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ABSTRACT

Bacterial blight is one of the major constraints in rice cultivation. Breeding for durable resistance is most effective and
economical method to combat disease. In present study, four resistance genes (Xa4, xa5, xal3 and Xa21) were pyramided
into popular cv. Mahsuri and two hybrid rice parental lines, PRR78 and KMR3 using marker assisted back cross breeding.
Nine pyramid families of each background were evaluated under both artificial and natural disease conditions. Pyramids
were inoculated with sixteen Xanthomonas oryzae pv. oryzae isolates collected from different parts of India. BF16 was
highly virulent on recurrent parents with a yield loss of 23% in Mahsuri, 28% in PRR78 and 24% in KMR3. BF7 (10% loss
in Mahsuri and 13% in KMR3) and BF10 (22% in PRR78) were least virulent. Under natural condition at Maruteru, disease
showed a yield loss of 22% in Mahsuri, 28% in PRR78 and 26% in KMR3. Under both conditions, none of the pyramids
were susceptible. There were no significant differences within pyramids with respect to any character evaluated. No pyramid
was susceptible. The agronomic characters showed no significant difference between parent and pyramid. Yield and its
related characters were statistically significant between parents and pyramids (P< 0.05). The pyramids insulated a heavy
yield loss to the tune of ~28% and pyramiding of resistance genes (two dominant and two recessive) did not show any
negative effect on agronomic performance of any pyramid. These pyramids can be used directly and also as valuable source
of resistance in future breeding programs.
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INTRODUCTION

Bacterial blight (BB) caused by Xanthomonas oryzae pv. oryzae (Xoo) (Swings et al., 1990) is one of the most devastating
diseases of rice world-wide (Ou, 1985; Mew, 1987; Nino-Liu et al., 2006). It causes leaf wilting, affects rate of
photosynthesis and lead to yield losses of up to 80-100% in severe cases (Singh et al., 1997; Zai and Zhu, 1999). The disease
being systemic, effective chemical control measures are lacking (Devadath, 1989) and the concern over health hazards of
pesticides limited the utilization of chemical control agents (Guillebeau, 1998). Breeding for disease resistance is the most
important approach for its management (Sanchez et al., 2000; Singh et al., 2001; Zhang, 2005; Nino-Lui et al., 2006;
Sundaram et al., 2008; Mamgain et al., 2013). Conventional plant breeding mainly depends on phenotypic selection is time
consuming process and less efficient in multiple gene pyramiding because of dominance and epistasis effect in multiple gene
transfer (Collard and Mackill, 2008) and linkage drag (Young and Tanksley, 1989). Molecular markers have been
successfully used in selecting for resistant varieties even in the absence of pathogens (Melchinger, 1990) and to reduce the
likelihood of pathogens overcoming resistance (Yoshimura et al., 1995; Huang et al., 1997). More than 30 genes imparting
resistance to BB have been identified till now (Basavaraj et al., 2010; Bhasin et al., 2012; Natrajkumar et al., 2012).
Multiple resistance genes conferred broad spectrum and durable resistance by synergistic and complementary gene action to
a wide range of races compared to one, two and three gene combinations (Ogawa and Khush, 1988; Huang et al., 1997;
Adhikari et al., 1999; Shanti and Shenoy, 2005).

Main aim of the present study was to pyramid four BB resistance genes and to assess the agronomic characters
viz., days to 50% flowering (DFF), plant height (PH), number of tillers (NT), panicle length (PL), yield and its related
characters namely filled grains per panicle (FG/P), 1000 grain weight (GW), yield (Y) and biomass (BM), of the nine
pyramid families in the background of Mahsuri, PRR78 and KMR3.

Mahsuri is a first rain fed traditional variety of the Indian subcontinent with a significant yield advantage in the
lowfertility soils and highly desirable grain quality (Collard et al., 2008), but is highly susceptible to diseases and pests.
Hybrid rice technology is one of the feasible options to increase rice production and productivity with 20% higher yields
than inbred semi dwarf varieties (Virmani, 1996). The increased yield of rice hybrids alone does not ensure profitability to
farmers, if their grain quality is not acceptable and if they are susceptible to the diseases (Virmani and Kumar, 2004). Hybrid
vigor alone does not make rice hybrids more or less tolerant of biotic stresses than parental lines (Cohen et al., 2003; Diwan
et al., 2013). Biotic stress resistance in a rice hybrid is determined by the resistance of its parental lines. PRR78 is a fertility
restorer line having long slender grains and is one of the parents for Pusa RH10, the world’s first and only superfine grained
aromatic rice hybrid released from the Indian Agricultural Research Institute (IARI), New Delhi, India in 2001. This hybrid
has maturity in 110 days and average yield of 7,000 kg per hectare (Siddiq et al., 2009). The desirable characters of aroma,
kernel elongation, fluffiness and longer shelf life than the other hybrids have made this hybrid commercially viable. KMR3
is the best fertility restorer for hybrid rice breeding programs and the male parent of KRH2, the most popular bred non
aromatic hybrid.

A four gene combination (Xa4, xa5, xal3 and Xa21) was most stable, conferring resistance against different
isolates of the pathogen (Shanti and Shenoy, 2005). Based on these findings, Mahsuri, PRR78 and KMR3 pyramids with
four BB resistance genes (Xa4, xa5, xal3 and Xa21) were developed using marker assisted back cross breeding (MABB).
Molecular markers were used for foreground selection to pick the four target genes in homozygous condition and
conventional breeding was followed for background selection. Nine pyramid families were selected from each background.
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The nine best performing pyramid families of Mahsuri, PRR78 and KMR3, were evaluated against their parents to compare
their performance and to know the % of insulation against yield loss under disease pressure conditions inoculated with
sixteen different Xoo isolates collected from different geographical locations of India. The pyramids were also tested under
natural infection at Maruteru, West Godavari, Andhra Pradesh, India, a hotspot for bacterial leaf blight. This in turn would
also show if any yield penalty existed due to pyramiding of four resistance genes at field level.

MATERIALS AND METHODS

Experimental treatments and site:

IRBBG60, a near isogenic line in the background of IR24, carrying the four resistance genes, Xa4, xa5, xal3 and Xa21 served
as the donor for all the crosses attempted with three recurrent parents (Mahsuri, PRR78 and KMR3) and a total of nine
pyramid families with four BB resistance genes (Xa4, xa5, xal3 and Xa21) in homozygous condition in the above three
backgrounds. The recurrent parents were included as controls for susceptibility. All the pyramid families were evaluated for
the agronomic, yield and yield related characters. In addition, resistance to BB was evaluated by measuring individual lesion
length to the nearest centimetre. Malagkit Sung Song (MSS) an aromatic variety and IRBB60 were taken as controls for
resistance and cultivar Taichung Native 1(TN1) was used as control for susceptibility. Sixteen Xoo isolates designated as
BF1 to BF16 used in this study were procured from Central Rice Research Institute (CRRI), Cuttack (Table 1) and
maintained in the Barwale Foundation’s molecular biology laboratory on modified Wakimoto’s semi synthetic agar medium
(per litre: 20 g sucrose, 5 g peptone, 0.5 g calcium nitrate, 1.82 g disodium hydrogen phosphate, 0.05 g ferrous sulphate, 18 g
agar, pH 6.8-7) (Karaganilla et al., 1973). The pyramid families were evaluated in the wet season from June to October
during 2009, 2010 and 2011 at the research farm of the Barwale Foundation, located at Maharajpet, Shankarpally Mandal,
Hyderabad, Andhra Pradesh, India under artificial inoculation and at Maruteru under natural infection, India. Maharajpet
area is located at 17°24° N, 78°12° E and an altitude of 536m above mean sea level and soil of the experimental site is clay
loam. Maruteru is located at 16° 37' 60N, 81° 43' 60E and an altitude of 5m above the mean sea level. The soil type is black
alluvial clay.

Table 1. Xoo isolates used for the validation of Mahsuri, PRR78 and KMR3 pyramids provided by Central Rice Research
Institute, Cuttack, Orissa, India

Sl. No. Isolate Origin

1 BF1 Cuttack, Orissa

2 BF2 Cuttack, Orissa

3 BF3 Cuttack, Orissa

4 BF4 Raipur, Madhya Pradesh
5 BF5 Raipur, Madhya Pradesh
6 BF6 Raipur, Madhya Pradesh
7 BF7 Faizabad, Uttar Pradesh

8 BF8 Faizabad, Uttar Pradesh

9 BF9 Maruteru, Andhra Pradesh
10 BF10 Maruteru, Andhra Pradesh
11 BF11 Maruteru, Andhra Pradesh
12 BF12 Maruteru, Andhra Pradesh
13 BF13 Maruteru, Andhra Pradesh
14 BF14 Maruteru, Andhra Pradesh
15 BF15 Maruteru, Andhra Pradesh
16 BF 16 Maruteru, Andhra Pradesh

Experimental design and agronomic practices:

Each experiment was laid in a randomized complete block design with three replications under natural condition and for
each culture-strain combination under artificial condition. Twenty one day old seedlings of the recurrent parents Mahsuri,
PRR78 and KMR3, nine families each of the pyramids of Mahsuri, PRR78, KMR3, susceptible check TN1 and resistant
checks MSS and IRBB60 were transplanted with one seedling per hill and a spacing of 20 X 20 cm. Each pyramid family,
recurrent parent and checks consisted of 40 plants in four rows of 10 plants each. A spacing of 60cm was maintained
between each replication. Agronomic observations were recorded on Mahsuri, PRR78 and KMR3 parents and nine pyramid
families of Mahsuri, PRR78 and KMR3 whereas disease-related observations were recorded on the susceptible check TN1
and resistant check MSS and IRBB60 also. After transplanting, approximately 5 cm of standing water was maintained in the
fields. 120:60:60 kg/hectare NPK was applied to the experimental plots in two split applications, half of the nitrogen as a
basal dose at the time of transplantation and the rest at mid tillering stage of the crop. Regular plant protection measures
were followed to raise a healthy crop, including sprays against brown plant hopper and blast under artificial inoculation
condition. All plant protection measures were stopped fifteen days prior to inoculation studies to rule out the interactions
and masking effects of these chemicals with Xoo. All the above practices were followed at Maruteru with no plant
protection measures applied.

Screening for BB resistance:

The recurrent parents and nine pyramid families of Mahsuri, PRR78 and KMR3 were evaluated for their resistance reaction
to the BB pathogen under artificial inoculation condition with sixteen Xoo isolates at the research farm and natural infection
at Maruteru. The cultures were maintained on modified Wakimoto’s semi-synthetic medium. For long-term storage, the

53



Res. J. Biol., 2013, Volume 1, 52 - 66
ISSN: 2322-0066

cultures were maintained as 50% glycerol stocks at -20°C. 1mL of 50% (w/v) glycerol was aliquoted into 1.5ml eppendorf
tubes. In these tubes, 48h old colonies of Xoo were taken in a sterile loop under aseptic conditions, suspended and stored.
The stored cultures were revived and grown on modified Wakimoto’s medium for inoculation experiments. The specific
isolate to be used was inoculated on the susceptible cultivar TN1 and re-isolated in the lab before use in inoculation
experiments, to maintain the virulence of the isolates.

Evaluation of resistance:

Under artificial condition - Approximately forty-day-old plants were clip inoculated (Kauffman et al., 1973) at maximum
tillering stage with a pair of scissors every time dipped into the bacterial suspension prepared from 48h old actively growing
bacterial culture of each isolate grown on modified Wakimoto’s semi-synthetic agar medium with a cell density adjusted to

10° cfu (colony forming units) per ml, determined by a spectrophotometer at 620 nm (Kauffmann et al., 1973). A separate
pair of sterilized scissors was used for inoculation of each isolate of Xoo to cut top five leaves of plants in each replication.
Each test was replicated thrice. Disease reaction was recorded 15 days after inoculation. Lesion lengths were measured to the
nearest centimetre.

Under natural condition - The pyramids and checks were allowed for natural infection at Maruteru. Disease reaction was
measured 15 days after the disease started appearing. The lesion length of all the checks and pyramids was measured to the
nearest centimetre for classify the disease response.

In both the above experiments, each plant was classified as resistant (0-4 cm) and susceptible (>4 cm) based on
lesion length (Shanti et al., 2001).

DNA extraction and polymerase chain reaction:

The recurrent parents (Mahsuri, PRR78 and KMR3) and their pyramids were screened to confirm that, pyramid families
contain all the target genes in homozygous condition and to confirm that there were no off-types. Mini scale DNA isolation
for PCR analysis of the parents and pyramid families of Mahsuri, PRR78 and KMR3 was carried out following Dellaporta et
al. (1983). Three sequence-tagged-site (STS) markers Npb181, RG136 and pTA248 tightly linked to Xa4, xal3 and Xa2l
genes respectively and one simple sequence repeat (SSR) marker RM122 tightly linked to xa5 were used to confirm the
presence of each gene and the gene combinations. The PCR mixture contained 50ng of template DNA, 5picomoles of each
primer, 0.05mM dNTPs, 1X PCR buffer (10mM Tris, pH 8.4, 50mM KCI, 1.8mM MgCI2 and 0.01 mg/ml gelatin) and 1U
Taq DNA polymerase in a reaction volume of 25ul. Template DNA was initially denatured at 94°C for 5 min followed by 35
cycles of PCR amplification with the following parameters: 30 sec denaturation at 94°C, 30sec annealing at 55°C and 1min
primer extension at 72°C. A final extension was done at 72°C for 5 min. The amplified product of pTA248 and Npb181 was
electrophoretically resolved on a 1.4% and 2.5% agarose gel respectively and visualized under UV.

For the amplified products of RG136 since all the bands are monomorphic, before proceeding with digestion, 5ul
of PCR product was used for gel electrophoresis to determine the success of amplification. The remaining product was used
for restriction digestion. The reaction mixture consisted of 0.5ul (10U/ul) of restriction enzyme Hinf I, 2.0ul of 10X PCR
buffer and 2.5l of sterile distilled water added to 15ul of PCR product. The reaction mixture was incubated for 4h at 37°C
and the products of restriction digestion were separated by gel electrophoresis (1.4% agarose) and visualized under UV light
after staining with ethidium bromide (10pg/ml). For xa5, PCR was carried out using 20ng DNA as template for
amplification, Spicomoles of each primer, 0.05mM dNTPs, 1X PCR buffer, and 1U of Taq polymerase in a total volume of
15ul. Template DNA was initially denatured for 94°C for Smin followed by 35 cycles of PCR amplification with the
following parameters: 30sec denaturation at 94°C, 30sec primer annealing at 55°C and 1min primer extension at 72°C. A
final extension was done at 72°C for 5min. PCR products were resolved in 3% agarose gel.

Data collection and statistical analysis:

Data were recorded on five plants from each entry, excluding the border plants. Data were collected for disease resistance
along with the agronomic characters, viz days to 50% flowering (DFF), plant height (PH), number of tillers (NT), panicle
length (PL), yield (YY) and its related characters namely filled grains per panicle (FG/P), spikelet fertility (SF %), 1000 grain
weight (GW), biomass (BM) and harvest index (HI) was calculated. For data on inoculation studies log transformations
were applied before subjecting it to statistical analysis. Data was analyzed combined with analysis of variance (ANOVA)
using the Crop Stat Version 7.2. 2007. 3. Fisher’s protected Least Significant Difference (LSD) at 5% probability was used
where the F test was significant.

RESULTS

Marker-assisted selection for BB resistance:

Marker-assisted foreground selection for four BB resistance genes Xa4, xab, xal3 and Xa21 was carried out using their
respective tightly linked markers. F;s of each cross (Mahsuri / IRBB60, PRR78/ IRBB60 and KMR3/ IRBB60) were tested
for heterozygosity of target genes and selected true types were backcrossed to their respective recurrent parents. A total of
600 Mahsuri, 620 PRR78 and 580 KMR3, BC;F;s were produced and individuals heterozygous for all four genes were
identified based on fore ground selection with linked markers. These were backcrossed to produce BC,F; progenies which
were subjected to same selection process and the selected individuals were backcrossed to produce BC3F; progenies and the
ones with true plant type and target genes in heterozygous condition were selfed to produce BCsF, families. The BCsF,
families with true plant type and all target genes in homozygous condition were advanced to further selfing till F¢ generation.
Phenotypic selection at field level for recurrent parent type was performed at each backcross and selfing generation to
eliminate the plants with unwanted phenotype. We selected nine pyramid families at BC3Fg generation in Mahsuri, PRR78
and KMR3 backgrounds with the resistance alleles of the four BB genes in homozygous condition (Figure 1). The
individual plants of each generation were first checked for the presence of Xa21 resistance allele and the selected plants were
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checked for the presence of xa5 resistance allele. All the plants with the resistant allele of both the genes were screened for
the Xa4 gene followed by the presence of xal3 resistance allele. The parents did not have the resistance allele but had the

susceptibility allele of the four genes.
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Evaluation of BB resistance in pyramids:

Under artificial infection, there were significant differences (at 5% LSD) between isolate (), genotype (G) and I*G
interaction (Table 2) for lesion length (cm) evaluated. There was no significant difference between the seasons (S) and the
interactions between S*I, S*G and S*I*G for the lesion length. Under natural infection, there were significant differences (at
5% LSD) between genotypes (G) for lesion length (cm) evaluated. There was no significant difference between the seasons

(S) and the interactions between S*G for lesion length (Table 2).

Table 2. ANOVA results of log transformed lesion length data of Mahsuri, PRR78 and KMR3 pyramid families along with
checks under artificial and natural conditions

Treatment Genotype \S/gtrjir;eioo: d.f. F. ratio CV.% (Igf/?)
1. Season (S) 2 0.62
2. Isolate (1) 15 518.01%**
3. Genotype (G) 12 11863.92***
Mahsuri pyramids 4.5* 30 0.7 6.9 1.15
5. 1*G 180 6.4%**
6. S*G 24 1.09
7.S*I*G 360 0.93
1. Season (S) 2 0.12
2. Isolate (1) 15 08.91***
3. Genotype (G) 12 11512.65%**
Artificial condition PRR78 pyramids 4.5* 30 0.61 6.2 0.147
5. 1*G 180 14.42%**
6.S*G 24 0.97
7.S*I*G 360 0.97
1. Season (S) 2 0.14
2. Isolate (1) 15 196.20***
3. Genotype (G) 12 9442 .34***
KMR3 pyramids 4.5*%1 30 0.39 6.8 1.16
5. 1*G 180 4.45%**
6.S*G 24 0.97
7.S*I*G 360 0.63
1. Season (S) 2 0.79
L Mahsuri pyramids 2. Genotype (G) 12 4033.22*** 2.7 1.06
Natural condition 3 5°G 24 0.75
PRR78 pyramids 1. Season (S) 2 1.74 2.6 1.06
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2. Genotype (G) 12 4131.34***
3.S*G 24 1.28
1. Season (S) 2 0.95
KMR3 pyramids 2. Genotype (G) 12 2078.16*** 3.2 0.03
3. S*G 24 1.49

*** Statistically significant at 0.05 probability level by LSD test, d.f. - degrees of freedom, M.S. -Mean squares, F. ratio - Fisher ratio, C.V.
- Coefficient of variance, LSD-least significant difference at 5% level of significance

Avrtificial condition - Under inoculated condition, all the recurrent parents (Mahsuri, PRR78, and KMR3) and susceptible
control exhibited highly susceptible reaction against all the isolates, whereas all pyramids showed resistance on par with the
resistance checks across seasons. BF16 was highly virulent on all the recurrent parents, Mahsuri, PRR78 and KMR3
evaluated and the mean lesion length of 22.6cm in Mahsuri (control), 18.8cm in PRR78 (control) and 18.2cm in KMR3
(control) was recorded. The disease reaction of pyramids in all backgrounds was ranged between 1.5 and 3.0 cm. Individual
pyramids showed varying degrees of lesion lengths but no pyramid family showed a lesion length more than 3 cm, proving
that all families were resistant to all the isolates of Xoo collected from different parts of India.

Natural condition - Under natural infection, the parents were at par with the susceptible check, TN1 in terms of disease
reaction, whereas all the pyramids in Mahsuri, PRR78 and KMR3 backgrounds were on par with the resistance checks
across seasons. The average lesion length of 24.1cm in Mahsuri (control), 23.9cm in PRR78 (control) and 19.1cm in KMR3
(control) was recorded. The disease reaction of the Mahsuri, PRR78 and KMR3 four gene pyramid families ranged from 1.4
-2.8 cm. Individual pyramids showed varying degrees of lesion lengths but no pyramid family showed a lesion length more
than 3 cm.

Agronomic performance:

Under artificial infection there were significant differences (at 5% LSD) between isolate (I), genotype (G) and I*G
interaction for agronomic characters, yield and its related characters evaluated. There was no significant difference between
the seasons (S) and the interactions between S*I, S*G and S*I*G for the characters evaluated (Table 3). Under natural
infection, there were significant differences (at 5% LSD) between genotypes (G) for agronomic traits, yield and its related
characters evaluated. There was no significant difference between the seasons (S) and the interaction between S*G for the
characters evaluated (Table 3).

Under artificial condition:
Mahsuri pyramid families - Within the nine pyramid families of Mahsuri, there was no significant difference for any of the
characters evaluated against 16 isolates. There was no significant variation for the agronomic characters viz., DFF, PH, NT
and PL between parent and the pyramids across seasons (Figure 2a). Both parent and pyramid showed a DFF of 133 days,
PH of 158cm, 14 tillers per plant and a panicle length of 24cm. There were significant differences for yield and its related
characters (Table 4) at 5% LSD, between the parent and the pyramid.

Under artificial condition, the % change in yield and its related characters viz., FG/P, SF, GW, BM and HI in
recurrent parent are as shown in Figure 6a, whereas there was no reduction in these characters in any of the nine families of
the pyramids. Among all the isolates, BF16 was the highly virulent one and showed a reduction of 22% in yield of Mahsuri.

200 - @ BF1 OBF2 @ BF3 GBF4 B BF5 0 BFé O BFT OBF8 @ BF? 8 BF10 @ BF11 @BF12 5 BF13 5 BFl4 & BF15 S BFlé

2a. (150
100
50
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2h.

200 - OBFl OBR? BEBF} ODBK OB DBR BBF? BBR OBF EBFI0 BBFlI1 @BA? OBA3 DBFA4 GBRAS5 OBHAG6

2c.

RS
AR

Fig, 2. Coraparison of the raeans of different agronoric characters between recurrent parents, a. Mahsuri, b. PRR78, ¢c. KIMR3
and their respective pyrarids under artificial condition; Where, DFF-Days to 50% flowering, PH-Plant height, NT-Nurdber
of tillers and PL-Panicle length
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Table 3. Combined ANOVA results of agronomic performance of Mahsuri, PRR78 and KMR3 pyramids under artificial and
natural conditions

Source of PH PL o GW | Y/P | BM
Treatment | Genotype variation d.f. | DFF (cm) NT (cm) FG/P SF (%) @ @ @ HI (g)
1. Season (S) 2 1003|008 |011| 022 | 066 1.64 056 | 071 [091 | 052
2. Isolate (1) 15 | 039 | 052 |03 |027 | 1335 | 4q puns | 61281 1 3683 ) 3544 42.28
1203 | 3520
| 3.Genotype () | 12 | 121 | 083 | 096 |14 | g2l | SO STU 5w | e3gr | 110
Mabhsuri *%x *%x
pyramids |7 o) 30 [038 031 |03 [04 |034 1.38 0.46 0.66 | 0.44 | 0.78
Kk
5. 1*G 180 | 071 | 0.78 | 0.66 | 0.72 | 28988 | 14 ppuns | 61381 | 3358 1 3506 | 37.45
6. S*G 24 047 | 043 | 043|045 | 026 0.42 034 |047 |028 | 068
7. S*I*G 360 | 0.65 | 061 | 05907 |06 1 056 | 073 |057 |o087
1. Season (S) 2 1002 [003]01 |008]044 1.43 166 |099 |067 |094
208.83 69.3** | 36.92 | 33.12 | 44.26%*
2. Isolate (1) 15 | 026 | 027 | 028|086 | 5.0 15.41%% | 0 ol Bl
4961 | 3379
24826. | 28750.69 | 20868. 37470.2
3. Genotype (G) | 12 | 079 | 09 | 097 | 096 8.00% | 3.11*
Artificial PRR78 ype (G) 457 | e 12 1 o 2%
condition | pyramids 74 qx| 30 | 031033 (032]|03 |0.39 1.38 0.42 057 | 039 | 058
212.13 73.83* | 32.75 | 33.18 | 37.61%*
5. 1*G 180 | 0.71 | 0.66 | 0.72 | 0.65 | 5.° 15.66%** | 12 el Bl I
6. S*G 24 | 048 | 048 | 04 | 042 | 042 0.49 047 | 062 [023 |0093
7. S*I*G 360 | 0.65 | 06 | 063|057 | 061 0.98 067 |076 |054 | 0095
1. Season (S) 2 ]019 015 002|005 |03 1.61 046 | 075 [089 | 062
90.20% 22257 | 36.57 | 36.61 | 44.24%*
2. Isolate (1) 15 | 028 | 057 |119 |03 |3 10.17%%* | 4% RO Evdehantll I
2072 | 6303
3.Genotype (G) |12 |12 |09 | 102|134 | pro0) | 350441 3718 | gggx | 353x | 72749
KMR3 ** *%
pyramids "4 x| 30 | 036 | 032|035/ 034 | 032 1.37 0.32 063 | 041 |0.75
94.38* 212.72 | 33.35 | 36.29 | 39.28%*
5. 1*G 180 | 069 | 0.7 | 069 | 071 | ) 10.04%** | ©2 Nl Bl I
6. S*G 24 1047 |05 | 034|043 |029 0.38 0.5 047 | 024 | 069
7. S*I*G 360 | 0.65 | 062 | 0.63 | 0.66 | 0.6 1.06 0.6 073 | 057 |o087
1. Season (S) 2 1013|015 002|071 |025 0.66 022 |006 [017 |013
. 2462. | 3821
Mahsuri 2333.8 | 3623.79% | 2624.4 | £7°° <= | 949.01*
oyramids | 2 Genowpe (G) [12 |037 | 068 | 0.68 | 046 | giiy > o go gs o
3.S*G 24 | 058 | 049 | 046 | 057 | 041 1.43 068 | 126 |1.09 |1.72
1. Season (S) 2 1031|038 |013|001 | 018 0.12 029 |088 |[003 |1.02
Nawral | PRR78 |, ool o | oa | o | ol | 0gs | 98303 | 3419.26% | 58147 | 10 | 4292 | 66g.a2
condition pyramids - Genotype (G) ' ' ' ' wxx ** wxx - * **
3.S*G 24 1038 | 049 | 065|026 | 063 0.76 074 | 048 [035 |052
1. Season (S) 2 |012 188 |052]03 [074 0.18 2 205 | 042 | 149
1498. | 8103.
KMR3 1854.6 | 3379.96% | 3039.1 | o0 > | 314.54%
oyramids | 2 Genowpe (G) [12 | 055 | 159 | 0.66 | 057 | ;.00 > P | 52 00 >
3.S*G 24 | 1.04 | 041 | 033|046 | 074 1.04 064 |126 063 |121

*** Statistically significant at 0.05 probability level by LSD test, d.f- degrees of freedom, M.S. - Mean squares, F. ratio - Fisher ratio, DFF-
Days to 50% flowering, PH-Plant height, NT-Number of tillers/plant, PL-Panicle length, SF%- Spikelet fertility, FG/P-Filled , grains per
panicle, GW-1000 Grain weight, Y/P-Yield/plant, BM-Biomass and HI- Harvest index
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Table 4. Mean performance of yield and its related characters of the nine Mahsuri pyramid families as compared to the
parent under artificial condition

Mahsuri control

Isolate FG/P SF % GW (g) Y/P () BM (g) HI (g)
Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid
BF1 212.00 | 239.84 72.79 95.45 16.71 17.41 16.64 18.97 56.59 61.97 29.40 30.61
BF2 193.11 | 239.79 70.41 95.34 14.81 17.30 15.39 18.96 54.97 61.96 27.99 30.60
BF3 188.89 | 239.86 69.85 95.31 14.31 1741 15.15 18.94 54.67 61.94 27.72 30.58
BF4 207.11 | 239.78 72.03 95.44 16.19 17.42 16.31 18.96 56.04 61.95 29.10 30.60
BF5 198.11 | 239.90 70.81 95.36 15.31 17.42 15.69 18.94 55.30 61.94 28.37 30.58
BF6 201.89 | 239.81 71.32 95.46 15.67 17.42 16.02 18.97 55.58 61.97 28.82 30.61
BF7 215.00 | 239.78 73.15 95.42 16.84 17.42 17.05 18.97 56.90 61.97 29.96 30.61
BF8 183.22 | 239.73 69.18 95.51 13.59 17.42 15.00 18.97 54.50 62.00 27.52 30.60
BF9 182.67 | 239.78 68.90 95.39 13.41 17.41 14.91 18.95 54.37 61.97 27.42 30.59
BF10 209.67 | 238.28 72.42 94.56 16.49 17.42 16.47 18.98 56.39 61.98 29.20 30.62
BF11 199.67 | 239.85 70.99 95.47 15.39 17.42 15.84 18.97 55.46 61.98 28.56 30.62
BF12 196.22 | 239.77 70.55 95.45 15.08 1741 15.59 18.97 55.18 61.97 28.26 30.61
BF13 185.78 | 239.75 69.40 95.40 13.89 17.41 15.11 18.98 54.52 61.98 27.71 30.62
BF14 192.00 | 239.78 70.19 95.43 14.58 17.41 15.29 18.98 54.91 61.98 27.85 30.62
BF15 205.11 | 239.80 71.60 95.39 15.89 17.41 16.17 18.97 55.78 61.97 28.98 30.61
BF16 181.11 | 240.47 68.04 95.50 13.08 17.43 14.69 18.95 54.17 61.96 27.13 30.59
LSD (5%) 1.21 0.69 0.07 0.18 0.22 0.20
SE 0.44 0.25 0.03 0.07 0.08 0.07
FG/P-Filled grains per panicle, SF %- Spikelet fertility, GW-1000 Grain weight, Y/P-Yield/plant, BM-Biomass, HI- Harvest index
PRR78 pyramid families - There was no significant variation among the pyramids of PRR78 for any of the characters
evaluated. There was no significant variation for the agronomic characters viz., DFF (95 days), PH (107cm), NT (12) and PL
(27cm) between parent and the pyramids for any of the Xoo isolate (Figure 2b). There was a significant difference for the
characters FG/P, SF, GW, Y and BM between parent and pyramids for all the 16 isolates across seasons at 5% LSD (Table
5). The order of % changes in yield and its related characters like, FG/P, SF, GW, Y and BM in the recurrent parent for 16
isolates are as shown in Figure 6b. Among all, BF16 was highly virulent with a yield loss of 28%.
Table 5. Mean performance of yield and its related characters of the nine PRR78 pyramid families as compared to the parent
under artificial condition
PRR78 control
Isolate FG/P SF % GW (g) Y/P (g) BM (g) HI (g)
Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid
BF1 182.00 | 199.77 76.10 | 94.52 20.69 | 24.87 19.02 | 23.98 59.40 | 64.98 32.03 | 36.90
BF2 160.00 | 199.86 72.30 | 94.36 17.89 | 24.86 1759 | 23.94 57.82 | 64.94 30.43 | 36.87
BF3 161.78 | 199.77 72.43 | 94.50 18.31 | 24.83 17.69 | 23.98 58.02 | 64.98 30.50 | 36.90
BF4 185.00 | 199.84 76.38 | 94.52 20.88 | 24.84 19.17 | 23.97 59.59 | 64.97 32.17 | 36.89
BF5 177.00 | 199.80 75.43 | 94.45 19.98 | 24.85 18.47 | 23.97 59.13 | 64.97 31.23 | 36.89
BF6 17411 | 199.81 74.14 | 94.52 19.69 | 24.88 18.37 | 23.97 59.02 | 64.97 31.13 | 36.89
BF7 178.89 | 199.78 75.71 | 94.50 20.29 | 24.87 18.64 | 23.96 59.29 | 64.95 31.44 | 36.88
BF8 154.89 | 199.73 7171 | 94.59 17.39 | 24.87 17.34 | 23.97 57.59 | 65.00 30.10 | 36.88
BF9 156.89 | 199.77 72.20 | 94.50 17.69 | 24.86 17.48 | 23.98 57.69 | 64.98 30.31 | 36.90
BF10 187.22 | 199.78 76.80 | 94.49 21.27 | 24.88 19.29 | 23.97 59.70 | 64.97 32.32 | 36.89
BF11 171.67 | 199.84 73.82 | 94.55 19.42 | 24.88 18.20 | 23.97 58.64 | 64.98 31.04 | 36.90
BF12 168.89 | 199.90 73.39 | 94.40 19.11 | 24.88 18.08 | 23.94 58.47 | 64.94 30.93 | 36.87
BF13 153.11 | 199.78 7141 | 94.46 1721 | 24.85 17.23 | 23.95 57.39 | 64.97 30.02 | 36.87
BF14 164.22 | 199.79 72.87 | 94.40 18.49 | 24.84 17.84 | 23.96 58.17 | 64.96 30.67 | 36.88
BF15 165.89 | 199.78 73.14 | 94.52 18.76 | 24.85 17.92 | 23.97 58.31 | 64.97 30.73 | 36.90
BF16 151.11 | 199.96 71.09 | 94.65 16.93 | 24.98 17.14 | 23.94 57.27 | 64.96 29.93 | 36.85
LSD (5%) | 1.21 0.69 0.07 0.18 0.22 0.20
SE 0.44 0.25 0.03 0.07 0.08 0.07

FG/P-Filled grains per panicle, SF %- Spikelet fertility, GW-1000 Grain weight, Y/P-Yield/plant, BM-Biomass, HI- Harvest index
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KMR3 pyramid families - Within the nine families of KKR3 pyramids there was no significant difference for any of the
characters evaluated. There was no significant variation for the agronomic characters viz., DFF, PH, NT and PL between
parent and the pyramids (Figure 2c). They showed a DFF of 109 days, PH of 149cm, and 11 NT per plant and PL of 25cm.
Significant differences were observed in yield and its related characters viz., FG/P, SF, GW, BM and HI between KMR3 and
its pyramids (Table 6) across seasons. The percent change in the characters showing significant variation across the seasons
for 16 isolates is shown in Figure 6¢c. Among all, BF16 was highly virulent and showed a reduction of 24% in yield.

Table 6. Mean performance of yield and its related characters of the nine KMR3 pyramid families as compared to the parent
under artificial condition

KMR3 control
Isolate FG/P SF % GW (g) Y/P (g) BM (9) HI (g)
Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid | Parent | Pyramid
BF1 137.33 | 159.81 71.01 90.46 19.58 22.48 18.02 21.57 61.58 69.97 29.26 31.40
BF2 125.22 | 159.77 69.40 90.43 17.98 22.47 17.11 21.98 60.56 69.98 28.25 3141
BF3 124.11 | 159.73 69.16 90.51 17.65 22.47 17.01 21.97 60.47 70.00 28.13 31.39
BF4 141.78 | 159.77 72.08 90.45 20.06 22.48 18.47 21.98 62.39 69.98 29.60 31.40
BF5 135.44 | 159.84 70.80 90.48 19.28 22.48 17.82 21.97 61.46 69.98 28.99 31.40
BF6 138.78 | 159.80 71.43 90.39 19.69 22.48 18.17 21.97 61.78 69.97 29.40 31.40
BF7 144.89 | 159.76 72.70 90.44 20.49 22.48 19.02 21.97 62.90 69.97 30.25 31.40
BF8 132.89 | 159.80 70.30 90.45 19.05 22.49 17.59 21.97 61.18 69.97 28.76 31.40
BF9 122.11 | 159.79 68.82 90.45 17.14 22.48 16.91 21.92 60.37 69.98 28.00 31.40
BF10 143.56 | 159.79 72.38 90.45 20.26 22.48 18.64 21.92 62.59 69.98 29.78 31.40
BF11 140.11 | 159.78 7171 90.44 19.89 22.48 18.31 21.96 62.04 69.95 29.51 31.39
BF12 130.89 | 159.78 70.03 90.45 18.73 22.47 17.39 21.96 61.08 69.96 28.47 31.39
BF13 127.11 | 159.86 69.61 90.31 18.49 22.48 17.17 21.94 60.67 69.94 28.30 31.37
BF14 133.89 | 159.90 70.38 90.36 19.16 22.48 17.69 21.94 61.30 69.94 28.85 31.37
BF15 128.78 | 159.77 69.90 90.44 18.58 22.47 17.29 21.98 60.91 69.98 28.39 31.40
BF16 121.00 | 160.04 67.87 90.50 16.73 22.48 16.69 21.95 60.17 69.96 27.75 31.38
LSD (5%) 1.56 0.69 0.12 0.18 0.21 0.18
SE 0.56 0.25 0.04 0.07 0.08 0.06

FG/P-Filled grains per panicle, SF %-Spikelet fertility, GW-1000 Grain weight, Y/P-Yield/plant, BM-Biomass, HI- Harvest index
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Fig. 6. % change between combined means of yield and its related characters of recurrent parents, a. Mahsuri, b. PRR78,
c. KM R3 under artificial condition, Where, FG/P-Filled grains per panicle, SF %- Spikelet fertility, GW-1000 Grain
weight, Y/P-Yield/plant, BM-Biomass, HI- Harvest index
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Virulence spectrum of Xoo isolates - Sixteen Xoo isolates showed their characteristic significant virulence and affected the
yield and its related characters viz., SF%, FG/P, GW, Y/P, BM and HI in all the recurrent parents evaluated. The virulence
spectrum of isolates used in this study is showed in Figure 3 in terms of yield loss.

The ANOVA (Table 2 and 3) indicated that there was significant interaction between the isolates and genotypes.
The isolate, BF16 was highly virulent across seasons on all the recurrent parents with a yield loss ranging from 23-28% in
different genotypes. The isolates, BF7 (in Mahsuri and KMR3) and BF10 (in PRR78) are the least virulent ones in different
genotypes. BF7 caused a yield loss of 10% in Mahsuri and 13% in KMR3 whereas BF10 showed a yield loss of 20% in
PRR78. All the pyramids showed resistance and no isolate could breakdown any of the four gene pyramid across three wet
seasons in any background tested.

4 7 OBF1 OBF2 EBBF3 SBF4 OBF5 OBFé BBF? ©BFS OBF9 ©BF10 DBFIl OBF12 OBFI3 ©@BFI4 SBF15 DBF16

.l 11 it Liose

Malcuri Py PRR7S-Py KMR3-Py

Fig. 3. The virulence pattem 16 Koo isolates on the yield coraponent of Mahsuri, PRR78 and KIVIRS parents. The thin horizortal arrow denotes the less virulent
isolate and thick arrow denotes the raost virlent isolate
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Under natural condition:

Mahsuri pyramid families - There was no significant variation among the pyramids for any of the characters evaluated.
There was no significant variation in any of the agronomic characters viz., DFF, PH, NT and PL between parent and the
pyramids under disease pressure across the seasons evaluated (Figure 4a). There was significant difference in yield and its
related characters viz., FG/P, SF, GW and BM across seasons (Table 7) at 5% LSD between parent and pyramid. Under
natural infection the % reduction in yield and its related characters viz., FG/P, SF, GW, Y and BM in the parent are as shown
in Table 7. There was a reduction of 22% in yield of Mahsuri parent comparing to pyramid. Mahsuri parent showed a
reduction of 25% in FG/P, 27% in SF%, 24% in GW, 13% BM and 11% in HI.
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Fig. 4. Coraparison of the means of different agronoraic characters between a. Mahsur, b. PRR78, ¢. KIVIR3 corntrols and
their respective pyraraids under natural disease condition Where, DFF-Days to 50% flowering, PH-Plant height,
NT- Nuraber of tillers and PL-Panicle length
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PRR78 pyramid families - The recurrent parent showed significant difference comparing with pyramid in yield and its
related characters under natural infection. There was no significant difference in the agronomic characters viz., DFF, PH, NT
and PL across seasons (Figure 4b). ANOVA Table showed a significant difference at 5% LSD, between parent and pyramid
for yield and its related characters viz., FG/P, SF, GW, Y and BM across seasons (Table 3). There was no such difference
among the pyramids for any of these characters. There was a decrease of 28% yield loss across the seasons. PRR78 showed a
decrease of 24% in FG/P and SF%, 31% in GW, 13% BM and 17% in HI (Table 7).

KMR3 pyramid families - There was no significant difference within the nine families of the pyramids for any of the
characters evaluated under natural infection with BB pathogen (Table 7). There was no significant variation for agronomic
characters viz., DFF, PH, NT and PL between parent and pyramids across season’s evaluated (Figure 4c). ANOVA (Table 3)
showed a significant difference for the characters, FG/P, SF, GW, Y, BM and HI across seasons between parent and
pyramid. At 5% LSD, there was no such variation for the above characters among pyramids across seasons. In the parent
there was a reduction of 25% in FG/P, GW and Y, 24% in SF%, 15% in BM and 12% in HI which finally leads to a yield
loss of 24% (Table 7).

Table 7. Mean performance of agronomic, yield and its related characters of the nine pyramid families of Mahsuri, PRR78
and KMR3 as compared to the parent under natural condition
Mahsuri PRR78 KMR3

Genotype | FG/P | SF% | GW YP BM HI FG/P | SF% | GW | Y/P | BM HI FG/P | SF% GW Y/P BM HI

£y £y ETTY ek £y ETTY ek £y £y £y £y ek £y £y ek £y £y £y

parent 182.00 | 70.02 | 13.23 14.7 | 54.13 | 27.15 | 152.33 | 72.01 | 17.07 | 18.01 | 58.13 | 31.00 | 122.33 | 69.80 16.90 17.00 61.00 | 27.88

Pyramid 1 | 241.67 | 95.48 | 17.39 | 18.99 [ 62.02 | 30.62 | 201.67 | 95.05 | 24.93 | 25.11 | 67.02 | 37.50 | 163.00 | 91.69 22.51 22.80 72.10 | 31.65

Pyramid 2 | 241.89 | 95.24 | 17.43 | 18.96 | 61.94 | 30.61 | 201.22 | 94.98 | 24.94 | 24.99 | 67.04 | 37.30 | 163.11 | 91.56 2249 | 22.90 72.00 | 31.78

Pyramid 3 | 242.11 | 95.26 | 17.40 | 18.93 [ 61.97 | 30.55 | 200.78 | 94.44 | 24.80 | 25.14 | 67.04 | 37.50 | 163.22 | 91.50 2247 | 23.00 72.00 | 31.92

Pyramid 4 | 242.33 | 95.33 | 17.39 | 18.88 [ 61.89 | 30.51 | 201.22 | 94.69 | 24.99 | 24.89 | 66.99 | 37.20 | 163.11 | 91.26 2248 | 23.10 72.00 | 32.05

Pyramid 5 | 241.56 | 95.40 | 17.38 | 18.91 [ 61.97 | 30.52 | 200.78 | 94.91 | 24.86 | 25.03 | 67.03 | 37.30 | 163.22 | 91.30 22,50 | 23.00 72.10 | 31.86

Pyramid 6 | 242.33 | 95.57 | 17.42 | 18.91 [ 61.97 | 30.52 | 201.33 | 95.17 | 24.90 | 25.09 | 67.00 | 37.50 | 163.00 | 91.64 22.49 | 23.00 72.00 | 31.88

Pyramid 7 | 241.33 | 9545 | 17.41 | 18.97 | 61.94 | 30.63 | 201.00 | 94.78 | 24.80 | 25.07 | 67.05 | 37.40 | 163.00 | 91.92 | 22.51 | 22.80 | 72.00 | 31.66

Pyramid § | 241.89 | 95.32 | 17.42 | 18.94 [ 61.92 | 30.59 | 200.56 | 94.69 | 24.89 | 25.11 | 67.03 | 37.50 | 163.22 | 91.79 22,52 | 22.80 72.00 | 31.69

Pyramid 9 | 242.33 | 95.61 | 17.39 | 18.97 | 61.98 | 30.60 [ 200.89 | 95.06 | 24.94 | 25.04 | 67.03 | 37.40 | 163.33 | 91.38 | 22.51 | 22.80 | 72.00 | 31.66

LSD (5%) 1.99 0.67 0.13 0.14 020 | 0.18 1.29 1.13 050 | 0.27 | 0.21 | 0.38 1.09 0.78 0.16 0.240 0.19 0.34

SE 0.69 0.24 0.05 0.05 0.07 0.06 0.46 0.4 0.18 | 0.09 0.07 | 0.14 0.38 0.28 0.06 0.08 0.07 0.12
% Change between parent and pyramid

2009 24.67 26.57 | 24.17 | 22.42 | 12.61 | 11.23 | 24.07 24.07 | 31.35]27.98 | 13.07 | 17.20 | 25.20 24.13 24.90 25.70 15.30 12.19

2010 24.76 | 26.66 | 24.00 | 22.45 | 12.64 | 11.22 | 24.21 | 24.05 | 31.68 | 28.20 | 13.38 | 17.10 | 24.81 | 23.51 | 25.05 | 25.70 | 15.30 | 12.31

2011 24.90 | 26.60 |23.72 | 22.35 | 12.64 | 11.12 | 24.41 | 24.16 | 31.24 | 28.20 | 13.35 | 17.10 | 25.02 | 23.65 | 24.74 | 2590 | 15.30 | 1247

FG/P-Filled grains per panicle, SF %-Spikelet fertility, GW-1000 Grain weight, Y/P-Yield/plant, BM-Biomass, HI- Harvest index

DISCUSSION

The main aim of the present study was to pyramid four BB resistance genes (viz., Xa4, xa5, xal3 and Xa21) into the popular
cv. Mahsuri and two hybrid rice parental lines, PRR78 and KMR3 and to evaluate their nine best performing pyramid
families with Xa4, xa5, xal3 and Xa21 genes in homozygous condition for agronomic, yield and its related characters along
with disease resistance both under artificial and natural conditions across seasons. Marker assisted back cross breeding with
the tightly linked markers in conjunction with phenotypic selection at field level has made it possible to pyramid four BB
resistance genes simultaneously into multiple backgrounds. Marker assisted back cross breeding for BB resistance has been
successfully utilized in several studies (Huang et al., 1997; Hittalmani et al., 2000; Sanchez et al., 2000; Narayanan et al.,
2004; Perez et al., 2008; Perumalsamy et al., 2010).

The disease causes leaf wilting, affects photosynthesis, rate of seed setting and reduces grain weight (Ou, 1985). It
also affects the grain quality. Hybrid rice production faces more severe problem with bacterial blight as it needs to cut the
flag leaves of the primary tillers of ‘A’ and ‘R’ lines at booting stage to facilitate pollination, which paves a way for
pathogen entry.

The pyramid families in the background of Mahsuri, PRR78 and KMR3 were on par with their respective parents
in agronomic performance and also exhibited a high level of resistance against BB by insulating the yield losses due to this
disease both under artificial and natural conditions. Phenotypic selection was done very critically to retain all the characters
of the recurrent parent as much as possible. Studies conducted earlier have shown similar results with other genotypes and
different races of the pathogen (Singh et al., 2001; Joseph et al., 2004; Sundaram et al., 2008; Basavaraj et al., 2010;
Salgotra et al., 2012; Suh et al., 2013).

Screening disease resistance under natural infection alone is not a feasible option due to seasonal variation and the
absence of adequate inoculums to initiate uniform disease reaction. Artificial inoculation simulating natural environment
under controlled field conditions minimizes such problems and generates larger variations in disease severity.
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Under artificial condition the parents showed a high degree of disease incidence on par with the susceptible check
and all the pyramids showed a lesion length of 1.5 to 3cm on par with the resistant check (Figure 5). There were significant
differences in characters like FG/P, SF and GW in the recurrent parents against all the sixteen isolates (Table 3). One isolate
designated as BF16 showed high virulence comparing to other isolates in all the three parents across the seasons causing
highest yield loss of up to 23 to 28% (Figure 3). BF7 (in Mahsuri and KMR3) and BF10 (in PRR78) showed least virulence
across the seasons. BF7 caused a yield loss of 10% in Mahsuri parent and 13% in KMR3 parent, whereas BF10 showed a
yield loss of 20% in PRR78 parent.

The isolate BF16 affected yield and its related characters heavily in all the recurrent parents. The mean
performance of the Mahsuri parent across seasons inoculated with BF16 showed 181 FG/P, 68% SF%, 13gm 1000GW,
15gm/plant Y, 54gm BM and 27gm HI (Table 4), whereas the pyramid showed 240 FG/P, 96% SF%, 17gm 1000GW,
19gm/plant Y, 62gm BM and 31gm HI. The mean performance of the PRR78 parent across seasons with BF16 was, 151
FG/P, 71% SF%, 17gm 1000 GW and Y, 57gm BM and 30gm HI under diseased condition (Table 5) whereas the pyramid
showed 200 FG/P, 95% SF%, 25gm 1000GW, 24gm/plant Y, 65gm BM and 37gm HI and in case of KMR3 parent with
BF16 it was 121 FG/P, 68% SF%, 17gm 1000GW and Y, 60gm BM and 28gm of HI across the seasons and its pyramid
showed 160FG/P, 91% SF%, 22gm 1000GW and Y, 70gm BM and 31gm HI (Table 6).

O BFT 0O BF10 2 BF1 © BF4 0 BF15 21 BF6 @ BF11 = BF5S & BF12 0 BF2 O BF14 ® BF3 2 BF13 0 BF8 © BF? & BF16
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Fig. 5. Lesion length of recurrent parents, a. IMahswri, b. PRR78, c. KIMIR3, along with their respective pyrarads and checks
under artificial condition

Results have shown that pyramids have yielded 23% in Mahsuri, 28% in PRR78 and 24% in KMR3 backgrounds
more than their respective parents under artificial disease pressure with highly virulent isolate BF16 across seasons. The
agronomic characters viz. days to fifty percent flowering, plant height, number of tillers and panicle length did not show any
significant differences with any of the challenged isolate in any of the parents tested (Table 3).

The studies conducted in Eastern India have shown that the gene combinations Xa4+xa5, xa5+Xa21 and Xa4 + xa5
+ Xa21 conferred a broad spectrum of resistance (Shanti et al., 2001). Two gene combinations confer a less degree of
resistance than the three gene combinations and so use of three gene combinations was the most feasible option. Over the
years there were reports on xab+xal3+Xa21 being a suitable gene combination for different locations in India and popular
varieties were pyramided with this combination (Singh et al., 2003 and Sundaram et al., 2008). Earlier results (Shanti and
Shenoy, 2005) and AICRIP trials (Directorate of Rice Research, 2006a) have shown that there was a breakdown of
resistance in some of the test locations. The pathogen population being highly dynamic, apparently co-evolves with the host
and novel strains arise which lead to the breakdown of resistance of the pyramids. Hence, there is an urgent need to
understand the contemporary pathogen population and the effective resistance genes.

The four gene combination of Xa4, xa5, xal3 and Xa21 is the most effective in combating the pathogen population
(Shanti and Shenoy, 2005). Resistance conferred is due to the complementary action of the resistance genes. This
corroborates to the earlier reports showing that multiple genes have higher levels of resistance as compared to those with
single genes (Yoshimura et al., 1996; Huang et al., 1997; Shanti et al., 2001 and Sundaram et al., 2008). Multiple genes
have an additive effect on overall levels of resistance.
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The pyramid families of Mahsuri, PRR78 and KMR3 along with their respective recurrent parents and checks were
also subjected to natural disease pressure in Maruteru in Andhra Pradesh, India during wet seasons of 2009, 2010 and 2011.
It is a hotspot for BB with a very high incidence of BB with a location severity index as high as 8.6 (Directorate of Rice
Research, 2006b). Natural infection results in typical disease symptoms. It also showed same result as under artificial
infection. The pyramids showed resistance on par with donor and resistance check whereas recurrent parents were highly
susceptible. Mahsuri and PRR78 parents showed a lesion length of 24cm (Figure 7a and b) and KMR3 showed 19cm (Figure
7¢). No pyramid showed susceptible reaction and lesion length of 1.5 cm to 2.8cm not exceeding 3cm.

OMahsuri OPy-1 MPy2 BPy-3 BPy4 HPy5 ©@Py6 @Py.7 @Py8 MPy-9 MIRBB60 OMSS @TNI

2010

B Py42 Py-58 Py-68 Py-7T83

2010 2011

Fig.7. Lesion length of recurrent parents, a. Ivlahsuri, b. PRR78, ¢. KIVIRS along with their respective pyraraids and checks under
natural condition

The agronomic characters viz., days to 50% flowering, plant height, number of tillers and panicle length did not
show any significant difference between the recurrent parents and pyramids of Mahsuri, PRR78 and KMR3 under natural
condition (Table 3) across seasons. Yield and its related characters viz., FG/P, SF%, GW, BM and HI showed significant
difference between the parents and pyramids across seasons. Mahsuri parent showed 182 FG/P, 70% SF%, 13g 1000GW,
15gm/plant Y, 54 g BM and 27 g HI (Table 7), PRR78 parent showed 152 FG/P, 72% SF%, 17 g 1000GW, 18gm/plant Y,
58 g BM and 31 g HI (Table 7) and KMR3 parent showed 122 FG/P, 70% SF%, 17 g 1000GW and Y, 61 g BM and 28 g of
HI (Table 7). Under natural infection no pyramid showed significant difference in the agronomic, yield and its related
characters. There was a yield reduction of 22% in Mahsuri parent, 28% in PRR78 parent and 26% in KMR3 parent
comparing to their respective pyramids.

Environmental conditions also play an important role in phenotyping and agronomic performance (Garrett et al.,
2006). During the experimental period, across the three seasons, the environmental conditions were measured both under
artificial field condition at Barwale Foundation research farm and also natural condition at Maruteru (Figure 8). The
interaction between season, treatment and genotype has no effect on yield loss due to the disease under both the
environments.

The pyramid families in the backgrounds of Mahsuri, PRR78 and KMR3 under artificial condition have shown
that there was varying degrees of resistance to a very diverse set of Xoo isolates but none of the isolates could breakdown the
resistance in any of pyramid families. Pyramids were also highly resistant under natural condition. Earlier studies
(Bharatkumar et al., 2008; Prasad et al., 2013) and the present study prove that the four gene combination is the most
effective in combating the dynamic pathogen population.

This study shows the stable performance of the four gene pyramids across the locations and seasons. All the
pyramids could show the broad spectrum resistance with synergistic effect on multiple Xoo isolates across seasons. These
pyramids are insulating against yield loss to the tune of 25-30%, which goes a long way in reducing yield losses, thereby
increasing the rice production. There was no yield loss among the pyramids for any of the isolate inoculated. This study has
also indicated that incorporation of four genes has not led to any penalty on the yield since the parent and pyramids showed
same average yield under control condition.
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CONCLUSION
From the present experiment it is evident that the four gene pyramid in multiple backgrounds could combat the Xoo
pathogen effectively without any yield penalty and also showed no negative effect on the agronomic performance of any
pyramid. These pyramids can be used directly in the breeding programs or as potential donors of bacterial blight resistance
in future breeding programs. The evolution of Xoo pathogen is a dynamic process. In future the new race/s may defeat this
four gene combination. So, the study of pathogen population structure is a continuous process to know the correct gene
combination effective against new race and that gene combination to be pyramided to the susceptible lines.
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