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Abstract A concise T-DNA element was engineered
containing the rice class-l chitinase gene expressed un-
der the control of CaMV 35S and the hygromycin phos-
photransferase gene (hph) as a selectable marker. The bi-
nary plasmid vector pNO1 with the T-DNA element con-
taining these genes of interest was mobilized to Agro-
bacterium tumefaciens strain LBA4404 to act as an effi-
cient donor of T-DNA in the transformation of three dif-
ferent indica rice cultivars from different ecosystems.
Many morphologically normal, fertile transgenic plants
from these rice cultivars were generated after Agrobacte-
rium-mediated transformation using 3-week-old scutella
calli as initial explants. Stable integration, inheritance
and expression of the chimeric chitinase gene were dem-
onstrated by Southern blot and Western blot analysis of
the transformants. Bioassay data showed that transgenic
plants can restrict the growth of the sheath blight patho-
gen Rhizoctonia solani. Bioassay results were correlated
with the molecular analysis. Although we obtained simi-
lar results upon DNA-mediated transformation, this re-
port shows the potential of the cost-effective, simple
Agrobacterium system for genetic manipulation of rice
cultivars with a pathogenesis-related (PR) gene.
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Introduction

The transfer of foreign genes into plants by the Gram-
negative soil bacterium Agrobacterium tumefaciens is a
standard and popular technique in the genetic engi-
neering of dicotyledonous plants (Fraley et al. 1986;
Hooykaas and Schilperoort 1992; Zambryski 1992),
whereas monocotyledons were for a long time consid-
ered to be non-hosts of this bacterium. Since no tumors
develop in the latter upon inoculation with A. tumefaci-
ens (DeCleene 1985), only the development of suitable
drug resistance and reporter marker genes eventually al-
lowed the detection of successful transformation events
of monocot cereals, such as maize (Ishida et al. 1996),
barley (Tingay et a. 1997) and wheat (Mooney et al.
1991). In rice, the production of transgenic plants was
first reported for the japonica cultivars (Chan et al. 1993;
Hiel et al. 1994). The insertion of the reporter glucuroni-
dase (gus) gene and the selectable marker hygromycin
phospotransferase (hph) gene into more recalcitrant in-
dica rice varieties using Agrobacterium-mediated trans-
formation was also subsequently demonstrated. (Aldemita
and Hodges 1996; Datta et al. 1996; Rashid et al. 1996).
More recently, Cheng et a. (1998) used Agrobacterium
to introduce the crylA(b) and crylA(c) genes into a
japonicarice cultivar to control stem borer.
Agrobacterium-mediated gene integration is a precise
event; that is, DNA between the two defined T-DNA
border sequences is transferred exclusively. Severa so-
phisticated plant transformation vectors based on this
naturally occurring gene transfer system have been de-
veloped and are employed in genetic engineering (Fraley
et al. 1986). The widely used binary system consists of a
helper Ti plasmid providing the virulence functions
needed for transfer and a small vector carrying an artifi-
cial T-DNA (Bevan 1984; An et a. 1988). The binary
vectors replicate in E. coli as well as in A. tumefaciens
and allow easy cloning of the genes of interest between
the T-DNA borders. In the investigation reported here,
we used the vector pPCGN1589 (McBride and Summer-
felt 1990), which is a precursor of improved transforma-



tion vectors that are highly stable in A. tumefaciens, are
able to replicate (high copy) in E. coli and contain a gen-
tamycin resistance gene, as a strong selectable marker
for bacteria and the LacZ' gene segment from pUC18
(Yanisch-Parron et al. 1985) as a source of unique re-
striction sites in the T-DNA region for cloning genes of
interest. In contrast to other binary vectors, its T-DNA
region is very concise, containing only the minimal left
and right border regions, and is very stable in Agrobacte-
rium during growth without selection.

Chitinase may have a protective role against fungal
pathogens (Boller 1985). It hydrolyzes the 3—1,4 linkag-
es of chitin, which is the major component of many fun-
ga cell walls. Among the pathogenesis-related proteins
(PR-proteins), chitinase has been studied extensively for
its antifungal activity (Neuhaus 1999). Besides its ability
to attack the fungal cell wall directly, chitinase releases
oligo-N-acetylglucosamines that function as elicitors for
the activation of defense-related responses in rice cells
(Ren and West 1992). Constitutive expression of bean
chitinase in transgenic tobacco plants was shown to re-
sult in a significant reduction of fungal growth and delay
in the development of rice sheath blight disease caused
by Rhizoctonia solani (Broglie et al. 1991). A similar
type of antifungal activity has been observed with trans-
genic cucumber harboring the rice chitinase gene against
gray mold Botrytis cinerea (Tabei et a. 1998) and in
transgenic tobacco cells with bacterial chitinase gene
against the sheath blight pathogen R. solani (Jach et al.
1992).

Plant protection is a mgjor challenge to agriculture
worldwide. The most desirable strategy is the incorpora-
tion into commercially acceptable cultivars of disease re-
sistance genes which enhance the plant’s own defense-
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related responses, such as the chitinase gene. One of the
most devastating biotic stresses in rice is sheath blight
disease caused by R. solani, which is widespread in all
rice-growing countries. Constitutive expression of the
rice class-| chitinase gene resulted in enhanced resis-
tance to R. solani of transgenic rice plants produced by
direct DNA-mediated transformation (Lin et al. 1995).
We report here a successful and efficient transformation
system of indica rice by Agrobacterium with the same
chitinase gene to enhance sheath blight resistance. This
model system indicates the great potential to engineer
agronomically important rice cultivars.

Materials and methods

Plasmid construction and bacterial strains

The HindIll/Pstl fragment (1.9 kb) of the pmnus7—13a vector
containing the hygromycin phosphotransferase (hph) gene under
the control of the cauliflower mosaic virus (CaMV) 35 S constitu-
tive promoter (unpublished) was cloned into the binary vector
PCGN1589 (a precursor of the binary vectors described by Mc-
Bride and Summerfelt 1990) and digested with the Hindlll and
Pstl restriction enzymes. The resulting binary vector pZ2-6 car-
ries between the T-DNA borders the widely used hph gene as a
selectable marker and a slightly modified pUC18 (Yanisch-Perron
et al. 1985) polylinker useful for inserting genes of interest. The
Hindlll fragment (1.53 kb) of the pGL2 plasmid (Lin et al. 1995),
containing the rice class-| chitinase gene linked to the constitu-
tive CaMV 35 S promoter (CaMV-Chill), was excised and cloned
into the unique HindllI site of pZ2-6, resulting in the binary vec-
tor pNOL1 (see Fig. 1 for details of the construction). The plasm-
ids were maintained in the DH5a strain of E. coli (Hanahan
1983).

The binary vector pNO1 was mobilized to two different Agro-
bacterium strains: LBA4404, containing a disarmed octopine Ti
plasmid (Hoekema et al. 1983), and A281, the supervirulent strain
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(Guyon et al. 1980; Hood et al. 1986; Jin et al. 1987), carrying the
wild-type agropine Ti plasmid pTiBo542. E. coli strain GJ23 was
used as a helper strain for mobilization. The two Agrobacterium
strains, designated LBA4404 (pNO1) and A281 (pNO1), carrying
the binary vector pNO1 were used in our transformation experi-
ments. These strains were maintained in LB medium supplement-
ed with 20 pg/ml rifampicin (SIGMA) plus 40 pg/ml gentamycin
(GIBCO-BRL).

Plant material and production of explants

Three different indica rice cultivars from different ecosystems
were chosen. Basmati122, a commercial aromatic cultivar, Tulsi, a
rainfed lowland cultivar, and Vaidehi, a deepwater rice cultivar,
were used for transformation. Embryogenic calli were obtained
from 9- to 14-day-old immature embryos (Datta et al. 1998) for
Basmati122; for Tulsi and Vaidehi, embryogenic scutellar calli
from mature seeds were used. MS medium (Murashige and Skoog
1962) supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D)
2 mg/l was used for callus induction and proliferation. Three- to
four-week-old actively growing embryogenic calli were taken as
explants for transformation experiments.

Growth of Agrobacterium strains for cocultivation experiments

Agrobacterium tumefaciens strains LBA4404 (pNO1) and A281
(PNO1) were precultured as described by KoukolikovaNicola et
a. (1993) and Shen et al. (1993). The strains were grown at 28°C
for 48 h in LB liquid medium supplemented with gentamycin
(40 pg/ml) and rifampicin (20 pg/ml) and then subcultured in the
same medium following a 1:20 dilution and grown for an addition-
a 20 h, reaching a final titer of about 1-2 x 10° cfu/ml (optical
density: ODgy = 2). Bacteria cells were washed twice with
MgSO, (10 mM) by centrifugation and the optical density (ODgq)
of the bacterial cultures was adjusted to 2 by resuspending in the
MS liquid medium supplemented with 200 uM acetosyringone
(Sigma-Aldrich).

Cocultivation and plant regeneration

Rice embryogenic calli (mature or immature embryo-derived)
were grown on MS medium supplemented with 2,4-D (2 mg/l) as
described by Datta et al. (1992). Three-to-four-week-old embryo-
genic cali were immersed in the bacterial suspension and placed
into the vacuum chamber. Two cycles of vacuum infiltration
(0.4-0.6 atm) with a duration of 5 min each were applied. The
calli were transferred without rinsing to the cocultivation medium
(solid MS medium with 2 mg/l 2,4-D plus 200 pM acetosyrin-
gone) and incubated at 25°C in the dark for 3 days. After the co-
cultivation, the material was washed thoroughly in sterile water
containing 250 mg/l cefotaxime (GIBCO-BRL) and placed on
a selection medium — solid MS medium supplemented with
250 mg/l cefotaxime and 50 mg/I hygromycin (Calbiochem). Pro-
liferating colonies of cells surviving four selection cycles (in fresh
medium, 15 days each) were transferred to a regeneration medium
[MS with 2 mg/l kinetin and 1 mg/l 1-naphthaleneacetic acid
(NAA)] and incubated at 25°C under a 16-h photoperiod (Datta et
a. 1992). Regenerated plants with well-developed roots were
eventually transferred to soil in pots and grown to maturity in the
greenhouse for transgenic plants.

Hygromycin phosphotransferase (HPT) assays
and Southern blot analysis
HPT assays

Hygromycin phosphotransferase assays were performed following
the procedure described by Datta et al. (1990).

Southern blot analysis

Total DNA was isolated from leaf tissues using a standard proce-
dure. Ten micrograms of DNA, digested with restriction endonu-
cleases, was separated by electrophoresis on a 1% (w/v) TAE aga-
rose gel and transferred under alkaline denaturing conditions to
Hybond N* nylon membrane (Amersham). The radioactive probe
was prepared by the random primer method using a—{32P] dCTP
and the Rediprime labeling system (Amersham). Hybridization
with the probe was conducted according to the manufacturer’s in-
structions. Following hybridization, the membrane was washed
and exposed to X-ray Hyperfilm™ MP (Amersham).

Analysis of chitinase protein production

Protein extraction and Western blot analysis were done following
the method described by Datta et al. (1998). Proteins were extract-
ed from fresh leaves with 0.05 M Tris-HCI (pH 7.0) containing
10% glycerol and 0.1 mM phenyl methyl sulfonyl fluoride (PM SF,
Sigma). Fifty-microgram aliquots of the proteins separated on a
10% polyacrylamide gel in the presence of sodium dodecylsulfate
(SDS-PAGE) were transferred to a nitrocellulose membrane that
was probed with antiserum to bean chitinase, which cross-hybrid-
izesto therice class-| chitinase (Datta et al. 1999), using horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit 1gG (H+L) as
the second antibody (Bio-Rad). HRP staining was carried out with
30% H,0, and HRP color reagent (Bio-Rad).

Bioassay

Seeds from selfed T, transgenics of Basmati122 were germinated
and grown to plants and screened for the chitinase gene by South-
ern blot analysis. Those Southern-positive T, plants were used for
bioassays. Resistance to the sheath blight pathogen R. solani was
assessed by the method described by Datta et a. (1999). The
pathogen growing on potato dextrose agar (PDA) plates was trans-
ferred into a bottle containing a rice hull-grain mixture and incu-
bated at 28°C for 10 days. Five grams of the pathogen-rice hull
mixture were placed in the middle of the tillers of each plant at its
maximum tillering stage. The symptoms (size and number of le-
sions) caused by fungal infection were scored after 14 days. The
relative integrated infection index was calculated for each trans-
genic plant by the standard formula (INGER 1996).

Relative integrated infection index (RI)

DI of transgenic plant

DI of non-transformed control plant *100

Where:

_ ZXiPi

DI = N

Xi = number of tillers showing same grade of infection
Pi = infection rate

N = total number of tillersinocul ated

Results
Vector construction and rice transformation

Figure 1 describes the construction of the binary vector
pNO1, containing an engineered hph gene and the
CaMV-Chi1l gene in between the T-DNA borders (see
Materials and methods for details).

Table 1 summarizes the results of the different rice
transformation experiments. A total of 222 plants were
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Tablel Summary of Agrobacterium-mediated transformation with different rice cultivars

Cultivar Explant2 Agro strain used Number of Number of Number. of  Number of positive plants
explants putative transformed  plantsin
cocultivated  calli after selectionP greenhouse  HPT* S
Basmatil22  SC LBA4404 (pNO1) 275 52 (12) 45 ND 15/27
Basmatil22  SC A281 (pNO1) 175 40 (7) 0 - -
Tulsi SCM LBA 4404 (pNO1) 400 69 (22) 113 11/16 45/46
Tulsi SCM A281 (pNO1) 300 114 (48) 0 - -
Vaidehi SCM LBA 4404 (pNO1) 290 41 (15) 64 16/17 27/30

a SC = scutellar cali from immature embryo; SCM = scutellar
calli from mature seeds

b Numbers in parentheses represent the no. of primary (indepen-
dent) calli selected

regenerated using the three different cultivars. Although
putative transformed calli were obtained from calli co-
cultivated with both strains, LBA4404 (pNO1) and A281
(PNO1), green plants were regenerated only when
LBA4404 (pNOL1) was used. In the case of Basmati122,
45 green plants were regenerated from 52 hygromycin-
resistant calli derived from 12 independently grown
primary calli. For Tulsi, 113 plants were obtained from
69 HgR calli derived from 22 independently grown pri-
mary ones. In the case of Vaidehi, 64 plants were ob-
tained from 41 HgR calli resulting from 15 independent
primary ones.

For Tulsi and Vaidehi, 80-90% of the plants grown in
the greenhouse were healthy and fertile, but this was the
case for only 27% for Basmati 122 plants. Some of
the selected T, lines of three cultivars were grown for the
next generation.

Molecular analysis and HPT assays

Putative T, plants were assayed by Southern analysis to
detect the presence of the chitinase gene. Out of 27 puta-
tive transformants of Basmati122, 15 showed hybridiza-
tion to a 1.1-kb (Sacl/Sall) fragment of the coding se-
guence of the chitinase gene. One band of the expected
size (1.1 kb) was detected in addition to the high-mole-
cular-weight signals. For the Tulsi and Vaidehi cultivars,
the HPT assay was done prior to molecular analysis
to screen the putative T, transgenic plants. Leaf extracts
from 11 out of 16 Tulsi plants and 16 out of 17 T,
Vaidehi plants showed clear hygromycin phosphotrans-
ferase activity, suggesting the expression of the foreign
hph gene in those plants. Further evidence came from
Southern analysis of the hph-positive plants in which the
presence of the introduced chitinase gene was detected.
DNA from 46 T, Tuls plants and 30 T, Vaidehi plants
was digested with Sacl/Sall to release the chitinase gene
(1.1 kb). Of the 46 Tulsi plants, 45 showed the expected
band of 1.1 kb (Fig. 2), whereas 27 out of 30 Vaidehi
plants showed the expected band of the foreign chitinase
gene (Fig. 3). Fragments larger than the expected size
hybridizing to the chitinase probe, detected in both the
transformants and the control plants of all the cultivars,

¢ St = Southern-positive for chitinase gene; HPT* = hygromycin
phosphotransferase assay-positive
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Figs. 2, 3 Southern blot analysis of transformed T, plants of rice
cvs. Tulsi (KDT, Fig. 2) and Vaidehi (KDV, Fig. 3). The genomic
DNA was restricted with Sacl/Sall endonucleases. NT Non-trans-
formed control rice plant. The Chill lane represents the 1.1-kb
(Sacl/sall) fragment of plasmid DNA. The same 1.1-kb open
reading frame of the chitinase gene was used as the probe

correspond to the endogeneous chitinase genes, as has
been demonstrated in Lin et a. (1995).

The same blots (Figs. 2, 3) were reprobed with a
1.1-kb (BamHI) hygromycin fragment to detect the coin-
tegration of the hph gene in the genome of Chill-posi-
tive transgenics (Figs. 4, 5). Hybridization with the hph
gene as the probe showed differences among the Tulsi T,
plants (Fig. 4) and Vaidehi T, plants (Fig. 5) with respect
to the banding pattern of the hph gene. In Tulsi T, plants,
although signals were observed in al the plants analyzed
(except KDT 14 with two bands of different sizes), the
bands were of two different molecular sizes. The case
was similar for Vaidehi, where hph signals of different
molecular sizes were observed, with the number of sig-
nals ranging from two to four.
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Figs. 4, 5 Southern blot analysis for the hph gene (Southern blots
of Figs. 2 and 3 reprobed with the hph gene) in T, transformants
of rice cvs. Tulsi (KDT, Fig. 4) and Vaidehi (KDV, Fig. 5). The
genomic DNA was restricted with Sacl/Sall endonucleases. NT
Non-transformed control rice plant. A 1.1-kb (BamHI) hph frag-
ment of plasmid DNA was used as the probe

Expression of chitinase

We examined production of the foreign chitinase protein
in transgenic plants by Western blot analysis using a
polyclonal antibody against rice chitinase. T, progenies
of Basmati122 plants and T, plants of Vaidehi and Tulsi,
positive in screening by Southern analysis for the pres-
ence of the chitinase gene, were analyzed. The extracted
leaf proteins were separated electrophoreticaly on an
SDS gel. A major band (approx. 35 kDa), corresponding
to the chitinase protein detected in the positive control
(leaf extract from known chitinase-positive plants from
earlier DNA-mediated transformation experiments, Lin et
al. 1995), was observed in al transformed plants. In addi-
tion to the 35-kDa chitinase protein band, one to two fast
migrating bands were also seen (Fig. 6). These additional
bands represent the endogenous chitinase protein (28
kDa) and a 30-kDa protein resulting from proteolytic
degradation during sample preparation. All plants found
to be positive by Southern analysis were aso positive in
Western analysis.

Transmission of transgenes to the next generation

Inheritance of the transgenes was studied in the T, gener-
ation. Segregation for the chitinase gene, detected by
Southern blot analysis, was observed in progenies of 4
primary transformants (at least 20 progenies from each

YSAQM
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Fig. 6 Western blot analysis showing chitinase protein levels in
T, plants of Vaidehi. The positive control (PC, transgenic CBI|
with chi1l gene) is shown in the extreme left lane. NT Non-trans-
formed negative control. Arrow indicates the expected 35-kDa
chitinase protein for transgenics
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Fig. 7 Southern blot analysis of 9 T, descendants of one transgen-
ic line of Basmati122 (SD10). NT Non-transformed control DNA,
Chi11 positive control consisting of a 1.1-kb fragment (Sacl/Sall)
of pGL2Chill (arrow marker). The same 1.1-kb chitinase open
reading frame was used as the probe

Fig. 8 Southern blot analysis of 20 T, descendants of one trans-
genic line of Tulsi (KDT2). NT Non-transformed control DNA,
and Chill positive control consisting of a 1.5-kb fragment
(Hindlll) of pGL2Chill (arrowhead marker). The 1.1-kb
(Sacl/sall) chitinase open reading frame was used as the probe

transformant analyzed) of the three cultivars. All T, prog-
enies analyzed conformed approximately to a 3:1 segre-
gation of Basmati line 10 and Tulsi line 2 (Figs. 7, 8). Da-
tawas not shown for Vaidehi.
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Fig. 9 Bioassay of Basmati122 T, progeny from two different in-
dependent lines (SD9 and SD10). The relative integrated infection
index (RI) is shown for 8 selected representative Southern-posi-
tive T,. The mean was calculated taking all the plants together

Bioassays

From the T, transgenic plants (Basmatil22) that were
positive for the functional chitinase transgene in South-
ern blot analysis and Western blot analysis, we selected
several lines for bioassays in the T, generation. These
assays were performed with the sheath blight pathogen
R. solani using a tissue culture-derived non-transformed
Basmati122 as the negative control and T, progenies
from Southern- and Western-positive selected lines
(SD1, SD3, SD9, SD10) at their maximum tillering stage
(50 days after sowing), and the disease symptoms were
scored as percentage sheath area infected. Different lev-
els of disease progression (the number and size of the le-
sions) were observed 2 week after inoculation. The le-
sion areas in the transgenic plants were smaller than
those of the control plants. Figure 9 shows the bioassay
results of some of the T, progenies of two transgenic
lines (SD9 and SD10) that were positive in Southern
analysis. The infection level was significantly lower in
the transgenic lines than in the controls, although varia-
tion in the relative integrated infection index was ob-
served.

Discussion

In this study, a large number of rice plants carrying the
chitinase (Chi1l) gene have been produced in three dif-
ferent elite indica rice cultivars using the Agrobacterium
transformation system. These results represent a con-
vincing confirmation of Agrobacterium-mediated trans-
formation of rice and show the potential of this tech-
nique for genetic engineering of indica rice. The fre-
guencies of transformation obtained in this study seem to
be higher than our other systems of transformation (pro-
toplast and biolistic) used to obtain transgenic rice (Lin
et al. 1995; Datta et al. 1999), although genotypic differ-
ences were observed.

In our experiment, we used two different Agrobacteri-
um strains: LBA4404, which contains an octopine Ti-
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plasmid whose T-DNA was deleted, and A281, which
carries the wild-type supervirulent agropine Ti-plasmid
pTiBo542, which contains all the T-DNA genes respon-
sible for tumor formation in dicotyledonous plants (the
so-called onc genes). A281 induces large, early appear-
ing tumors on a wider range of plants than do other
Agrobacterium strains, and it has been shown that some
of the virulence genes, located outside of the T-DNA, are
responsible for the high transformation frequency of
pTiBo542 (Hood et a. 1986; Jin et al. 1987). We suspect
that the true reason, cali transformed by the A281
(pPNO1) did not produce any regenerated plants is due to
the presence of the onc genes. Although no tumor forma-
tion has been observed in monocotyledonous plants ex-
cept for some swelling in Narcissus (Hooykaas-van
Slogteren et al. 1984) and isolation of crown gall tissue
in Asparagus, expression of the onc genes within the
transformed cells might nevertheless interfere with their
regeneration ability. Because a high proportion of the
transformed cells contains both T-DNAs, the “artificial”
one from the binary vector and the “natural” one from
the Ti-plasmid, most of the HgR cells thus probably aso
contain the onc genes (DeFramond et al. 1986). Results
of Cheng et a. (1998), showing that regenerated plants
were obtained using a T-DNA-less derivative of the
pTiBo542, support our hypothesis. We further confirm
the results of Cheng et al. (1998) showing that it is not
necessary to use the supervirulent strain for rice transfor-
mation. For Basmati1l22, 27% of the transgenic plants
were fertile, whereas for Tulsi and Vaidehi, 80-90% of
the transgenic plants were fertile. This observation aso
suggests a genotypic effect on plant regeneration and
seed-setting ability.

It is evident from the HPT assay and Southern analy-
sis that the two genes, hph and chitinase, carried by
pNOL1 are reproducibly transferred via Agrobacterium
and stably integrated into the rice genome. The two
genes are tightly linked in the majority of the trans-
formed plants except in some T, transgenics where rear-
rangements and/or multiple copies of the hph gene were
observed (Figs. 4, 5). Southern analysis using Sacl/Sall-
digested DNA hybridized with Chill revealed that in all
of the transformed plants, the expected hybridization sig-
nals for Chill remained intact when integrated into the
rice genome. Inheritance studies of the Basmati122 T,
progeny showed that the chitinase gene is transmitted
to the T, progeny, demonstrating stable incorporation of
T-DNA into the rice nuclear DNA, and the 3:1 segrega-
tion ratio suggested that the chitinase gene was integrat-
ed at a single locus. However, the different patterns of
hph integration observed in the T, transgenics of Tulsi
and Vaidehi lead us to the assumption that there might
have been some multiple T-DNA integration events. The
chitinase gene remained intact without any rear-
rangement, whereas rearrangements occurred in the hph
gene (Figs. 4, 5) possibly because of the short, truncated
T-DNA generated during or after integration of a full-
length T-DNA into the plant genome (Matsumoto et al.
1990). Although there are reports on transgenic cell lines
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containing full-length T-DNA in the chromosomes, cases
of short truncated T-DNA integration have also been
shown in several instances. This might result from
the deletion of long stretches from both termini of the T-
DNA before integration into the plant genome (Howard
et al. 1989) or after synthesis of a norma T-DNA inter-
mediate during transfer and/or the integration process
(Herman et al. 1990). These observations are in confor-
mity with our results where deletions or insertions in T-
DNA might have occurred, resulting in hph fragments of
different molecular sizes. Also, the experiment with ag-
roinfection by Bakkeren et al. (1989) shows that both de-
letions and insertions can occur around the border se-
guences during transfer of T-DNA. Such rearranged or
truncated hph probably resulted in the weaker activity or
expression of the hygromycin phosphotransferase en-
zyme we observed in some of our T, transgenics. The
expression of marker and/or chitinase transgenes in most
of the transformants indicates preferential T-DNA inser-
tion in transcriptionally active regions of the rice ge-
nome. We further presume with our ongoing molecular
analysis (data not shown) that whole T-DNA as well as
the total vector in some of the transformants was inte-
grated into the rice genome when the genomic DNA was
restricted with Pstl endonuclease having a unique re-
striction site in the vector. Our genetic analysis in the
segregating T, generation for Tulsi and Vaidehi con-
firmed the locus-specific integration of the transgene(s).

Various other factors may affect the transformation
efficiency of rice by Agrobacterium-mediated T-DNA
transfer. Optimization of conditions for vacuum infiltra-
tion, cocultivation and selection of a suitable explant
may play a vital role in transformation. Scutellum-
derived (immature or mature) calli were shown to be an
excellent starting explant in our transformation experi-
ments with indicarice, as was also reported by Hiei et al.
(1994) for japonica cultivars. The pre-treatment of tis-
sues by wounding or enzymatic digestion of cell walls as
reported by other studies (Chan et al. 1993) was not nec-
essary in our case. Because wounded cells exude phenol-
ic compounds such as acetosyringone that activate the
vir genes that are responsible for the transfer of T-DNA
from A. tumefaciens to the host cells (Stachel et al.
1985), we added acetosyringone to the cocultivation me-
dium as an external inducer.

Chitinase protein production was transmitted through
sexual generation to the T, plants of the T, chitinase-pos-
itive plants (Basmati122). The bioassay of the T, South-
ern-positive plants with sheath blight pathogen R. solani
showed different levels of disease progression in individ-
ual plants. However, the infection level was significantly
lower in transgenic progenies having a higher expression
of PR-proteins than in the non-transgenic control plants,
indicating that enhanced resistance to sheath blight dis-
ease can be achieved. Variation between individual T,
plants is most probably due to different amounts of chi-
tinase production. We have observed differences in the
amount of the chitinase enzyme produced in the T, trans-
genic plants of Tulsi and Vaidehi (data not shown) from

the radiometric estimation of the chitinase protein (Boller
1991). The enzyme level was higher in transgenics than
in the control plants. This study highlights a simple, low-
cost transformation system to develop transgenic indica
rice with agronomically important genes.
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