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Abstract A high level of genetic polymorphism was
detected among Indian isolates of Xanthomonas oryzae
pv. oryzae using hypervariable probes such as a micro-
satellite oligonucleotide, probe (TG)

10
, a human mini-

satellite probe, pV47, an avirulence gene probe,
avrXa10 and a repeat clone, pBS101. These DNA
probes detected multiple loci in the bacterial genome
generating complex DNA fingerprints and differenti-
ated all of the bacterial isolates. Analysis of fingerprints
indicated that pV47, (TG)

10
and pBS101 have a lower

probability of identical match than avrXa10 and there-
fore are potential probes for DNA fingerprinting and
variability analysis of Xanthomonas oryzae pv. oryzae
pathogen populations. Cluster analysis based on hy-
bridization patterns using all of the above probes
showed five groups at 56% similarity. Studies on the
methylation patterns of isolates representing the three
important races of X. oryzae pv. oryzae indicated more
methylation in the most virulent isolate, suggesting
a possible role of methylation in pathogenicity.

Key words DNA fingerprinting · Xanthomonas ·
Bacterial blight · Rice

Introduction

Xanthomonas oryzae pv. oryzae (X. o. pv oryzae) is the
causal agent of bacterial blight disease in rice, leading
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to severe crop losses all over the world. X. o. pv oryzae
populations in the Philippines have been classified into
six races based on their pathogenicity to five indica rice
cultivars (Mew 1987; Mew and Vera Cruz 1979). Indian
isolates of X. o. pv oryzae have also been classified into
pathotypes, Ia, Ib and II, mainly on the basis of disease
resistance in a set of standard differential cultivars
(Reddy and Reddy 1989). In a study on 86 X. o. pv
oryzae isolates, 70 were classified into either race Ia, Ib
or II while 5 were determined to belong to new races
3 and 4; the remaining 11 less-virulent strains were not
assigned to any particular race (Rehman et al. 1993). In
general, the pathogenic strains from India have been
found to be more virulent than the Philippino isolates
and have caused substantial damage to rice crops in
India. (Reddy 1988). Multilocation trials of different
cultivars have further confirmed the presence of more
virulent strains in India as compared to other Asian
countries (Sheshu 1988).

Programs for resistance breeding and disease con-
trol of bacterial blight in rice depend on the reliable
identification of bacterial pathotypes. Classical
pathotyping using a set of differential rice cultivars is
laborious and time-consuming. Morphological,
physiological and biochemical characters do not reveal
differences that could be used to delineate patho-
genicity/virulence groups of Indian isolates (Reddy and
Reddy 1990). Serotyping, however, can differentiate
pathotypes I and II (Reddy and Reddy 1989) and pro-
vide some information on pathogen diversity
(Gnanamanickam et al. 1992). In contrasts, molecular
approaches provide reliable and useful information on
the genetic makeup of different isolates of bacteria,
including the extent of variability in the pathogen
population. In this context, a repetitive DNA sequence,
pJEL101, isolated from the X. o. pv oryzae genome, was
used to assess the genetic variability and population
structure of X. o. pv oryzae from the Philippines (Leach
et al. 1990, 1992) and Asian countries (Adhikari et al.
1995).



According to the gene-for-gene hypothesis for each
gene for resistance in the host, a corresponding gene
exists in the pathogen for avirulence (Ellingboe 1984;
Flor 1995). Three avirulence genes, avrxa5, avrXa7
and avrXa10, have been cloned from X. o. pv oryzae
(Hopkins et al. 1992), and 102-bp repeat has been
shown to be present in all these genes within the active
region that controls avirulence activity. One of these
avirulence genes, avrXa10, has also been used as probe
to differentiate X. o. pv oryzae strains from the Philip-
pines (Kelemu and Leach 1990; Hopkins et al. 1992).
However, only scanty efforts have been made to patho-
type Indian strains of X. o. pv oryzae at the DNA level
(Adhikari et al. 1995).

DNA fingerprinting makes use of the presence of
microsatellites (2—10 bp) and minisatellites (10—40 bp),
which are repeated in tandem and dispersed in the
genome (Ali et al. 1986; Tzuri et al. 1991; Jeffreys et al.
1985). Minisatellites occur in both prokaryotes and eu-
karyotes and serve as universal DNA fingerprinting
probes, whereas microsatellites are present mostly in
eukaryotes. In general, it is assumed that simple repeats
are generally very rare and almost absent in
prokaryotes. However, the poly (TG) family, which is the
most abundant microsatellite in the human genome,
with many biologically important functions, has also
been found in bacteria and some viruses at an extremely
low copy number (Tautz et al. 1986; Hasson et al. 1984;
Hamada et al. 1982; Weising and Kahl 1990). R18.1,
a GT-containing probe, and GATA repeats have been
attributed a variety of functions and are extremely useful
for generating DNA fingerprints (Tzuri et al. 1991; Ep-
plen 1988). Hypervariable DNA fingerprints which
allow strain identification have been detected in E. coli
using the M13 probe, which serves as a universal marker
for DNA fingerprinting (Huey and Hall 1989; Vassart
et al. 1987; Ryskov et al. 1988). pV47 is a human minis-
atellite probe which can generate individual specific
DNA fingerprints in humans and cattle (Longmire et al.
1990; Dolf et al. 1992). Except for M13, the other probes
have not been used successfully to investigate genetic
diversity in bacteria. Previously, we have shown micro-
satellites and minisatellites to be highly useful in generat-
ing DNA fingerprints in several rice genotypes, the host
of X. o. pv oryzae (Ramakrishna et al. 1994; Gupta et al.
1994; Ramakrishna et al. 1995).

In the investigation presented here we report DNA
fingerprinting of different pathotypes of X. o. pv oryzae
from the Indian subcontinent with minisatellite and
microsatellite probes, an avirulence gene probe and
repeat clone pBS101.

Materials and methods

Bacterial strains

The origin and grouping of the X. o. pv oryzae isolates used in the
present study are given in Table 1. The race of each strain was

Table 1 Xanthomonas oryzae pv. oryzae Indian isolates used in
present work

Strain Race/ Geographical origin Reference/source
group

IXoIa Ia Hyderabad A.P.K. Reddy
IXo2 Ia — S. Gnanamanickam
IXo10 Ia — S. Gnanamanickam
IXo3863 Ia Chinsurah, W. B S. Gnanamanickam

IXoIb Ib Hyderabad A.P.K. Reddy
IXo15 Ib — S. Gnanamanickam
IXo3041 Ib Gurdaspur, Punjab S. Gnanamanickam

IXoII II Hyderabad A.P.K. Reddy
IXo14 II — S. Gnanamanickam
IXo3856 II Maruteru (MP) S. Gnanamanickam
IXo3850 II Hyderabad S. Gnanamanickam

IXo9 ND Cuttack R.N. Misra
IXoCI ND Punjab Sukhwinder Singh
IXoCII ND Punjab Sukhwinder Singh
IXoCIII ND Punjab Sukhwinder Singh

determined with the help of a set of differential rice cultivars such as
‘IR8’, ‘IR20’, ‘IR1545-339’, ‘Cas209’ and ‘DV85’ which contain the
bacterial blight resistance genes, Xa-11, Xa-4, Xa-5, Xa-10 and both
Xa-5 and Xa-7 together, respectively.

DNA extraction and agarose gel electrophoresis

All of the bacterial cultures were grown overnight in 15 ml MGYP
broth at 28°C for 15—18 h on a rotatory shaker (200 rpm). Genomic
DNA was extracted using a modification of the procedure of Leach
et al. (1990). The bacterial cells were pelleted by centrifugation
(14,000 g) and resuspended in a solution containing 50 mM glucose,
25 mM TRIS-HCl pH 8.0, 10 mM EDTA. 2 mg/ml of freshly pre-
pared lysozyme was then added to make a total volume of 3.3 ml
and the suspension was incubated at room temperature for 20 min.
This was followed by the addition of 167 ll of 10% sodium dodecyl
sulfate and an incubation at 50°C for 10 min. After the incubation,
134 ll of RNase A (2.5 mg/ml in 10 mM TRIS-HCl, pH 7.0) was
added, and the mixture was incubated at 37°C for 1 h. Then 170 ll
0.5 M EDTA, 784 ll 5 M NaCl and 560 ll 10% CTAB (hexadecyl-
trimethyl ammonium bromide) was added and incubated for 10 min
at 50°C. Each sample was extracted with chloroform-isoamyl alco-
hol (24 : 1), the DNA was precipitated with 0.6 volumes of isopropyl
alcohol and redissolved in 500 ll 10 mM TRIS-HCl, pH 8.0, and
1 mM EDTA. DNA concentrations were estimated by comparing
the samples with the known concentrations of lambda DNA in the
agarose gel electrophoresis. The bacterial DNA was digested with
HinfI, BamHI, EcoRI, MboI, Sau3AI, DpnI, MspI, HpaII and several
other restriction enzymes according to the manufacturer’s in-
structions (Boehringer Mannheim). To ensure complete digestions,
we used 10 units of enzyme per microgram followed by electrophor-
esis on 0.9% or 1.2% agarose gels in 1]TAE buffer (0.04 M
TRIS acetate; 0.001 M EDTA, pH 8.0). Blotting was done on a
vacuum blotting apparatus (Vacublot, Pharmacia LKB) using Hy-
bond-N membranes (Amersham) as described by Sambrook et al.
(1989).

DNA probes, labeling and hybridization

pV47 is a human minisatellite sequence containing tandem repeat
isolated from a human chromosome-16-specific library. M13 is
a 282-bp fragment containing nine tandem repeats of a 15-bp core
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sequence obtained by digesting M13mp18RF DNA with HaeIII and
ClaI. pBS101 is a repetitive DNA fragment from X. o. pv oryzae
(Leach et al. 1990). All the probes were [P32]-labeled by the random
primer method as described by Sambrook et al. (1989).

pV47 was hybridized in 20% formamide, 5]SSPE, 0.1% SDS,
5]Denhardt’s solution, 0.1]BLOTTO at 42°C overnight, while
pBS101 and avrXa10 were hybridized in 5]SSPE, 0.1% SDS,
5]Denhardt’s solution, 0.1]BLOTTO at 60°C overnight. The
blots were washed in 1]SSPE, 0.1% SDS for 15 min at room
temperature twice and 55°C for 10 min. Oligonucleotides were syn-
thesized on a gene assembler plus (Pharmacia), desalted on a NAP-5
column and purified on a 20% denaturing polyacrylamide gel.
Oligonucleotide probes were end-labeled as described by Sambrook
et al. (1989). Hybridizations were performed at Tm-10°C and were
first washed with 5]SSPE, 0.1% SDS twice for 15 min at room
temperature and then at the hybridization temperature for 10 min.
They were exposed to X-ray films at !70°C with intensifying
screens.

Analysis of molecular data

Differences in band patterns in the autoradiograms were scored on
the basis of absence or presence of bands. A similarity index D ex-
pressing the probability that a fragment in 1 isolate is also found in
another for all the comparisons was calculated (Wetton et al. 1987).
Cluster analysis was carried by the unweighted pair group method
(Sneath and Sokal 1973) using the computer program TAXAN 2.0
developed by Swartz D (Swartz D 1980).

Results

Pathogenicity of various Indian strains
of Xanthomonas oryzae pv. oryzae

The virulence of 29 isolates of X. o. pv oryzae from
India was estimated using the scissor-clip inoculation
method on a host differential set of rice varieties as
described by Rehman et al. (1993). Inoculated plants
were scored on the basis of lesion length, and the data
obtained was averaged and rated as resistant or suscep-
tible. These isolates could be grouped into pathotypes
based on their reaction with different resistant Xa
genes in different rice cultivars. A few representative
strains from each pathotype were selected for molecu-
lar analysis as shown in Table 1.

DNA fingerprinting with multilocus probes

It is a well-known fact that compared to restriction
fragment length polymorphism (RFLP) probes, micro-
satellites and minisatellites, which recognize multiple
loci, are highly informative. In the present study, the
potential of (TG)10 , (GATA)4 , pV47 and M13 probes
was explored to detect polymorphism in Indian isolates
of X. o. pv oryzae. DNAs of different X. o. pv oryzae
strains were digested with BamHI and HinfI and hy-
bridized with different DNA probes.

Figure 1 shows the hybridization of the (TG)
10

oligonucleotide probe to X. o. pv oryzae DNAs diges-

Fig. 1 Southern blot hybridization of Xanthomonas oryzae pv.
oryzae DNA digested with BamHI and hybridized with the micro-
satellite probe (TG)

10
. ¸anes 1—17 contain DNAs of isolates. IXoCI

(1), IXoCII (2), IXoCIII (3), PXo86 (4), PXo35 (5), IXoIa (6), IXoIb
(7), IXoII (8), IXo2 (9), IXo9 (10), IXo10 (11), IXo14 (12), IXo3856
(13), IXo3858 (14), IXo3863 (15), IXo3841 (16), IXo15 (17). Molecu-
lar size markers (in kb) are indicated in the left margin

ted with BamHI. As is evident from the figure, a very
prominent band is seen in the 3—4 kb range in most of
the isolates except isolate PXo35 (lane 5) where it
appears in between 2 kb and 3 kb. Apart from this
intense signal, about 7—8 distinct bands were observed
in all the isolates generating complex fingerprint pro-
files. Since the (TG)

10
probe showed hybridization with

X. o. pv oryzae isolates, we tried another simple se-
quence repeat, (GATA)

4
, as probe, however, it did not

give any signals.
The fingerprinting potential of minisatellite probe

pV47 was next tested because of its successful usage in
several prokaryotes and eukaryote systems. It hybrid-
ized to several restriction fragments, as shown in Fig. 2,
exhibiting about 14—25 bands in the approximate
range of 6 kb to 0.2 kb. Since pV47 could detect mul-
tiple restriction fragments (14—25), genetic similarity
could be calculated more reliably with this probe. The
M13 repeat probe also hybridized to several bands;
however, the informativeness detected was similar to
that with pV47 (data not shown). This was expected
since the pV47 repeat was initially identified using the
M13 repeat as the probe.

Hybridization with the avr gene

According to the gene-for-gene hypothesis, for every resis-
tant gene in the host plant there exists a corresponding
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Fig. 2 Southern blot hybridization of Xanthomonas oryzae pv.
oryzae DNA digested with HinfI and hybridized with the human
minisatellite probe pV47. Lanes 1—19 contains DNAs of isolates
IXoCI (1), IXoCII (2), IXoCIII (3), PXo86 (4), PXo35 (5), IXoIa (6),
IxoIb (7), IxoII (8), Ixo2 (9), Ixo15 (10), Ixo8 (11), Ixo9 (12), Ixo10
(13), Ixo14 (14), Ixo3858 (15), Ixo3856 (16), Ixo3822 (17), Ixo3843
(18), Ixo3863 (19). The isolates IXo8, IXo3822 and IXo 3842 were
not used for analysis. Molecular size markers (in kb) are indicated in
the left margin

avirulence gene in the pathogen. The presence or ab-
sence of an avirulence gene corresponding to a
resistant gene in the host gives rise to a compatible
(resistant) or incompatible (susceptible) reaction. Fig-
ure 3A and B show HinfI- and BamHI-digested X. o. pv
oryzae DNAs hybridized to the avrXa10 probe, which
is homologous to avirulence genes 5 and 7. In the case
of HinfI digest of X. o. pv oryzae isolates hybridizing to
the avrXa10 probe (Fig. 3A), about 15—19 bands were
obtained among which the bands at 3.8 and 3 kb were
monomorphic in nature. A band at 1.8 kb was observed
for all the isolates except PXo35 (lane 5). A 3.5-kb band
was present in all isolates except IXoCI and IXoCII
(lanes 1 and 2), whereas a 1-kb band was present only in
IXoCI, IXoCII, IXoIa, IXoII, IXo2 and IXo3856 (lanes
1, 2, 6, 8, 9 and 13) and was absent in the rest of the
isolates. Another finding was that isolates IXo15 and
IXo3841 (lanes 16 and 17) and isolates IXoCI, IXo10
and IXo3814 (lanes 3, 11 and 12) showed similar pat-
terns, whereas all the rest of the patterns were indi-
vidual-specific in nature. Figure 3B shows the max-
imum number of bands in the range of 3 to 4.5 kb;
however, faint bands were observed in some isolates
above 6 kb. A 2-kb band appeared to be specific for
PXo35 (lane 5) and was absent from the other isolates.
A 2.8-kb band was present in IXoCI (lane 1) and
IXo3856 (lane 13). A 3-kb band was found in all of the
isolates except IXoIa (lane 6). Only 10—14 bands were

Fig. 3A Southern blot hybridization of Xanthomonas oryzae pv.
oryzae DNA digested with HinfI and hybridized with avrXa10.
¸anes 1—17 contain DNA as described in Fig. 3. B Southern blot
hybridization of X. oryzae pv. oryzae DNA digested with BamHI
and hybridized with avrXa10. ¸anes 1—17 contain DNA as de-
scribed in Fig. 1

present in the BamHI digest compared to the presence
of 15—19 bands in HinfI digests, which indicates that
10—14 avr genes have internal sites for HinfI. This
conclusion is also supported by the identical pattern
obtained with isolates IXo15 and IXo3841 (lanes 16
and 17) and IXo10 and IXo3814 (lanes 11—12) with
BamHI and HinfI digests. As many avirulence genes
have already been identified, and assuming the absence
of a BamHI site in these genes (Hopkins et al. 1992), it is
not surprising to detect 10—14 DNA fragments hybrid-
izing to avrXa10 in Indian X. o. pv oryzae isolates. The
presence of 13 bands in virulent strain IXo3858
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(Fig. 3B, lane 13), which shows a susceptible reaction
with all of the standard differential rice cultivars, and
10 DNA fragments in low-virulent isolates IXo3863
(lane 15), which has avrXa4 and avrXa7 (based on the
biological pathotyping data), suggest the presence of
many avirulence genes with homology to avrXa10.
This inference is based on the assumption that internal
BamHI sites are absent within these genes and that the
genes are functional.

Hybridization with repeat clone pBS101

Repetitive sequences, due to their dispersed nature and
high copy number, can detect many loci in the genome
simultaneously, as against the 1 or 2 loci that can be
detected with RFLP markers, and hence can provide
an alternative strategy for RFLP analysis of genetic
diversity among X. o. pv oryzae. pBS101 contains a
2.4-kb EcoRI-HindIII fragment from repeat clone
pJEL101. Figure 4A—C shows EcoRI-, BamHI- and
HinfI-digested X. o. pv oryzae DNA hybridized to
pBS101. Of these three enzymes, EcoRI detects the
maximum number of polymorphic bands between pairs
(Table 2). As is evident from Fig. 4A, the Philippine
isolates PXo 86 and PXo35 (lane 4 and 5) show com-
paratively more bands than the Indian isolates in the
rest of the lanes, suggesting that pBS101 can assess
fewer loci with EcoRI in Indian isolates than in Philip-
pine isolates. In cases of BamHI and HinfI (Fig. 4B and
C), the average number of bands and the pattern in
Indian as well as Philippine isolates were found to be
quite similar. However these data need to be confirmed
using more Philippine isolates before making a general
conclusion.

Analysis of DNA fingerprints

An analysis of DNA fingerprints using various probe-
enzyme combinations and fingerprint parameters is
given in Table 2. The repeat clone pBS101, when hy-
bridized with X. o. pv oryzae DNA digested with
EcoRI, was found to be highly polymorphic. The aviru-
lence gene probe showed an identical DNA fingerprint
pattern in some isolates and therefore has no potential
as a fingerprinting probe that can be used for strain
identification. However, the minisatellite probe pV47
and the microsatellite probe (TG)

10
also have a lower

probability of identical match and therefore can be

$&&&&&&&&&&&&&&&&&&&&&&&&

Fig. 4A Southern blot hybridization of Xanthomonas oryzae pv.
oryzae DNA digested with EcoRI and hybridized with pBS101.
¸anes 1—17 contain DNA as described in Fig. 1. B Southern blot
hybridization of X. oryzae pv. oryzae DNA digested with BamHI
and hybridized with pBS101. ¸anes 1—17 contain DNA as described
in Fig. 1. C Southern blot hybridization of X. oryzae pv. oryzae
DNA digested with HinfI and hybridized with pBS101. ¸anes 1—17
contain DNA as described in Fig. 1
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Table 2 Analysis of DNA finger-
prints using different probe-
enzyme combinations

Fingerprint Average Average Average Probability of
parameter no. of bands similarity no. of identical match

(n)$SD index (X
D
$SD) polymorphic by chance (X

D
)

Probe-enzyme bands between
combination pairs

pV47 with HinfI 19.5$3.7 0.55$2.1 17.7 7.6]10~6
(TG)

10
with BamHI 11.6$2.5 0.42#0.24 13.4 4.3]10~5

avrXa10 with BamHI 11.4$1.9 0.77$0.15 5.2 5.3]10~2
avrXa10 with HinfI 16.7$1.5 0.85$0.11 4.9 7.2]10~2
pBS101 with EcoRI 35.7$5.7 0.43$0.22 41.0 5.4]10~14
pBS101 with BamHI 28.8$4.0 0.56$0.2 25.4 5.5]10~8
pBS101 with HinfI 17.3$2.9 0.55$0.2 15.6 3.1]10~5

Similarity index was calculated as X
D
"

2N
AB

(N
A
#N

B
)

where N
AB

is the number of bands present in both lanes, N
A

is the total number of bands in lane A and
N

B
is the total number of bands in lane B

used as potential DNA markers for fingerprinting and
variability analysis of the pathogen population.

Methylation status

The methylation of DNA has been implicated in vari-
ous biological functions including gene regulation. In
an attempt to assess the level of methylation at both the
minisatellite and avirulence gene loci, we digested iso-
lates IXoIa, IXoIb and IXoII with methylation sensi-
tive/insensitive isoschizomers such as MspI, HpaII,
MboI, Sau3AI and DpnI. Digestion with HpaII is inhib-
ited when the internal cytosine residue in 5@-CCGG-3@
is methylated, whereas MspI is insensitive to this
methylation but sensitive to external C-methylation.
Similarly, digestion with Sau3AI is inhibited when the
cytosine residue in 5@-GATC-3@ is methylated, whereas
MboI is insensitive to C-methylation but is inhibited by
adenine methylation. DpnI digests only when the aden-
ine in 5@-GATC-3@ is methylated.

When DNAs from X. o. pv oryzae isolates were
digested with MspI and HpaII and hybridized with
minisatellite probe pV47, a band present at 0.6 kb in
the HpaII digest of IXoII was absent in the MspI digest,
indicating CpG methylation in CCGG in this fragment.
A band appeared at 0.4 kb in the MspI digest which
might have arisen from the cutting of the 0.6-kb band
observed in the HpaII digest. All of the other bands
hybridizing to pV47 that were observed in IXoII, IXoIa
and IXoIb did not show any methylation at CCGG.

Figure 5 shows X. o. pv oryzae DNA digested with
MboI, Sau3AI/DpnI and DpnI, and hybridized with
pV47. As shown in Fig. 5, many bands in the high-
molecular-weight region that were observed in MboI
digests upon hybridization to pV47 were absent in the
Sau3AI digestion in all three isolates, indicating the
presence of ‘A’ methylation in GATC. However, upon
digestion with DpnI, much less digestion was observed
in the case of IXoIa and IXoIb, whereas many bands

Fig. 5 DNA methylation patterns detected in isolates IXoIa, IXoIb
and IXoII digested with MboI. Sau3AI and DpnI and probed with
pV47.¸anes 1—3 contain IxoIa DNA digested with MboI (1), Sau3AI
(2) and DpnI (3). ¸anes 4—6 contains IXoIb DNA digested with MboI
(4), Sau3AI (5) and DpnI (6). ¸anes 7—9 contain IXoIa DNA digested
with MboI (7), Sau3AI (8) and DpnI (9). Molecular size markers (in
kb) are indicated in the left margin

were observed in IXoII, indicating more pronounced
‘A’ methylation sites in isolate IXoII than in isolates
IXoIa and IXoIb.

The methylation status of the avr genes was studied
in order to understand its relation to pathogenecity. In
the case of the avr gene probe, no differences were
observed in ‘C’ methylation in the sequence CCGG
(Data not shown). However, in the MboI-digested
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Fig. 6 DNA methylation patterns detected in isolates IXoIb, IXoII
and IXo3841 digested with MboI. MboI/DpnI and Sau3AI and
probed with avrXa10. ¸anes 1—3 contain IxoIb DNA digested with
MboI (1), MboI/DpnI (2) and Sau3AI (3). ¸anes 4—6 contains IXoII
DNA digested with MboI (4), MbgoI/DpnI (5) and Sau3AI (6). ¸anes
7—9 contain IXo3841 DNA digested with MboI (7), MboI/DpnI (8)
and Sau3AI (9)

DNA of isolates IXoIb, IXoII and IXo3841 (lanes 1,
4 and 7), as shown in Fig. 6 (X. o. pv oryzae DNA
digested with MboI, MboI/DpnI and Sau3AI and hy-
bridized with the avrXa10 probe), although many
bands are common with those observed in Sau3AI
digestion (lanes 3, 6, and 9), some additional bands are
seen in the Sau3AI digestion, indicating some amount
of C-methylation. There is a ladder-like pattern mostly
of faintly hybridizing fragments in the Sau3AI fragment
of IXoII (lane 6), indicating C-methylation in the se-
quence GATC. Secondly, all of the bands in the MboI
digest are common with those observed in the
MboI/DpnI double digests (lanes 2, 5 and 8), indicating
no ‘A’ methylation in the sequence GATC.

Discussion

The need for molecular markets for pathotyping

Biological pathotyping of X. o. pv oryzae using differen-
tial rice cultivars gives an estimate of the pathogenicity
of these isolates. However, this approach is time-
consuming and laborious and shows a change in dis-
ease resistance with changes in the rice cultivars, plant
age and environmental conditions. Moreover, the clas-
sification is based on the resistance exhibited by a rice
cultivar due to the interaction of an avr gene in the
pathogen and a Xa gene in the host. As more than 21

Xa genes have been identified, many host cultivars
have to be tested to get an accurate picture of patho-
genicity. Secondly, many unidentified Xa genes might
be present in rice cultivars. Therefore, to obtain an idea
about the overall genetic similarity among the Indian
isolates, we have used hypervariable DNA probes ca-
pable of recognizing multiple loci in addition to the
avirulence gene probe. As minisatellite sequences are
dispersed in the genome and are hypervariable in na-
ture, a single probe can detect polymorphism whereas
many single-copy or low-copy number RFLP probes
would be required for in a similar analysis. Previously
a repetitive DNA probe was successfully employed to
DNA fingerprint the rice blast fungus, Magnaporthe
grisea (Hamer et al. 1989) and Philippine isolates of X.
o. pv oryzae (Leach et al. 1992). In the present investiga-
tion, we have attempted to study the genetic variation
existing among various X. o. pv oryzae isolates in the
Indian subcontinent using different DNA markers.

Cluster analysis of Indian X. o. pv oryzae isolates
based on molecular data

Based on our hybridization data, we calculated the
similarity indices of the Indian isolates of X. o. pv
oryzae under study in pairwise combinations and con-
structed a dendrogram (Fig. 7). As shown in the de-
ndrogram, at a similarity level of 56% homology, the

Fig. 7 Dendrogram of 15 Indian strains based on the similarity
index (X

D
) of the hybridization patterns generated with probes

(TG)
10

, pV47, avrXa10 and pBS101

109



isolates clustered into five major groups. This similarity
level, however, is less than that obtained for Philippine
isolates (Leach et al. 1992). This may be due to the
highly polymorphic probes used in the present study as
well as the possibility of Indian isolates being geneti-
cally more diverse than the Philippine isolates. The first
group has a maximum number of isolates — IXoCI,
IXoCII, IXoCIII, IXoIb, IXo10 and IXo14. The second
group includes IXoIa, IXoII and IXo2 isolates, while
isolates of race II, such as IXo3856 and IXo3858, be-
long to the third group. The 2 isolates from the Philip-
pines, PXo35 and PXo86, cluster to form the fourth
group. The fifth group includes IXo3863, IXo3841 and
IXo15, whereas IXo9 is outgrouped, However, at
a 54% level of similarity only three major clusters are
formed and IXo9, which is outgrouped at the 56% level
of similarity, clusters with IXo3863, IXo3841 and
IXo15. The races represented in five clusters are as
follows: cluster 1, races Ia, Ib, and II; cluster 2, races Ia
and II; cluster 3, race II; cluster 4, race I and II Philip-
pine isolates, and cluster 5, race Ia and Ib. Most of the
isolates from a similar geographical origin were found
to be clustered together as for example, in cluster
1—IXoCI, IXoCII and IXoCIII—from the Punjab. The
2 Philippine isolates included in the present study,
PXo35 of race I and PXo86 of race II, form a separate
cluster. Thus, the dendrogram constructed based on the
probes under consideration does provide useful in-
formation.

Classification of additional strains which show a dif-
ferent RFLP pattern than the established groups can
form the basis for identifying new sources of host resist-
ance. Once the virulence of such strains with different
RFLP patterns is established by testing on differential
rice cultivars harboring the entire range of Xa genes,
they can be used to test the new rice genotypes before
their release. This will considerably reduce time and
costs and increase the reliability in choosing resistant
varieties. Further, it will enable plant breeders to utilize
multigenic resistance, which can control the spread of
new pathogenic races. Precise identification and classi-
fication of these isolates, which are more virulent than
isolates from other parts of the world, will greatly assist
in the breeding for durable resistance to bacterial be-
light in rice.

Role of methylation in pathogenicity

Our studies on the methylation status of IXoIa, IXoIb
and IXoII indicated that there was comparatively more
‘A’ and ‘C’ methylation in the GATC and CCGG
sequences respectively, in the IXoII isolate than in the
IXoIa and IXoIb isolates for loci homologous to pV47.
Similarly more ‘A’ methylation in the GATC sequence
using PV47 as a probe and more ‘C’ methylation in the
‘GATC’ sequence using avrXa10 gene as a probe were
observed in the IXoII isolate than in the IXoIa and

IXoIb isolates. As IXoII is reported to be more patho-
genic than IXoIa and IXoIb (Reddy and Reddy 1990),
the presence of more ‘A’ and ‘C’ methylation at various
loci in IXoII may be related to its pathogenicity. The
mechanism of host-pathogen interaction is very com-
plex and involves activation of several genes which are
responsible for the virulence of the pathogen (Bennet-
zen and Jones 1992). Most of these factors are revealed
at the level of transcription (Hahlbrock and Scheel
1989; Bol et al. 1990). From our data it can be
speculated that more methylation in the case of the
IXoII isolate than in the case of the IXoIa and IXoIb
isolates may inhibit the transcription of avr genes or
several other genes, resulting in the more virulent na-
ture of this isolate.
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