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Abstract: This experiment was conducted to genotypically and phenotypically select new rice
lines pyramided with blast and bacterial leaf blight disease resistance genes after a marker-assisted
backcross breeding programme. The inter-relationship among agro-morphological characteristics and
their effect on yield was also studied. The polymorphic functional and microsatellite markers Xa21FR
and pTA248 (Xa21), Xa13prom (xa13), RM21 (xa5), MP (Xa4), RM6836 (Pi2, Pi9 & Piz) and RM8225 (Piz)
were first confirmed for the target genes. The selected markers were used for foreground selection of
BC2F2 homozygous progenies with the target genes. Plants that had homozygous IRBB60 alleles for
these markers were evaluated for their recovery of the recurrent parent genome. IRBB60 was used as
the donor parent for bacterial blight resistance genes while Putra-1 served as a recipient/recurrent
parent with background blast-resistance genes and high yield. After the foreground selection,
79 polymorphic simple sequence repeat markers identified from the marker polymorphism survey
were used for marker-assisted background selection to determine the percentage recovery of the
recurrent parent genome. In order to make a selection on a phenotypic basis, 14 agro-morphological
traits were measured and recorded. The result obtained from the study showed that 16 lines received
the seven resistance genes in sufficiently varied numbers and were selected. The distribution of yield
per hectare showed that about 50% of the selected lines had yields as high as 5 t/ha and above. Some
of the lines produced as high as 8.4 t/ha. These lines demonstrated the potential of recording uniform
8t/ha upon recombination at BC2F2. The study also indicated that the number of panicles per hill
correlated strongly, significantly and positively with the number of tillers (r = 0.962 **), total grain
weight per hill (r = 0.928 **) and yield per hectare (r = 0.927 **). It was concluded that the newly
improved resistant lines which were selected have the capability to compete with Putra-1 in terms of
its productivity and yield. The newly developed lines would be useful in future breeding programmes
as donors for bacterial leaf blight and blast resistance genes. These lines are recommended for release
to farmers in Malaysia and other rice-growing agro-ecologies for commercial cultivation.

Keywords: genotype; phenotype; quantitative genetics; backcrossing; gene; molecular marker;
agro-morphology; yield attribute

1. Introduction

Some landraces of rice (Oryza spp.) have been used as a source of germplasm,
which confers resistance against diseases. Xa21 gene in Oryza longistaminata was sourced
from unidentified cultivars. Resistance genes were also found in O. rufipogon, O. minuta,
O. officinalis and O. australiensis after cloning and used in breeding for resistant vari-
eties [1,2]. Zhang et al. [3] had earlier reported that some Oryza meyeriana genetic materials
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are resistant to bacterial leaf blight disease. However, it is difficult to study the resistance
gene in O. meyeriana because normal hybridization between O. meyeriana and cultivated
rice is very difficult due to the genetic compositions of the GG genome 2n = 24 and the AA
genome. This indicates that there would be a need to adopt other approaches to identify
the genes responsible for resistance in O. meyeriana [4,5]. Cultivated varieties with single
resistance genes cannot retain their resistance to BLB due to the emergence of new races of
the pathogen; hence, surveying and identifying new resistance genes as well as pyramiding
of such genes are very important in selection [6,7].

Marker-assisted backcross breeding (MABB) has been used successfully to develop
superior parental lines incorporated with bacterial leaf blight and blast resistance [8]. For
instance, the Pusa RH10 hybrid was more susceptible to blast and bacterial leaf blight infec-
tions. Through MABB, Pusa RH10 improved the adaptability to disease-endemic areas and
the productivity is sustained with the addition of blast and bacterial leaf blight resistance
genes [9,10]. The introgression of Pi54 and Piz5 blast resistance genes into the variety PRR78
has led to the development of blast-resistant lines known as the Pusa1602 (PRR78CPiz5)
and Pusa1603 (PRR78CPiz54) lines. The resistance genes were derived from C101A51 and
Tetep donor lines and incorporated into the susceptible PRR78 through MABB [11].

Prior to hybridization and subsequent development of a line, molecular marker
data can be used in identifying the cultivar, genetic diversity assessment, selection of
parents and confirmation of hybrids. The markers are genetically analysed for their
polymorphisms [12,13]. These tasks are done in conventional breeding by phenotypic
selection and analysing data based on morphological traits. Molecular markers such as
SSR and STS are used in hybrid rice to confirm purity. The marker-assisted approach is
considered to be easier than the conventional approach that involves growing the plants
to maturity and screening their floral and morphological traits. Markers are also used
to confirm the identity of cultivars since seeds of different strains are usually mixed be-
cause of the challenge of handling large samples of seeds planted between and within
breeding blocks [14,15]. The success of selection in a breeding programme depends on the
level of genetic diversity. Expanding the genetic base of a core breeding material would
involve that diverse strains be identified for crossing with elite varieties [16]. Molecular
markers or DNA-based markers have been very useful in characterizing germplasms with
detailed information to breeders that help in parental selection. On several occasions,
information regarding a QTL or specific resistance gene within a germplasm is highly
anticipated [17,18]. This experiment was designed with the aim of genotypically and
phenotypically selecting the new rice lines pyramided with biotic stress (blast and bacterial
leaf blight diseases) resistance genes for possible release to farmers. The inter-relationship
among agro-morphological characteristics and their effect on yield was also studied.

2. Materials and Methods
2.1. Breeding Materials and Breeding Scheme

The breeding programme involved a backcrossing scheme where Putra-1 was used
as the recipient parent and subsequently the recurrent parent during hybridization and
backcrossing while IRBB60 served as the donor/male parent during hybridization. Putra-1
contained the blast resistance genes (Pi2, Pi9 and Piz) and it is also high yielding. The IRBB60
donated the Xoo resistance (Xa21, xa13, xa5 and Xa4) [10]. Following the development of F1
plants, the seeds of backcross progeny, as well as seeds of the recurrent parent (Putra-1)
and donor parent (IRBB60) were first put in an oven at 40 ◦C for eight hours in order
to break any form of dormancy [19]. The seeds were thereafter soaked in a water-filled
Petri-dish for 24 h and the water was drained. The seeds were left in the Petri-dishes to
pre-germinate for another 24 h. After 24 h, the seeds had uniform pre-germination of about
99.9% due to the freshness of the seeds. The pre-germinated seeds were germinated on the
seed trays for two weeks. At this stage, the seedlings were suitable for transplanting to the
pots where they grew to maturity. The planting density was three seedlings per pot with
25 cm × 25 cm spacing between plants maintained in the pot. All agronomic practices were
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done following the Malaysian Agricultural Research and Development Institute (MARDI)
Manual Teknologi Penanaman Padi Lestari [20].

2.2. Crossing Procedure for Gene Pyramiding

At the flowering stage, the female parent was first emasculated in order to remove the
anther from the rice floret and expose the stigma in preparation for crossing. This process
is known as emasculation. A typical rice spikelet has six anthers (yellow in colour) and two
stigmas (whitish). The spikelet was cut in half with the aid of sharp scissors at an angle
of 45◦. The six anthers were carefully removed with the aid of a pair of forceps without
damaging the two stigmas. Emasculation was done most preferably between 6:00 a.m. and
8:00 a.m. in the morning before the opening of the flowers. In order to emasculate more
spikelets for crossing, another emasculation was done between 6:00 p.m. and 8:00 p.m. in
the evening when the flowers are closed again. The panicles emasculated were covered
with paper bags and labelled appropriately. The emasculation procedure was carefully
followed in order to avoid self-pollination or contamination and ensure the accuracy of
the cross-pollination.

At about 11:00 a.m., the male (donor) flowering panicles with fresh spikelets were
harvested from the glass house. The panicles were immersed in a bucket containing enough
water inside a closed room (breeding house) in order to facilitate or induce anthesis. After
about 10 min, the flowers opened and started shedding pollen (i.e., anthesis occurred). The
paper bag placed on the emasculated panicles was removed and another paper bag with
two open ends was placed on the emasculated panicle in preparation for dusting. The
male panicles with enough pollen were carefully picked and inverted onto the emasculated
panicle at an angle of 45◦. The male panicles were gently shaken to release the dust (pollen
grain) into the stigmas of the emasculated panicles. After dusting, the pollinated panicles
were covered with a paper bag to avoid any form of contamination. A labelling tag contain-
ing information about the crossing (female × male) and the pollination date was tied to the
pollinated panicle. The bag on the pollinated panicle was removed after five days when the
grains have fully established, and no further pollination or contamination could take place.
The pollinated seeds (grains) were harvested from the plant after 28 days. The F1 seeds were
planted in the second experiment to produce F1 plants which were genotypically screened
to confirm that the crossing was successful and also select heterozygotes containing the
alleles of both parents i.e., selection of pyramided lines.

2.3. Molecular Genotyping Procedure

A total of 15 markers (see Table S1, Supplementary Data) reported to be linked to bac-
terial blight resistance were tested for polymorphism [1] out of which six were confirmed
and selected (Table 1). Similarly, we found two SSR markers reported by Miah et al. [12] to
be linked to Magnaportheoryzae resistance and we tested and confirmed the polymorphic
markers. The DNA of both Putra-1 and IRBB60, recipient/recurrent and donor parents,
respectively, were used for the genotyping. The polymorphic functional and microsatellite
markers were confirmed in the molecular laboratory of ITAFoS, UPM. The selected markers
were used for foreground selection of BC2F2 homozygous progenies with the target genes.
Plants that had homozygous IRBB60 alleles for these markers were evaluated for their re-
covery of the recurrent parent genome. After the foreground selection, the 79 polymorphic
SSR markers (see Table S2, Supplementary Data) identified from the marker polymorphism
survey of 472 markers (both linked and unlinked) were used for marker-assisted back-
ground selection to determine the percentage recovery of the recurrent parent genome.
DNA extraction was conducted following standard procedures as described by Doyle and
Doyle [13]. Genotype data were obtained by analysing DNA with SSR markers using 15 µL
PCR. After initial denaturation for 5 min at 94 ◦C, each cycle comprised 1 min denaturation
at 94 ◦C, 1 min annealing at 55 ◦C and 2 min extension at 72 ◦C with a final extension for
5 min at 72 ◦C at the end of 35 cycles. Marker scoring was done by scoring the DNA bands
obtained from the computer display result of the Gel document. Single bands were scored
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either as homozygous alleles similar to the female parent, coded ‘A’, or homozygous alleles
similar to the male parent, coded ‘B’. Double bands were scored as heterozygous alleles
carrying the genes of both female and male parents and coded ‘H’. The marker scores were
arranged in an Excel spreadsheet and imported to Graphical Genotyper (GGT 2.0) [21] for
further analysis to estimate the recovery of the recurrent parent genome.

Table 1. SSR marker information used for the genotypic selection of the newly improved rice lines.

S/n Marker Gene Chromo. Primer Sequence (F) Exp.
(bp)

Putra1
(bp)

IRBB60
(bp)

Blast

1. RM6836 Piz, Pi2, Pi9 6 F: TGTTGCATATGGTGCTATTTGA
R: GATACGGCTTCTAGGCCAAA 240 244 218

2. RM8225 Piz 6 F: ATGCGTGTTCAGAAATTAGG
R: TTGTTGTATACCTCATCGACAG 221 268 246

BLB

3. MP Xa4 4 F: ATCGATCGATCTTCACGAGG
R: TCGTATAAAAGGCATTCGGG 150 219 104

4. RM13 xa5 5 F: TCCAACATGGCAAGAGAGAG
R: GGTGGCATTCGATTCCAG 141 187 162

5. RM21 xa5 11 F: ACAGTATTCCGTAGGCACGG
R: GCTCCATGAGGGTGGTAGAG 157 164 154

6. Xa13prom xa13 8 F: GGCCATGGCTCAGTGTTTAT
R: GAGCTCCAGCTCTCCAAATG 450 311 484

7. Xa21FR Xa21 11 F: TCCAACATGGCAAGAGAGAG
R: GGTGGCATTCGATTCCAG 140 144 132

8. pTA248 Xa21 11 F: AGACGCGGAAGGGTGGTTCCCGGA
R: AGACGCGGTAATCGAAGATGAAA 925 500 687

2.4. Phenotypic Assessment and Evaluation of Plants for Disease Resistance

In order to make a selection on a phenotypic basis, the quantitative traits were mea-
sured and recorded as described in Table 2. A total of 14 agro-morphological traits including
plant height, number of days to flowering and maturity, the total number of productive
tillers, filled and unfilled grains per panicle, panicle length, etc. were studied.

Distilled water (5 mL) was poured into each culture plate and bacterial colonies were
suspended and the concentration of inoculum was adjusted to 108 cfu/mL using the Mac-
Farlane standard [5]. The suspension of all isolates was bulked in plastic buckets and mixed
for uniformity. The plants were sprayed with water to create wet conditions favourable
for disease development. Inoculation was done by cutting five leaves, approximately 5 cm
from the tips of each line with scissors dipped in the prepared inoculum.

The donor parent (IRBB60), recurrent parent (Putra-1) and the newly developed BC2F2
progenies were challenged for resistance or otherwise against the pathogen. The plants
were screened phenotypically in field conditions. Twenty-one-day-old rice plants were
inoculated by spraying spore suspension diluted to a concentration of 1.5 × 105 conidia/mL
on 220 plants. In order to maintain an ideal environment for disease development, the
plants were covered with plastic bags, maintaining about 90% humidity.
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Table 2. Description of agro-morphological traits studied for phenotypic selection of improved lines.

S/n Parameter Code Description

1. Plant height PH This was measured from the soil surface to the tip of the tallest flag
leaf. The unit of measurement is centimetres (cm).

2. Days to flowering DF Counted from the days from planting until 50% flowering. The unit
of measurement is days.

3. Days to maturity DM Counted from the days from planting until 80% of the grains became
golden yellow. The unit of measurement is days.

4. Total number of productive
tillers per plant NT Counted as all of the tillers on each plant bearing panicles with

grains. The unit of measurement is number.

5. Panicle length PL Measured from the first node to the tip of the last spikelet (excluding
awns). The unit of measurement is centimetres (cm).

6. Total number of filled grains
per panicle TNG/P This was recorded as the total number of matured spikelets filled

with grains per panicle. The unit of measurement is number.

7. Total number of unfilled
grains per panicle NUFG Counted as the number of spikelets without seed or grain. The unit

of measurement is number.

8. 1000-grain weight 1000-GW One thousand filled grains were counted and weighed. The unit of
measurement is gramme (g).

9. Grain yield per plant Y/P All the grains harvested from each plant were weighed. The unit of
measurement is gramme (g).

10. Seed length SL
Ten grains were measured using a Vernier calliper (Mitutoyo, Japan)
from the base of the lowermost sterile lemma to the tip of the fertile

lemma or palea. The unit of measurement is millimetre (mm).

11. Seed width SW
Ten grains were measured using a Vernier calliper (Mitutoyo, Japan)

from the distance across the fertile lemma and palea at the widest
point. The unit of measurement is millimetre (mm).

12. Seed length:width ratio SLWR This was recorded as seed length divided by the seed width.

13. Seed shape SS The seed shape was categorized using the record taken on seed
length:width ratio.

14. Grain yield per hectare GY/ha Grain yield per hectare was calculated using the equivalence of the
grain yield per plant with a spacing of 25 cm × 25 cm.

2.5. Experiment Design and Statistical Analysis

The seeds were planted in an ear-to-row fashion in a pot experiment. Each pot
contained a different genotype and the final selection of lines was made based on the
individual’s genotypic and phenotypic traits. Data obtained on the agro-morphological
traits were subjected to descriptive statistics and analysis of variance (ANOVA) using SAS
program version 9.4 (SAS Institute, Inc., Cary, NC, USA) [22–24]. In order to compare
the means of the selected lines to that of their recurrent parent (Putra-1), Duncan’s new
multiple range (DNMRT) test at p < 0.05 was adopted as a mean separation technique.
Correlation analysis was also conducted in order to determine the relationships that existed
among the agro-morphological traits studied.

3. Results
3.1. Genotypic Selection

The result obtained from this study showed that 16 lines were selected after BC2F2. The
selected lines were confirmed to have been incorporated with the seven resistance genes
(Table 3) for bacterial leaf blight and blast in varied numbers for broad-spectrum resistance.
All the selected lines carried the three blast resistance genes introgressed. BC2F2–157
contained all the Xoo R-genes, making it the only line with all the seven R-genes. The
BC2F2–122, BC2F2–9, BC2F2–196, BC2F2–120, BC2F2–208, BC2F2–155 and BC2F2–4 lines all
had three Xoo R-genes, making a total of six Xoo and blast R-genes. Additionally, BC2F2–109,
BC2F2–161, BC2F2–144, BC2F2–1, BC2F2–50, BC2F2–172, BC2F2–166 and BC2F2–14 lines had
two Xoo R-genes, making a total of five Xoo and blast R-genes. In this study, plants selected
after foreground selection (plants that carried all seven targeted genes) that had close
resemblances to Putra-1 (recurrent parent) were subjected to marker-assisted background
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selection. Additionally, the DNA extraction protocol, PCR and cycling conditions applied
in background selection were optimized for routine genotyping while the study lasted.
However, it is expected that advances in molecular marker technology and sequencing
platforms as well as high-throughput genotyping facilities would improve the efficiency of
molecular marker-assisted backcross breeding in the foreseeable future. The chromosome-
wise recurrent parent genome recovery (RPGR) of the 16 selected lines is shown in Figure 1.
The figure indicates that the selected lines have fully recovered their recurrent parent. The
recovery of the recurrent parent genome is an indication that the high-yielding characteristic
of the recurrent parent was not sacrificed in the breeding programme but also inherited by
the newly developed lines in addition to their resistance to blast and bacterial leaf blight.

Table 3. Genotypic composition of the selected lines based on the seven pyramided genes of resistance.

s/n Improved
Lines

Xa21FR
(Xa21)

pTA248
(Xa21)

Xa13prom
(xa13)

RM21
(xa5)

MP
(Xa4)

RM6836
(Pi2, Pi9, PiZ)

RM8225
(Piz)

1. BC2F2–157 – ++ ++ ++ ++ ++ ++
2. BC2F2–122 – - ++ ++ +- ++ ++
3. BC2F2–9 ++ - ++ – ++ ++ ++
4. BC2F2–196 +- ++ +- – ++ ++ ++
5. BC2F2–120 – – ++ +- ++ ++ ++
6. BC2F2–208 ++ – +- – ++ ++ ++
7. BC2F2–155 ++ ++ +- – ++ ++ ++
8. BC2F2–4 ++ - +- – ++ ++ ++
9. BC2F2–109 – - – ++ ++ ++ ++

10. BC2F2–161 - - - ++ ++ ++ ++
11. BC2F2–144 – - ++ – ++ ++ ++
12. BC2F2–1 – – ++ – ++ ++ ++
13. BC2F2–50 – – ++ – ++ ++ ++
14. BC2F2–172 - – ++ – ++ ++ ++
15. BC2F2–166 - - – ++ ++ ++ ++
16. BC2F2–14 - - ++ – ++ ++ ++

Note: ++ homozygous dominant alleles; +- heterozygous alleles; – homozygous recessive alleles; - single
recessive allele.

3.2. Phenotypic Selection

The result obtained from the quantitative evaluation of the selected improved lines
showed that their plant height ranged from 102.30 cm to 118.70 cm with an average plant
height of 110.50 cm. Flag leaf length and width, leaf area and leaf area index recorded an
average of 36.66 cm and 2.71 cm; 74.59 cm2 and 0.12, respectively. The number of tillers
and panicles per hill obtained were 9.57 and 9.07 on average while the length of the panicle
and total grain number of each panicle were 29.80 cm and 142.21, respectively. The total
grain weight per hill was 32.50 g (Table 4). The result obtained on the distribution of yield
per hectare (Figure S1 Supplementary Data) showed that about 50% of the selected lines
had yields as high as 5 t/ha and above. Some of the lines produced as high as 8.4 t/ha.
These lines demonstrated the potential of recording uniform 8 t/ha upon recombination
at BC2F2. The result obtained on the normal quantile-quantile plot for yield per hectare
(Figure S2, Supplementary Data) in the selected lines showed that all the points did not lie
exactly at the regression line. The dispersal of the points around the regression line showed
the diversity in the selected lines which could be utilized in plant breeding. Very high
genetic diversity in yield was evident in the two lines that deviated very far away from the
regression line. Figure 2 describes the quantitative trait performance of the newly improved
lines while the phenotypic expression of the improved lines vis-à-vis parental lines is
presented in Figure 3. Figure S1 describes the histogram of yield/ha of the selected lines.
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Figure 1. All linkage groups across 12 chromosomes of the 16 improved selected rice lines. Note: Red lines represent homozygous regions for recurrent parent 
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Figure 1. All linkage groups across 12 chromosomes of the 16 improved selected rice lines. Note: Red lines represent homozygous regions for recurrent parent
(Putra-1) alleles, blue lines represent homozygous regions for donor parent (IRBB60) alleles while yellow lines represent heterozygous regions.
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Table 4. Phenotypic selection of improved lines on the basis of their quantitative traits studied on-farm.

Improved
Lines

PH
(cm) FLWR NP/H DF DM NT PL (cm) TNG/P 1000

GW (g)
TGW/H

(g) SLWR Y/HA
(t/ha)

1 103.0 o 13.5 e 11.0 g 72.0 a,b 108.0 a,b,c 11.0 h 38.6 a 154.0 f,g,h 78.6 e 57.4 e 3.4 h 9.2 b,c
2 117.0 d 13.2 g 13.0 g,f 78.0 a,b 102.0 b,c 15.0 e 32.0 d,c 152.0 g,h,i 81.8 a,b 53.6 g 3.8 f 8.6 c,d
3 110.5 j 12.2 j 15.0 d,e,f 73.0 a,b 106.0 a,b,c 17.0 c 30.1 g,f 137.0 i 82.8 a 59.3 d 3.7 g 9.5 b
4 109.2 k 9.7 o 20.0 a 75.0 b 103.0 c 18.0 b 34.1 b 172.0 d,e,f 76.3 g 56.3 f 4.1 b 9.0 c,b
5 114.7 g 13.1 h 16.0 d,c 74.0 a,b 105.0 a,b,c 14.0 f 34.4 b 177.0 d,e 81.9 a,b 60.7 c 3.9 e 9.7 b
6 102.2 p 11.5 m 17.0 c,d,e 79.0 a,b 109.0 a,b,c 18.0 b 29.6 g 142.0 h,i 80.6 c 44.5 k 3.9 e 7.1 f,g,h
7 117.5 c 11.7 l 15.0 d,e,f 77.0 a,b 110.0 a,b,c 17.0 c 29.7 g 136.0 i 78.6 e 45.1 j 3.8 f 7.2 e,f,g,h
8 119.8 a 17.6 a 22.0 a,b 76.0 a,b 104.0 a,b,c 26.0 a 30.2 g,f 196.0 b,c 79.5 d 49.9 h 4.2 a 8.0 d,e,f
9 115.7 f 13.3 f 17.0 b,d,c 72.0 a,b 107.0 a,b 15.0 e 32.6 c 166.0 e,f,g 76.8 g 46.1 j 4.0 c 7.4 e,f,g,h
10 112.5 i 12.1 k 14.0 e,f 79.0 a 107.0 a,b,c 16.0 d 32.7 d,e 207.0 a,b 82.5 a 64.0 b 4.0 c 10.2 b
11 114.0 h 15.0 d 13.0 g,f 77.0 a,b 102.0 b,c 12.0 g 33.8 b 203.0 a,b 77.9 f,e 43.6 l 4.0 c 7.0 e,f,g,h
12 118.5 b 11.1 n 20.0 a,b,c 75.0 a,b 105.0 a,b,c 17.0 c 32.0 d,c 205.0 a,b 81.3 b,c 41.5 m 3.8 f 6.6 h
13 96.5 q 15.3 c 16.0 c,d,e 74.0 b 109.0 a,b,c 18.0 b 34.3 b 209.0 a,b 77.3 f 73.8 a 4.2 a 11.8 a
14 106.5 m 16.3 b 13.0 g,f 76.0 a 106.0 a,b,c 15.0 e 30.9 f,e 211.0 a 80.6 c 48.2 i 2.9 i 7.7 e,f,g
15 104.0 n 9.7 o 14.0 e,f 75.0 a,b 103.0 a,b,c 17.0 c 34.1 b 172.0

d,e,f,g 76.3 g 56.3 f 4.1 b 9.0 b,c
16 108.7 l 15.0 d 13.0 g,f 77.0 a,b 102.0 a,b,c 11.0 h 33.8 b 203.0 d,c 77.9 e,f 43.6 l 4.0 c 7.0 g,h

Recurrent
parent

116.50
e 12.56 i 15.00 d,e,f 85.67 a 120.67 a 15.00 e 31.83

c,d,e 148.00 f,g,h 75.53 g 50.41 h 3.92 d 8.07 ed

Note: Analysis of variance (ANOVA): means not followed by the same letter are significantly different (p < 0.05)
from the other while means followed by the same letter are not significantly different (p > 0.05) from each other.
All abbreviations are as described in Table 1.
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3.3. Trait Variation and Correlation

The results of bacterial leaf blight and blast screening of BC2F2 progenies are presented
in Table 5. The Chi-square result showed a non-significant difference (p > 0.05) in the
segregation of resistance against Xoo and Magnarporthe oryzae in the single dominant gene
model with regard to the expected and observed number of resistant and susceptible
plants. The result suggested the ability of the plants to segregate according to the expected
3:1 ratio proposed by Mendel for single dominant genes. Additionally, the Chi-square
tests conducted on data obtained from segregation of resistance against blast in different
gene models;viz.,the single gene model, two independent gene model and/or two-locus
interaction revealed that the expected number of resistant and susceptible plants in the
single dominant gene model’s segregation ratio did not differ significantly (p > 0.05) from
the observed number of resistant and susceptible plants; hence, they fit the 3:1 Mendelian
segregation ratio.

The result also showed the trait variation correlations of pathotypes P7.7 and P7.2 for
bacterial leaf blight and blast pathogens. The result obtained on the challenging BC2F2
population with pathotype P7.7 of Xoo indicated a score of 8.11 and 0.64 for BLD and BLT,
respectively, with 2.20% DLA. The BC2F2 population showed a resistance response against
bacterial leaf blight infection. Blight lesion degree correlated positively, significantly and
strongly with blight lesion type while %DLA had no significant correlation with blight
lesion degree and type (BLD and BLT) (Table 6).
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Table 5. Observed and expected segregation ratios of resistant and susceptible plants in the BC2F2

generation challenged with pathotypes P7.7 and P7.2 of Xoo and Magnaporthe oryzae.

Reaction Observed Expected Chi-Square (3:1) p-Value

BLB
Resistant 170 165 0.15 p > 0.05

Susceptible 44 55 2.22 p > 0.05
Total 220 220 2.37 p > 0.05
Blast

Resistant 155 165 0.63 p > 0.05
Susceptible 65 55 1.89 p > 0.05

Total 220 220 2.53 p > 0.05

Df = 1, χ2(0.05,1) = 3.84.

Table 6. Correlation coefficients among lesion degree (BLD), lesion type (BLT) and percentage disease
leaf area (%DLA) for pathotypes. P7.7 and P7.2 in parental and improved populations.

Xoo Pathotype P7.7 Magnaportheoryzae Pathotype P7.2

Trait BLD BLT %DLA BLD BLT %DLA

BLD 1.00 1.00
BLT 0.99 ** 1.00 0.99 ** 1.00

%DLA 0.99 0.99 1.00 0.96 0.96 1.00
** Significant at p = 0.05.

Additionally, the result showed that in the case of blast disease, Putra-1 had no
symptoms of blast. The average leaf blast severity scores recorded in IRBB60 were 28.13
and 3.38 for BLD and BLT, respectively, with 47.89% DLA. The result also showed that the
BC2F2 population challenged with pathotype P7.2 of Magnarporthe oryzae scored 8.33 and
0.98 with regard to BLD and BLT, respectively, while the DLA obtained was 0.48%. This
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result indicated that the BC2F2 population showed a resistance response to blast infection.
Similar to the correlation result obtained on bacterial leaf blight infection, blast lesion
degree correlated positively, significantly and strongly with blast lesion type while %DLA
had no significant correlation with blast lesion degree and type (BLD and BLT) (Table 6).

3.4. Correlation among the Quantitative Traits

The result in Table 7 obtained from Pearson correlation analysis shows that some agro-
morphological traits had significant (p < 0.05) and positive correlations. Strong, significant
and positive correlation was observed between flag leaf length and leaf area (r = 0.950), leaf
area index (r = 0.913) and flag leaf length to width ratio (r = 0.942). Additionally, flag leaf
width had a moderate, significant and positive correlation with leaf area (r = 0.533) and
leaf area index (r = 0.590) but a weak, nonsignificant and negative correlation with flag leaf
length to width ratio (r = −0.091). The flag leaf width also had a significant and negative
correlation with the total number of grains per panicle (r = −0.612). This result indicated
that any increase in the flag leaf width would significantly reduce the number of grains per
panicle, and as such, selection should be preferred on plants with narrow flag leaves. Leaf
area also had a strong, significant and positive correlation with leaf area index (r = 0.988)
and flag leaf length to width ratio (r = 0.791).

The result also indicated that the number of panicles per hill correlated strongly,
significantly and positively with the number of leaves (r = 0.962), number of tillers (r =
0.962), total grain weight per hill (r = 0.928) and yield per hectare (r = 0.927). This result
is an indication that the number of panicles per hill has great consequences on the yield
and yield components. The strongest significant and positive correlation was observed
between the number of leaves and the number of tillers (r = 1.00). The number of leaves
and the number of tillers each had a strong, significant and positive correlation with total
grain weight per hill (r = 0.867) and yield per hectare (r = 0.867). Another strong, significant
and positive correlation was observed between one thousand grain weight and yield per
hectare (r = 1.00). The result also showed that seed length correlated strongly, significantly
and positively with seed length to width ratio (r = 0.622) while a significant and negative
correlation was observed between seed weight and seed length to width ratio (Table 7).
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Table 7. The Pearson correlation coefficients (r) among quantitative traits of selected lines.

PH FLL FLW LA LAI FLWR NPH DF DM NL NT PL TNGP NUFG NTGW TGWH SL SW SLWR YHA

PH 1.00 0.125 0.095 0.151 0.148 0.082 −0.138 −0.115 0.027 −0.254 −0.254 0.455 0.496 −0.364 −0.286 0.048 −0.334 −0.470 0.135 0.049
FLL 1.00 0.247 0.950 ** 0.913 ** 0.942 ** −0.073 −0.147 −0.025 −0.027 −0.027 0.054 0.262 −0.295 −0.031 0.052 −0.302 −0.173 −0.108 0.052
FLW 1.00 0.533 * 0.590 * −0.091 −0.216 −0.187 0.340 −0.216 −0.216 0.107 −0.612 * −0.022 0.201 −0.074 0.147 0.133 −0.039 −0.074
LA 1.00 0.988 ** 0.791 ** −0.122 −0.212 0.067 −0.078 −0.078 0.113 0.032 −0.281 0.008 0.027 −0.214 −0.118 −0.096 0.028
LAI 1.00 0.732 ** −0.013 −0.268 0.087 0.022 0.022 0.175 −0.014 −0.279 0.024 0.132 −0.176 −0.143 −0.061 0.133

FLWR 1.00 −0.009 −0.070 −0.122 0.036 0.036 −0.009 0.478 −0.282 −0.078 0.073 −0.369 −0.213 −0.115 0.073
NPH 1.00 −0.304 0.057 0.962 ** 0.962 ** 0.320 0.109 −0.127 0.027 0.928 ** 0.143 −0.217 0.235 0.927**
DF 1.00 −0.108 −0.225 −0.225 −0.489 0.095 0.152 0.324 −0.231 0.007 −0.145 0.150 −0.231
DM 1.00 −0.048 −0.048 −0.082 −0.265 −0.129 −0.075 0.172 −0.137 −0.024 −0.136 0.171
NL 1.00 1.000 ** 0.297 0.037 −0.135 0.024 0.867 ** 0.249 −0.150 0.276 0.867 **
NT 1.00 0.297 0.037 −0.135 0.024 0.867 ** 0.249 −0.150 0.276 0.867 **
PL 1.00 0.175 −0.516 * −0.345 0.423 −0.099 −0.072 −0.029 0.423

TNGP 1.00 −0.029 −0.069 0.151 −0.390 −0.387 0.050 0.151
NUFG 1.00 0.437 −0.297 0.383 0.191 0.197 −0.297
NTGW 1.00 0.069 0.138 0.514 −0.329 0.069
TGWH 1.00 0.069 −0.240 0.193 1.000 **

SL 1.00 0.316 0.622 ** 0.069
SW 1.00 −0.532 * −0.241

SLWR 1.00 0.194
YHA 1.00

Note: * correlation coefficient significant at p < 0.05; ** correlation coefficient significant at p < 0.01. All abbreviations as described in Table 1.
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4. Discussion

The lines developed in this study were pyramided with both dominant and recessive
genes. There were two dominant Xoo R-genes (Xa21 and Xa4) and two recessive Xoo
R-genes (xa13 and xa5). The blast R-genes (Pi2, Pi9 and Piz) were all in their dominant
conditions. Due to the variable nature of pathogens, resistance could be lost after a few years
and as such, breeders continue to search for novel R-genes that could sustain resistance
for a longer period. Most resistance genes are naturally dominant but there are also some
recessive genes. Chukwu et al. [1] reviewed some dominant Xoo resistance genes, including
Xa-1, Xa-3, Xa-4, Xa-7, Xa-10, Xa-14, Xa-21 and Xa-22(t), and some major recessive genes are
xa-5 and xa-13. The combination of both dominant and recessive R-genes has the potential
to guarantee prolonged resistance against pathogens. Although all the blast resistance
genes pyramided in the selected lines were dominant, the resistance could be lost after
some time due to its characteristic single resistance gene locus with race-specific traits [12].
Molecular marker development and functional genomics played a vital role in selecting the
Xoo and blast-resistant lines.

The selected lines from this study have recombined their recurrent parent genomes
and could be used as parents in the subsequent generation. Recurrent parent genome
recovery is accelerated by background selection. However, Miah et al. [12] reported that
due to the large numbers of unlinked markers that are used in background selection, some
molecular laboratories could find it difficult to conclude background selection before it is
time for crossing. This is even more difficult where laboratory materials are insufficient
or electricity is not in steady supply. Additionally, due to the high cost of purchasing
markers and associated costs of genotyping, some breeders have decided to conduct the
background selection at later stages of backcrossing instead of early generations [25].The
use of molecular markers makes it possible to determine the extent of recovery of recurrent
parent genomes at every stage of backcrossing. It is also useful in the selection of the best
backcross lines produced in a given generation of backcrossing. The number of generations
required to introgress the target gene is reduced by the potentiality of MABB in selecting
recurrent parent genomes against the target locus. Ribaut et al. [26] reported that the
response of selection for background screening on non-target chromosomes depends on
some factors such as the degree of molecular marker map saturation, the technical resources
available at a particular time and levels of line conversion required. Donor genome content
reduction outside the gene of interest requires molecular markers that distribute evenly
across the genome [27–30]. Previous theoretical and experimental studies have been able to
establish the efficiency of background selection in marker-assisted backcross breeding [31,
32]. The computer simulation findings by Tanksley et al. [33] showed that background
marker selection could accelerate the recurrent parent genome recovery within two or
three backcross generations. Factors such as the genetic distance between the donor and
recurrent parents, breeder preference and initial genotypic and phenotypic screening could
be responsible for the number of backcross generations adopted in varietal development.
Evenly spaced markers are essential for efficient background selection. Visscher et al. [34]
reported that an approximately 20 cM marker spacing was taken to be sufficient. However,
a single marker located at the centre of a chromosome could be more informative compared
to two markers located toward the ends of such chromosomes. The efficiency of MABB is
influenced by a number of factors such as the crossing scheme, selection strategy applied,
number of target genes to be introgressed and the marker map [34,35].

The gene and the marker are tightly linked when both are closely located on the same
chromosome and as such tend to be transmitted together at each generation. Tanksley [36]
proposed the marker-assisted foreground selection for target genes while several studies
have investigated it in the context of resistance gene introgression [37,38].The transfer or
introgression of target genes are both economical and feasible with the aid of molecular
markers. Chukwu et al. [32] reported that marker-assisted foreground selection is uti-
lized in the confirmation and selection of target genes in the progenies produced from
self-fertilization of a cross between the recurrent and donor parents or the F1 hybrid crossed
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to the donor parent in order to select an individual or discard it. In the BC1F1 popu-
lation, RM8225 and RM6836 displayed heterozygosity for blast R-genes and were used
for foreground selection of blast genes in subsequent generations. The two markers are
tightly linked to blast Piz R-genes;namely, Piz, Pi2 and Pi9 [12,39], and are located on
the sixth chromosome of rice. The broad spectrum of races of M.oryzae rice blast fungal
pathogen has been combated effectively using the Piz disease resistance genes [37,40]. The
Chi-square result of 0.48 reported by Mondal et al. [41] fitted into the 1:1 expected ratio at
BC1F1.Iftekharudaula [42] also found a non-significant Chi-square value of 0.28 at a 5%
level of probability which agreed with the expected 1:1 ratio at BC1F1 generation. The
use of graphical genotypes (GGT) for analysis of recurrent parent genome recovery was
highlighted [43]. The recurrent parent genome recovery of 80.11% recorded in this present
study at BC1F1 corresponds with earlier findings by Luu et al. [44] who found RPGR of
80.00% to 89.01%.

The best individual with the highest recurrent parent genome recovery can be selected
at BC1. However, given a situation where more than one individual proved to be the best
individual, the selection of the most superior individual for producing the BC2 population
would be based on analysis of other marker loci (either located on the chromosome with the
target gene or not) [27,37]. Semagn et al. [45] noted that, where none of the individuals at
BC1 received the target gene, it implied that the backcrossing programme failed. The mini-
mum sample size needed to get at least one best individual for use in the next backcrossing
has been reviewed by several authors [46]. In the study conducted by Basavaraj et al. [47],
two Xoo resistance genes, xa13 and Xa21, were incorporated into PRR78 from a single-donor
parent. The percentage of recurrent parent genome recovery ranged from 87.01 to 92.81%
at BC2F2, which increased at BC2F5 from 92.81 to 97.30%. Miah et al. [37] also reported
that the recurrent parent genome ranged from 92.7 to 97.30% with an average proportion
of RPGR in the selected improved lines (BC2F2) of 95.98%. These results were similar to
the findings of this present study which revealed a range of RPGR of 93.2 to 98.5% and
an average proportion of RPGR of 95.9% in the 16 selected improved BC2F2 lines. The
increased recovery of the recurrent parent genome in the advanced backcross generation
was due to the fixation of alleles of the recurrent parent from the heterozygous alleles.
Additionally, the stringent phenotypic selection applied at every backcross stage led to
contributory recurrent parent allele from backcross derivatives, which facilitated the high
RPG recovery observed in this present study. A large number of polymorphic markers
used in background selection makes it more effective. Singh et al. [48] reported that with
only 20% SSR polymorphism between the recipient and donor parents, marker-assisted
selection for background screening is limited. However, a stringent phenotypic selection for
recurrent parent phenome recovery has the potential for maximizing the recurrent parent
genome recovery [8,49,50].

The result obtained from this study reveals that resistance to Xoo pathotype P7.7 in
IRBB60 was most likely due to single nuclear gene action. More so, the introgression of
several resistance genes in the newly developed lines shows the presence of horizontal
resistance. It is suggested that only the existence of horizontal resistance along with
the vertical component could help varieties with enhanced and sustainable resistance
to bacterial leaf blight. The pyramiding of dominant Xa4 and Xa21 genes led to the
development of an improved ‘indica’ rice variety with a ‘broad spectrum durable resistance’
to bacterial leaf blight. Additionally, a pyramiding of Xa4 + xa5 + Xa21 BLB resistance
genes expressed effective resistance to virulent BLB isolates of Korea in comparison to
single resistance genes which had their resistance broken after a short while and became
susceptible [51]. Pyramiding of genes and use of molecular markers in the screening
of germplasms have been advocated for accurate and speedy assessment of germplasm
to be used in resistance breeding. Resistance to BLB is considered to be due to or a
combination of two or more genes that are often described as dominant, recessive, inhibitory,
complementary or polygenic [52]. The result also revealed that blast resistance in Putra-1,
especially against the Magnarporthe oryzae pathotype P7.2, is mainly controlled by single



Diversity 2022, 14, 812 14 of 17

dominant gene action and not necessarily by two independent gene actions or epistasis.
The result of this study is in agreement with the findings made by Ashkani et al. [53], who
found that resistance to M. oryzae pathotype P7.2 in Pongsu Seribu 2 was mainly controlled
by a single nuclear gene action.

Additionally, the phenotypic selection minimized the cost and time required for back-
ground screening for recurrent parent genome recovery.Other researchers have adopted
phenotypic selection in selecting for increased yield and chemical constituents in maize
and rice which proved to be successful [54]. The correlation analysis of quantitative traits
studied established a strong relationship between grain yield and other yield component
traits such as tiller number, panicle number and leaf number. The number of effective or
productive tillers per plant and grain number per panicle have been reported to correlate
with high grain yield in rice [55,56]. Chukwu et al. [57] used correlation analysis to monitor
the relationship that existed among agronomic traits of maize and found a non-significant
correlation between plant height and yield component traits. However, Sarif et al. [58]
observed wide genetic diversity and variability among pigmented rice lines using both
genotyping and morphological traits.

5. Conclusions

In conclusion, the genotypic selection was successfully conducted to recover yield and
yield component traits leading to the development of an improved version of Putra-1 with
incorporated resistance to the diseases. In this study, the genotypic assessment indicated
that recurrent parent genome recovery was highly accelerated. The implication is that a
few well-positioned markers cover the genome adequately in the backcrossing programme.
The selected improved lines carrying both bacterial and blast resistance genes in the genetic
background of Putra-1 measure equal or superior in agronomic value compared to the
recurrent parent Putra-1, with added advantages of being resistant to bacterial leaf blight
and blast infections. The bacterial leaf blight and blast-resistant improved lines have the
capability to compete with Putra-1 in terms of its productivity. The newly developed lines
would be useful in future breeding programmes as donors for bacterial leaf blight and blast
resistance genes. The newly developed lines are recommended for release to farmers in
Malaysia and other rice-growing agro-ecologies.
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