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Abstract Bacteria blight (BB) of rice caused by Xan-
thomonas oryzae pv. oryzae (Xoo) is a major disease of
rice in several countries. Three BB resistance genes, xab,
xal3 and Xa21, were pyramided into cv. PR106, which
is widely grown in Punjab, India, using marker-assisted
selection. Lines of PR106 with pyramided genes were
evaluated after inoculation with 17 isolates of the patho-
gen from the Punjab and six races of Xoo from the Phil-
ippines. Genes in combinations were found to provide
high levels of resistance to the predominant Xoo isolates
from the Punjab and six races from the Philippines.
Lines of PR106 with two and three BB resistance genes
were also evaluated under natural conditions at 31 sites
in commercial fields. The combination of genes provided
a wider spectrum of resistance to the pathogen popula-
tion prevalent in the region; Xa21 was the most effective,
followed by xa5. Resistance gene xal3 was the least ef-
fective against Xoo. Only 1 of the BB isolates, PX04,
was virulent on the line carrying Xa21 but avirulent on
the lines having xa5 and xal3 genes in combination with
Xazl.

Keywords Rice - Resistance gene - Bacterial blight -
Xanthomonas oryzae pv. oryzae - MAS - Pyramiding

Communicated by B.S. Gill

S. Singh ([]) - J.S. Sidhu - Y. Vikal - H.S. Dhaliwal
Biotechnology Center, Punjab Agricultural University,
Ludhiana, Punjab, India

e-mail: sanandpuri @hotmail.com

Fax: +1 785-532-6167

N.Huang - Z.Li - D.S. Brar - G.S. Khush
International Rice Research Institute, Manila, Philippines

Present address:

S. Singh, Department of Plant Pathology,

4307 Throckmorton Hall Plant Science Center,
Kansas State University, Manhattan, KS 66506, USA

Introduction

Bacterial blight (BB), caused by Xanthomonas oryzae
pv. oryzae (Xo0) is one of the most destructive diseases
active in the major rice growing countries of Asia. In the
northern plains of India, including the State of Punjab,
the disease is a serious problem, as rice is grown under
irrigated and high fertilizer input conditions that are con-
ducive to disease development. In severe epidemics,
yield losses ranging from 20% to 40% have been report-
ed (Sonti 1998). Breeding for disease resistance is the
most effective and economical method for control of BB
that has a neutral impact on the environment. Several
germplasm donors carrying diverse genes for BB-resis-
tance have been used to develop BB resistant varieties
(Khush et al. 1989). So far, 14 dominant [Xal, Xa2, Xa3,
Xad, Xa7, Xal0, Xall, Xal2, Xal4, Xal6, Xal7, Xals,
Xa2l and Xa22 (t)] and six recessive (xab, xa8, xal3,
xal5, xal9 and xa20) resistance genes for BB have been
identified (Khush and Kinoshita 1991; Kinoshita 1995;
Linetal. 1996).

Large-scale and long-term cultivation of varieties
with single genes may enable the pathogen to overcome
BB resistance. However, this can be delayed by pyra-
miding multiple resistance genes into rice cultivars. The
probability of simultaneous pathogen mutation for viru-
lence to 2 or more effective genes is much lower than for
a single gene. Gene pyramiding is difficult using con-
ventional breeding methods due to the dominance and
epistasis effects of genes governing disease resistance.
Moreover, genes with similar reactions to 2 or more rac-
es are difficult to identify and transfer through conven-
tional approaches. However, the availability of molecu-
lar markers closely linked with each of the resistance
genes makes the identification of plants with 2 and three
genes possible.

The dominant expression of molecular markers linked
to the resistance genes can be used to follow all the pos-
sible resistance genes in any breeding program. Marker-
assisted selection (MAS) offers unique advantages to
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overcome some of these limitations. Of the 20 resistance
genes, sequence tagged site (STS) markers are available
for xab, xal3 and Xa21 (Huang et al. 1997; Chunwongse
et a. 1993).

We report here the successful pyramiding of 3 BB re-
sistance genes, xab, xal3 and Xa21, through MAS in a
high-yielding but BB-susceptible rice cultivar, PR106.
The results demonstrate on increased and wide-spectrum
resistance to the pathogen populations from Punjab and
to the Philippine races of Xoo in PR106 lines having pyr-
amided genes.

Materials and methods

Plant materials

The materials comprised of three isogenic lines, IRBB5 (xa5),
IRBB13 (xal3), IRBB21 (Xa2l), and a line IRBB62 with &l
three genes in the background of IR24. These lines, including
PR106, were grown at the Punjab Agricultural University (PAU),
Ludhiana, India and the International Rice Research Institute
(IRRI), Philippines. Crosses were made between PR106, (a high-
yielding, BB-susceptible cultivar) and IRBB62, which carries
3 BB resistance genes. F; plants were backcrossed with PR106.
Starting from the BC;F; onward, polymerase chain reaction
(PCR)-based molecular markers linked to xa5, xal3 and Xa2l
were used to select plants with resistance alleles. A similar strate-
gy was used in the BC,F; to obtain BC,F, populations from which
lines with pyramided genes were selected. The BC,F, plants were
selfed and backcrossed again with PR106. The BC,F; lines having
2 and 3 homozygous genes for resistance to BB were identified on
the basis of molecular marker analysis and inoculated with BB
isolates/races to determine disease reaction.

Bacterial cultures

Seventeen isolates of Xoo, prevalent in Punjab and six races from
the Philippines were isolated, multiplied and maintained on pep-
tone sucrose agar (PSA) at 28°C. These isolates were preserved in
glycerol at =70°C.

Pathotype analysis

Plants selected on the basis of molecular marker analysis from the
BC,F,, BC,F, and BC,F; generations were inoculated with 4
of the most predominant Xoo isolates from Punjab and six races
of the pathogen from the Philippines. Disease reaction was scored
16 days after inoculation by measuring lesion length (Kauffman
et a. 1973).

Forty-day-old plants of the PR106 carrying resistance genes
(xab, xal3 and Xa21) individualy and in combinations, along
with the control, were inoculated with 17 isolates of Xoo prevalent
in Punjab State using a bacterial suspension of 109 cells/ml
(Kauffman et al. 1973). An average of five leaves per plant were
inoculated with each isolate-genotype combination and replicated
three times.

DNA isolation and PCR amplification

Miniscale DNA isolation for PCR analysis of the parents and
backcross progenies was carried out following the procedure de-
scribed by Dellaporta et a. (1993). Three STS markers, RG556,
RG136 and pTA248, tightly linked to resistance genes xa5, xal3
and Xa21, respectively, were used to confirm the presence of each
gene and the different combinations.

The PCR reaction mixture contained 50 ng template DNA,
50 ng of each primer, 0.05 mM dNTPs, 1x PCR buffer (10 mM TRis,
pH 8.4, 50 mM KCl, 1.8 mM MgCl2 and 0.01 mg/ml gelatin) and
1 U Taq DNA polymerase in a volume of 20 ul. Template DNA
was initially denatured at 94°C for 5 min followed by 30 cycles of
PCR amplification with the following parameters: a 30-s denatur-
ation at 94°C, a 30-s primer annealing at 55°C and 1 min of prim-
er extension at 72°C. The amplified product was electrophoretical -
ly resolved on a 1% agarose gel in 1x TAE buffer. Initialy, 5
of PCR product was used for gel electrophoresis to determine
whether PCR amplification was successful. The remaining PCR
product was used for restriction digests. The reaction mixture con-
sisted of 3.2 pl sterile distilled water, 1.5 pl restriction buffer
(10x), 0.3 W restriction enzyme (10 units/yl) and 15 pl of PCR
product. Incubation of the reaction mixture varied from 2 h to
overnight at 37°C. The DNA fragments produced by restriction
were separated by gel electrophoresis (1.5% agarose) and visual-
ized under UV light after staining with ethidium bromide.

Backcross progenies were analyzed and classified for markers
representing one, two and three gene combinations. The plants ho-
mozygous for al 3 genes, each of the individual genes and various
combinations of two were identified and inoculated with the iso-
lates from the Punjab and the Philippines races of BB pathogen.

Field evaluation of pyramided lines of PR106

Homozygous lines with a single resistance gene and the different
combinations were evaluated in commercia fields during 1999.
These lines and susceptible parent PR106 were planted in four
rows in nine districts of the Punjab State covering 31 sites. The
presence of BB was observed in 8 sites, and disease incidence was
recorded under natural field conditions during the crop season
following the Kauffman et al. (1973) technique.

Results and discussion
Pyramiding of BB resistance genes through MAS

Twelve F; plants were obtained from the cross of cv.
PR106 with IRBB62 having 3 BB resistance genes, xab,
xal3 and Xa21. When tested against Xoo isolates preva-
lent in the Punjab, lesion length in these F, individuals
ranged from 0.2 to 1.0 cm compared with 20-28 cm in
the recurrent parent PR106. Molecular markers linked to
resistance genes were confirmed in the F; and 6 plants
were backcrossed with PR106, which resulted in 84
BC,F, seeds. Fifty-one BC,F; plants were analyzed with
three STS markers. Twenty-one plants were identified as
having an allele of 1 or more of the 3 resistance genes on
the basis of molecular analysis. Three plants having all 3
resistance gene loci were identified and selfed. A total
of 180 BC;F, plants were screened for resistance gene
aleles through molecular marker analysis. Five plants
with aleles of all 3-resistance genes were backcrossed
with PR106.

Three hundred and twenty-three BC,F; progenies ob-
tained from 5 different plants were analyzed with STS
markers; 156 plants heterozygous for aleles (Xa21xa21+
Xal3xal3+Xabxab) of the 3 resistance genes were iden-
tified. Plants with alleles of all 3 genes that were similar
to PR106 were used for further backcrossing and selfing.
Two hundred twenty-five BC,F, plants were analyzed
with STS markers, and plants homozygous for the aleles
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Fig. 1 PCR analysis of the parental lines and BC,F, plants. DNA
amplified with primers RG556 (digested with Dral) and RG136
(digested with Hinfl) were linked with resistance genes xa5 and
xal3, respectively. DNA amplified using the pTA248 primers
were linked with resistance gene Xa21. For xa5, BC,F, plants with
the resistance gene are shown in lanes 1-8, 10, 12, 13, 18, 20 and
21; for xal3, resistant plants are shown in lanes 2, 3, 5, 6, 11, 12,
17, 20 and 21; for Xa21, the resistant plants are shown in lanes
1-5, 8-10, 13, 17, 18 and 20. Lane MDNA marker. Lanes without
bands did not amplify PCR product
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Fig. 2 PR106 lines, homozygous for BB resistance genes xab,
xal3 and Xa21 individually and in combinations were confirmed
in BC,F; progenies. Arrows indicate polymorphic bands that are
linked to each respective resistance gene
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of al resistance genes, each of the individual genes and
various combinations of two were identified. One plant
homozygous for the alleles of all resistance genes was
detected. Fifty plants with homozygous resistance for
xabxa5 and 44 for xal3xal3 were identified, whereas
60 were homozygous resistant for Xa21Xa21. Figure 1
shows plant numbers 2, 3, 5 and 20 having aleles for re-
sistance genes xab, xal3 and Xa21. Plant numbers 6, 12,
and 21 carry resistance alleles for xa5 and xal3, whereas
plants 1, 4, 8, 10, 13 and 18 carry aleles for resistance
genes xa5 and Xa2l. Plant number 17 has resistance
alleles for genes xal3 and Xa21l.

Reaction to the bacterial blight pathogen

The PR106 lines homozygous for each of the individual
genes and those having different combinations were con-
firmed in the BC,F; progenies (Fig. 2) using STS mark-
ers linked to resistance genes and inoculation with the 17
isolates of Xoo prevalent in Punjab. The results indicated
that the genes in combinations were more effective
against the pathogen than a single gene (Table 1). Resis-
tance gene Xa21 was effective against 16 of the isolates
from Punjab used in this study. However, isolate PX04
produced a lesion length of 7.50 cm on lines carrying the
Xa2l resistance gene in a PR106 genetic background
(Table 1). Resistance gene xal3 was effective against 6
isolates (PXo7, PXo8, PXoll, PXol4, PXol5 and
PX016), whereas a line with gene xa5 was resistant to 14
isolates. Based on our results, we can infer that, taken in-
dividually, Xa21 was the most effective gene, followed
by xa5 and that gene xal3 was the least effective. Isolate
PXo04 was avirulent on lines carrying Xa2l in combina-
tion with resistance genes xa5 and xal3, on which it is
otherwise virulent. All four combinations of resistance
genes (xab+xal3, xab+Xa2l, xal3+Xa2l and xa5+
xal3+Xa2l) provided resistance to all Xoo isolates from
the Punjab (Table 1).

Homozygous PR106 lines carrying genes xa5, xal3,
and Xa21 individually and in combinations were also in-
oculated with 4 isolates of Xoo widely prevalent in the
Punjab and six races of the pathogen from the Philip-
pines (Table 2). All combinations of genes were effective
against the Xoo isolates of the Punjab and all six races
from the Philippines. Resistance gene Xa21 was effec-
tive against predominant BB isolates from the Punjab
and Xoo races of the Philippines used in this study. Gene
xal3 was effective against race 6 of the Philippines and
isolates 3 and 4 from the Punjab, whereas the line with
gene xab was resistant to five BB races (1-5) of the Phil-
ippines and 2 isolates (1 and 2) prevalent in the Punjab.

When different genes are combined, the resistance ap-
pears to be more durable. For example, combining the
resistance genes Xa4 and xa5 or xa5 and Xal0 provided
a higher level of resistance to Xoo than is found in the
sum of the individual genes at the parenta level
(Yoshimura et al. 1995). Similarly, the combination of
resistance genes Lrl6 and Lrl3 are reported to give
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Table 1 Lesion lengthain centimeters on PR106 lines carrying gene(s) individually and in combinations, after inoculation with isolates
of Xanthomonas oryzae pv. oryzae from the Punjab, India

Disease reaction to Xoo isolates from Punjab (cm)

Isolate PR106 xab xal3 Xa2l Xxab+xal3 Xab+ Xa2l xal3+Xa2l xab+xal3+Xa2l
PXol 15.0+0.76 450+0.30 15.00+0.11 2.67+0.25 3.83+0.82 1.47+0.00 2.00+0.50 0.60+0.20
PXo02 18.66+0.20 3.53+0.0 11.00+0.25 0.97+0.45 2.83+0.55 1.00+0.10 0.62+0.24 0.20+0.80
PXo03 22.5+0.50 4.65+0.38 11.67+0.50 2.5+0.26 3.52+0.76 2.55+0.90 1.25+0.82 1.50+0.29
PXo4 24.7+£0.43 14.57+0.25  20.28+0.45 7.50+0.78 4.22+0.00 2.25+0.55 3.45+0.00 1.67+0.52
PXo05 23.83+0.56 3.90+0.10 7.95+0.46 1.86+0.00 3.50+0.00 1.25+0.45 1.52+0.29 0.10+£0.22
PX 06 18.2+0.20 8.00+0.60  18.25+0.12 1.55+0.00 4.60+0.85 1.86+0.95 0.32+0.96 0.70+0.75
PXo7 21.8+0.44 0.00+0.10 2.98+0.55 1.45+0.28 3.15+0.13 1.12+0.76 1.50+0.25 0.25+0.09

PXo8 11.33+0.66  18.00+0.25 4.98+0.06 2.65+0.12 4.27+0.12 2.56x0.62 1.97+0.00 1.24+0.20
PX09 15.13+0.24 3.43+0.00 12.00+0.23 0.40+0.95 3.75+0.29 0.67+1.04 1.60+£0.85 0.52+0.45
PX010 12.33+0.17 4.83+0.15  26.00+0.23 1.25+0.41 4.00+0.65 0.70+0.25 1.00+£0.12 0.67+0.08
PXol1 15.0+0.0 3.98+0.22 2.55+0.05 0.20+0.80 3.00+0.98 0.10+0.53 0.88+0.25 0.10+0.65
PXo012 15.6+0.60 3.55+0.15 8.55+0.00 1.27+0.20 3.24+0.56 1.47+0.00 1.10+0.11 0.37+0.28
PX013 15.46+0.24 3.17£0.25 18.67+0.07 0.67+0.64 3.88+0.34 1.60+0.30 0.25+0.10 0.35+0.64
PXo14 26.33+0.88 4.89+0.12 3.00+0.40 1.50+0.08 2.85+0.92 0.84+0.78 0.15+0.66 0.25+0.98
PXo015 15.36+0.18 3.75+0.00 4.75+0.24 0.88+0.95 3.98+0.54 0.55+0.00 1.00+0.00 0.20+0.12
PX016 14.63+0.31 4.33+0.00 2.57+0.34 0.15+0.76 2.35+0.00 0.89+0.17 0.45+0.54 0.33+0.00
PXol17 21.13+0.85 8.03£0.21 6.67+0.45 1.40+0.10 4.33+0.66 1.50+1.90 1.23+0.11 0.55+0.80

a Mean+standard error

Table 2 Lesion length in centimeters on PR106 lines carrying the xa5, xal3, and Xa21 genes singly and in combinations after inocula-
tion with bacterial blight isolates from the Punjab and Philippines

Lesion length (cm)a

BB resistant gene(s) Xoo isolates (Punjab) Xoo races (Philippines)
1 2 3 4 1 2 3 4 5 6

PR106+xa5 35 4.8 12.8 75 22 3.0 35 4.0 3.0 85
PR106+xal3 55 14.0 2.0 4.0 9.5 13.3 8.8 13.6 6.5 21
PR106+Xa21 0.5 25 25 1.0 0.2 0.8 0.4 0.9 0.7 12
PR106+xa5+xal3 25 4.0 4.0 3.0 12 15 16 6.0 4.0 20
PR106+xa5+ Xa21 0.4 15 2.0 0.8 0.2 0.6 0.4 0.5 0.6 14
PR106+xal3+Xa21 05 2.6 0.3 0.5 0.3 1.6 1.6 0.8 0.6 0.4
PR106+xa5+xal3+ Xa21l 0.2 0.4 0.5 0.2 0.1 0.4 0.4 0.6 0.2 13
PR106 10.5 25.0 21.0 16.0 225 18.2 20.0 21.0 14.0 24.0

al esion length is an average of three replications

Table 3 Disease incidence of bacterial blight on PR106 lines carrying the xa5, xal3, and Xa21 resistance gene(s) in commercial fields
during 1999

BB score2 at different sitesP

Line Ludhiana Jallandhar Ferozepur Sangrur
| I 11 I\ | I | |
PR106 6 5 6 7 5 4 6 3
PR106+xa5 5 6 6 7 5 4 6 3
PR106+xal3 3 3 6 6 4 4 5 0
PR106+Xa21 2 0 3 3 0 2 3 0
PR106+xa5+xal3 0 0 3 4 3 0 5 0
PR106+xa5+Xa21 0 0 1 0 0 0 1 0
PR106+xal3+Xa21 0 0 1 0 0 0 0 0
PR106+xa5+xal3+Xa2l 0 0 1 0 3 0 0 0

aQ, Immune; 1-3, resistant; more than 3, susceptible
b Numeral indicates sites; i.e. BB was observed at four sites in the Ludhiana, 2 in Jallandhar and one each in Ferozepur and Sangrur



reliable control for the leaf rust pathogen in wheat
(Samborski and Dick 1982; Long et al. 1993).

Accumulating major genes for resistance in an €lite
genotype by conventional breeding is laborious and
time-consuming when one or more of the genes are ef-
fective against al known isolates of the pathogen. We
observed that two- and three-gene combinations provid-
ed resistance against isolates of Xoo prevalent in the
Punjab. Isolated lines carrying different genes in a ho-
mozygous condition in a PR106 background have been
advanced for multi-location evaluation. Advanced lines
with resistance gene combinations have practical breed-
ing value by providing a wider spectrum of resistance
against most of the existing isolates of BB in the region
and will have a high impact on yield stability and
sustainability of rice crop in the region.

Evaluation of PR106 lines with pyramided genes
for resistance to the BB pathogen in commercial fields

BC,F, progenies were evaluated in commercial fields
against the pathogen populations prevalent in the region
during 1999. PR106 lines carrying individual genes and
a pyramid combination of the genes were grown in four
rows in nine districts of Punjab State covering 31 sites.
Disease was observed at 8 of the sites covering the
districts of Ludhiana, Sangrur, Jallandhar and Ferozpur
(Table 3). Gene Xa2l was the most effective single gene
against the naturally prevalent pathogen population in
the region. The BB score at different sites on PR106
lines having different resistance gene(s) combinations
varied, indicating the diversity of the Xoo population in
the state (Table 3).

Bacterial blight was observed in only one of
the PR106 lines carrying the xa5+xal3 genes in the
Ludhiana and Ferozpur districts, which indicates the
prevalence of a highly virulent isolate (Table 3). Howev-
er, the combination of Xa2l with other genes will be
more desirable for effective control of BB. Multi-loca-
tion testing of different gene combinations and monitor-
ing the population of the pathogen over several crop cy-
cles will be useful in identifying durable resistance in
rice against the BB pathogen.
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