteen days
after inoculation, the frequency of wilted spikes in the
control (90%) and transgenic plants (86%) were similar.
After 3 weeks, nearly al of the inoculated spikes of both
transgenic and control plants were wilted. Therefore,
transgenic plants constitutively expressing TLP have a

Hours after inoculation of scab
0 12 24 48 72 #14

- erened®

Fig. 6 Endogenous TLP mRNA was expressed in the florets of
non-transformed ‘Bobwhite’ plants upon inoculation with scab.
The RNA expression was analyzed by Northern hybridization at
the indicated times. Number 14 is the transgenic plant without in-
oculation with scab. Total RNA per laneis 10 pg

Table 1 Resistanceidentification of transgenic plants to scaba

Materias Infected Number of t-test 0.05
spikelets spikes
per spike
T1-14 2.3 30 A
Bobwhite 3.9 10 B
T2-14 2.2 16 A
Bobwhite 3.3 11 B
T3-14 2.2 42 A
Bobwhite 3.2 93 B

a Fusarium graminearum isolate is 3639; T, and T, plants were
tested in greenhouse, and T, plants were tested in a growth cham-
ber; the results were recorded on the 7th day (T, and T,) or 10th
day (T,) after inoculation. Non-transformed ‘Bobwhite’ plants
were used as controls. The experimental results were analyzed by
t-test with SAS software

higher level of resistance to scab because the develop-
ment of disease symptoms was slower than in the control
plants.

Discussion

In recent years, there have been several reports of im-
proved resistance of plants to diseases as aresult of over-
expression of PR-proteins such as chitinases, 3-glucan-
ases and TLPs (Broglie et al. 1991; Liu et a. 1994; Zhu
et al. 1996; Lin et al. 1995; Datta et al. 1998; Grison et
al. 1996; Jongedijk et al. 1995; Tabei et al. 1998; and for
review, Yun et al. 1997). Although expression of asingle
PR-protein has a beneficial effect on slowing disease
progression, satisfactory levels of resistance were
achieved only when combinations of PR-protein genes
were introduced into plants. We attempted to introduce
genes encoding 2 PR-proteins with different modes of
action, namely a chitinase and a TLP, into wheat plants
to enhance resistance to scab disease. Chitinase acts on
the cell-wall polysaccharide, chitin (Collinge et al.
1993), whereas TLPs are thought to alter the membrane
permeability and/or cellular signal transduction cascades
(Vigerset a. 1991; Dudler et a. 1994; Yun et a. 1998).
Because there was detectable expression of chitinase
in the T, plant (Chen et al. 1998a), it is likely that the



loss of the expression in T, plants is due to silencing of
the chitinase (and possibly hpt) transgene. Only the tip
and bar genes were expressed in the T, generation prog-
eny at the RNA and protein level even though al four
transgenes were intact (no rearrangements or deletions
were detected), as shown by Southern blot analysis. In
situ hybridization experiments further revealed that both
of the transgenes (tlp and chill) tested mapped at the
subtelomeric region of chromosome 6A long arm. There-
fore, this silencing apparently is not due to the chromo-
some integration site (position effect) because the close-
ly linked tlp and bar genes were expressed at the same
level asin the parent T, plant.

We believe that the differential silencing of the chitin-
ase and hpt transgenes, but not of the tlp and bar genes,
is due to differences in the two promoters used to drive
their expression. The chitinase and the hpt genes are un-
der the control of the CaMV 35S promoter, whereas the
tlp and the bar genes are regulated by the ubiquitin pro-
moter-intron combination. There are examples in the lit-
erature in which the expression of CaMV 35S promoter-
driven expression has been silenced in T, or later genera-
tions (Matzke et al. 1994). This appears to be the case
especially in wheat. In a previous study of 15 transgenic
wheat plants expressing the same rice chitinase gene
used in this study, we found that most of the plants ex-
pressed the chitinase gene in the T, generation, but that
there was nearly complete silencing in the T, generation
(Chen et al. 1998a).

Southern blot analysis of more than 30 T, plants indi-
cated co-segregation of all four genes even though they
were on separate plasmids during co-bombardment. Inte-
gration of one plasmid DNA at a chromosome site is
likely to favor subsequent integration of other plasmids
at the same site. Alternatively, the combining of two or
more plasmids may have occurred prior to chromosome
integration. Similarly, co-segregation has been observed
in other studies (Kohli et al. 1998).

FISH techniques have been used for localizing repeti-
tive DNA sequences, transgenes and endogenous genes
on individual plant chromosomes (Jiang and Gill 1994;
Pedersen et al. 1997; Fransz et a. 1996; Jang et a.
1996; Iwano et a. 1998). The number and location of in-
tegration sites on specific chromosomes can be seen
clearly and at a high detection frequency. Our FISH re-
sults confirmed that there is only one integration site on
the chromosome of transgenic line no. 14 for both
plasmids used in this study. These results are in agree-
ment with our observations on the presence and segrega-
tion of transgenes as revealed by Southern blot analysis
of T, plants (Chen et al. 1998a, b). Because the trans-
genes are found on chromosome 6A, this line is particu-
larly valuable as it decreases the possibility of the trans-
fer of the herbicide-resistance gene by an outcross with
the closely related weedy species Aegilops cylindrica
Host. (CCCCDCDC). This species is the only wheat rela-
tive that may cross with commercial wheat in the USA.

Increased resistance to fungal infection was observed
in transgenic potato and rice plants over-expressing tip
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genes. Transgenic potato and rice plants had fewer le-
sions and a delayed onset of disease caused by Phyt-
ophthora infestans and Rhizoctonia solani, respectively
(Zhu et al. 1996; Liu et al. 1994; Datta et a. 1998). A
similar improvement in resistance was demonstrated for
the first time with transgenic wheat plants in this study.
Even though we had hoped to pyramid 2 PR-protein
genes in an attempt to increase resistance to scab, we
could not achieve expression of the transgenic chitinase
gene in the T, generation, presumably due to transgene
silencing. However, the finding that significant improve-
ment in disease resistance can be achieved with elevated
levels of TLP aone suggests that further enhancement of
resistance can be achieved when stable, high-level ex-
pression of additional antifungal genes can be engineered.

Resistance of wheat to scab is inherited as a quantita-
tive trait. Numerous chromosomes have been reported to
influence the resistance (Bai and Shaner 1994). Five
quantitative trait loci (QTL) were found to be signifi-
cantly associated with the resistance (Anderson et al.
1998), suggesting the possibility of multiple genes af-
fecting resistance in wheat. TLP and other PR-proteins
are possibly among the genes contributing to scab resis-
tance as appears to be true for other QTLs (Faris et al.
1998). The delay in scab symptom development due to
TLP over-expression in susceptible cultivar ‘Bobwhite’
is significant, although the effects were quantitative rath-
er than qualitative. A similar situation was seen in trans-
genic potato plants expressing transgenic TLPs (Liu et
al. 1994; Zhu et al. 1996). We are actively investigating
the possibility that we can improve resistance to scab
and yield potential of commercial cultivars using tlp and
other PR-protein genes driven by the ubiquitin promoter.
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