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Abstract

Among the different challenges related to rice (Oryza sativa L.) cultivation, drought,
bacterial leaf blight (BLB), and blast are the key stresses that significantly affect
grain yield (GY) in rice. To ameliorate this issue, marker-assisted forward breeding
(MAFB) coupled with a simultaneous crossing approach was used to combine three
drought tolerant quantitative trait loci (QTL)—¢gDTY,; ;, gDTY; ;, and gDTY;, ;—
four BLB genes—Xa4, xa5, xal3, and Xa2[—and one blast-resistance gene, Pi9, in
the elite rice cultivar Lalat. The introgression lines (ILs) developed in the current
study were phenotypically screened for drought, BLB, and blast resistance at the F;—
Fy generation. Under the reproductive stage (RS) drought stress, the yield advantage
of ILs, with major-effect QTL (gDTY) over elite parent Lalat, ranges from 9 to 124%
in DS2019 and from 7 to 175% in WS2019. The selected ILs were highly resistant to
BLB, with lesion lengths ranging from 1.3 to 3.0 cm and blast scores ranging from 1
to 3. ILs that were tolerant to RS drought, resistant to BLB, and blast disease and had
similar or higher yields than Lalat were analyzed for grain quality. Six ILs were found
to have similar grain quality characteristics to Lalat including hulling, milling, head
rice recovery (HRR), chalkiness, alkali spreading value (ASV), and amylose content
(AC). This study showed that MAFB, together with simultaneous crossing, would be
an effective strategy to rapidly combine multiple stresses in rice. The ILs developed
in this study could help to ensure yield sustainability in rainfed environments or be

used as genetic material in future breeding programs.

Abbreviations: AC, amylose content; ASV, alkali spreading value; BLB, bacterial leaf blight; DFF, days to 50% flowering; DS, dry season; GY, grain yield;
HRR, head rice recovery; IL, introgression lines; IRRI, International Rice Research Institute; KB, kernel breadth; KL, kernel length; L/B, kernel

length/breadth ratio, MABB, marker-assisted backcross breeding; MAFB, marker-assisted forward breeding; NS, nonstress; PCR, polymerase chain reaction;

gDTY, major-effect QTL; QTL, quantitative trait loci; RS, reproductive stage; SES, standard evaluation system; SNP, single-nucleotide polymorphism; SS,

severe drought stress; WS, wet season.
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1 | INTRODUCTION

Climate change has drastically affected agriculture and is a
major challenge to sustainable rice (Oryza sativa L.) pro-
duction. Continuous changes in climatic patterns have the
potential to threaten the vulnerable world’s food security in
many ways including exacerbating major diseases and pests
and creating favorable climatic conditions for the emergence
of devastating new diseases and race, increased drought, and
other abiotic stresses at various growth stage in critical food-
producing regions (Velasquez et al., 2018). Rice, being an
important and most widely consumed cereal crop, is severely
affected by biotic and abiotic stresses (Singh et al., 2016).
The occurrences of multiple abiotic and biotic stresses have
demanded development of climate-smart rice by combining
quantitative trait loci (QTL) and genes for tolerance or resis-
tance in the high-yielding cultivars to confer a wider range
of tolerance or resistance. Enhanced capability of climate-
smart cultivars would enable the crop to thrive under adverse
environmental conditions. The recent advances in molecu-
lar marker technology and genomics have played an impor-
tant role in developing single- and multiple-stress-tolerant
rice cultivars (Singh et al., 2014). The availability of linked
and gene-specific markers for QTL and genes for different
abiotic and biotic stresses has provided the opportunity to
rapidly stack multiple QTL and genes quickly in popular high-
yielding cultivars.

The introduction of semi-dwarf rice cultivars, widespread
usage of high responsive inputs such as fertilizers, and insec-
ticides has increased production (Conway G, 2020); and
India has become the world’s second-largest rice producer
(http://www.fao.org/faostat/en/#home). However, these high-
yielding cultivars are susceptible to most of the abiotic
and biotic stresses, which makes rice production vulnerable
mainly during years of high disease infestation or abiotic
stress occurrence, which are very frequent in current scenar-
ios because of changing climatic conditions. Abiotic stress,
such as drought, and biotic stress, such as bacterial leaf blight
(BLB) and blast, which are a serious threat in many rice grow-
ing places, particularly in India, are the most common stresses
that cause major yield losses.

Drought is one of the most serious climatic challenges to
the rainfed area of rice cultivation in southern and southeast-
ern Asia, affecting >23 million ha of rice area (Pandey et al.,
2006). Although drought affects rice growth adversely in all
the stages of plant growth, reproductive stage (RS) being most
sensitive to drought stress, drought has resulted in signifi-
cant yield loss (Barnabas et al., 2008). Through 2014, at the
International Rice Research Institute (IRRI), 14 major-effect
QTL (¢gDTY) have been identified for grain yield (GY) under
drought, for example, gDTY; ;, gDTY, ;, gDTY; ;, gDTY{ ;,
qDTY;5,9DTY 5 1, qDTY; 5,qDTY, 1, gDTYy ; and gDTY
(Mishra et al., 2013; Swamy et al., 2013; Venuprasad et al.,
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* Changing climatic conditions have increased the
occurrence of various stresses in rice.
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effective method for combining multiple QTL and
genes.

* Lines with 5-8 QTL and genes for drought and
genes for blast and bacterial leaf blight were devel-
oped.

* Lines having multiple QTL and genes reduce yield
loss caused by different stresses.

2009; Venuprasad et al., 2012; Yadaw et al., 2013). Several
gDTY have been effectively used in modern drought breed-
ing programs. These gDTY have resulted in yield advantage
of 150-500 kg ha~!, with genetic gain of 10-30% under
RS drought conditions. Recently, Sandhu et al., 2019 intro-
gressed QTL for drought and gene for submergence tolerance
(gDTY,; ; + gDTY, ; + gDTY;; + Subl) and found that the
performance of near-isogenic lines had yield advantage of
292-1,118 kg ha~! and 284-2,086 kg ha~! under RS drought
stress, whereas 762,479 kg ha~! and 396-2,376 kg ha~!
yield advantage was observed under nonstress (NS) over two
consecutive seasons. Shamsudin et al., 2016 pyramided three
qDTY (gDTY, ,, gDTY;3;, and ¢DTY;, ;) in ‘MRQ74’ and
ILs with yield advantages of 1,009-3473 kg ha—! under RS,
with yield equivalent to recurrent parent under NS trials was
found. Dixit et al., 2017b introgressed two drought-tolerant
QTL (gDTY;, and ¢DTY; ;) in ‘Sabitri’, and yield of >6,500
kg ha~! under NS and 500-600 kg ha~! under RS stress was
achieved. Dixit et al., 2017a introgressed three QTL (¢DTY3 ,,
qDTY ;, and gDTYy ,) for drought and gene Subl for sub-
mergence in “TDK1’ background, where yield of 37-300 kg
ha~! and 4,897-5,244 kg ha~! was recorded under RS and
NS, respectively.

Among the biotic stress, BLB is one of the most severe and
widespread diseases in rice caused by Xanthomonas oryzae
pv. oryzae. It significantly reduces the rice yield with partial
filling of grains because of restrictions on the limited pho-
tosynthetic area (Pradhan et al., 2015). The effective way to
control BLB in rice by chemical use is not popular, there-
fore use of BLB-resistant rice cultivars is the most effective
and environmentally safe way to protect the crop from BLB
disease (Khush et al., 1989). To date, more than 45 BLB
resistance genes (Kim, 2018; Neelam et al, 2020) have been
identified and 11 of them have been cloned and character-
ized (Wang et al, 2020). Some of them have been introduced
into recent high-yielding rice cultivars (Dokku et al., 2013a,
2013b; Joseph et al., 2004; Pradhan et al., 2015; Suh et al.,
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2013; Sundaram et al., 2008). The genes may differ in the level
of resistance to a number of virulent pathogens. Thus, to com-
bat the effect of BLB pathogens, gene pyramiding is currently
being pursued to develop more durable resistant rice culti-
vars (Dokku et al., 2013a, 2013b; Huang et al., 1997; Pradhan
et al., 2015; Suh et al., 2013).

Blast, caused by the fungus Magnaporthe oryzae Barr, is
the most serious fungal disease in rice. Rice yield loss because
of blast can be as high as 50% when the disease becomes epi-
demic (Babujee & Gnanamanickham, 2000). This loss can go
up to 70-80% in severe cases. Up to now, more than 101 blast-
resistant genes and 350 QTL have been identified (Ashkani
et al., 2015). Out of which, 31 genes [Pi37, Pit, Pish, Pi35,
Pi64, Pib, pi21, Pi63/Pikahei-1(t), Pid2, Pi9, Pi2, Pizt, Pid3,
Pi25, Pi50, Pigm, Pid3-11, Pi36, Pi5, Pikm, Pbl, Pi54, Pia,
Pikp, Pik, Pil, Pi-Co39, Pike, Pita, Ptr] are cloned and molec-
ularly characterized (Alam et al., 2017; Rajashekara et al.,
2014; Sharma et al., 2012; Xiao Ning et al, 2020). Among
these, a minimum of 14 genes [Pil, Pi2, Pi9, Pi20(t), Pi33,
Pi39, Pi40(t), Pi47, Pi48, Pi54rh, Pi56, Piz, Piz-t, and Pigm]
have been defined based on their wide-scale resistance (Das
et al., 2012; Hua et al., 2012, 2015; Huang et al., 2011; Liu
et al., 2013). Many of the resistant genes have been incorpo-
rated in modern rice cultivars (Ashkani et al., 2015). Koide
et al. (2010) has pyramided two blast resistance genes, Pish
and Pib, after which higher resistance was achieved. Xiao
et al. (2016) have pyramided two blast resistance genes (Pi46
and Pita), which showed complementary effects between the
genes. Two blast resistance genes (Piz5 and Pi54) were pyra-
mided into an elite Basmati restorer line PRR78, where a
strong level of resistance was observed (Singh et al., 2013).
Broad-spectrum blast resistant gene Pi-9(¢) has been intro-
gressed into the hybrid restorer Luhuil7 by using marker-
assisted backcross breeding (MABB), where a higher level of
resistance was observed (Wen & Gao, 2012). These studies
indicate that the use of single, broad-spectrum blast resistance
genes or multiple gene pyramiding could be effective against
blast disease.

Recently, efforts have been made to pyramid multiple QTL
and genes for biotic and abiotic stress in rice (Das & Rao,
2015; Das et al., 2018; Dixit et al., 2020). Different breeding
strategies were adopted for development of pyramided lines
depending on the donor type, availability of QTL and genes,
marker, genotyping facilities, time, etc. Previously, efforts
have been made to combine multiple stress tolerance traits in
rice, for instance, drought and submergence tolerance (Bhan-
darietal., 2019; Dixit et al., 2017a; Sandhu et al., 2019); BLB
and blast resistance (Arunakumari et al., 2016; Balachiran-
jeevietal., 2015; Fu et al., 2012; Hari et al., 2013; Narayanan
et al., 2002; Pinta et al., 2013; Singh et al., 2012; Vipparla
et al., 2016a, 2016b); brown planthopper, BLB, blast, rice
stripe virus resistance (Reinke et al., 2018); BLB, blast, gall
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midge, submergence resistance or tolerance (Das et al., 2018);
and BLB, blast, gall midge, salinity, submergence resistance
or tolerance (Das & Rao, 2015). Based on the success of pre-
vious QTL—gene stacking studies, the present breeding effort
was started to combine drought, BLB, and blast in elite par-
ent ‘Lalat’. Simultaneous crossing has been used to combine
traits from different donors, and MABF was deployed to track
alleles at different generations.

2 | MATERIALS AND METHODS

2.1 | Plant materials and crossing scheme
This study was conducted at IRRI South Asia hub, located
at ICRISAT, Patancheru, Hyderabad, India, (17.53° N, 78.27°
E; 545 m asl). In this study, Lalat, a semi-dwarf (85-90 cm)
rice cultivar with a medium duration (120-125 d), was cho-
sen as an elite parent. Lalat was released in 1987 for irri-
gated ecology of Odisha, West Bengal, and Jharkhand. It
has long slender grains with average productivity of 4.0-
4.5 t ha™!. In this breeding program, IR96321-1447-561-B-
1 (gDTY,; ;, gDTY; ;) and IR74371-46-1-1 (¢DTY,, ;) were
used as sources of QTL for RS drought tolerance. IRBB60,
possessing a set of four genes (Xa4, xa5, xal3, Xa21) was used
as a source of BLB resistance. Lalat itself possesses the Xa4
gene (Dokku et al., 2013b). Similarly, IRBLO, possessing the
Pi9 gene in the japonica background, was used as a source of
the blast resistance gene (Supplemental Table S1).

To combine all the target QTL and genes in one genotype,
simultaneous crossing with different donors was initiated
during the wet season (WS) of 2013. A graphical repre-
sentation of the marker-assisted forward breeding (MAFB)
scheme is adopted to combine all the targeted QTL and
genes in elite parent Lalat (Figure 1). In this, Lalat was first
crossed with four different donor parents to produce single
cross F; progeny. Four single-cross true F; progeny were
intercrossed and double crossed with each other to produce
two different intercrossed IC|F; populations, and these two
intercross IC;F; populations were crossed again to produce
a second intercross IC,F;, which integrates all eight targeted
QTL and genes in the heterozygous state. The developed
IC,F, was advanced to a further generation based on MAFB
(Figure 1). To achieve all eight targeted QTL and genes
in a single genotype; two sets of IC,F, populations were
intercrossed and the generated IC;F; progeny were advanced.
The developed IC5F; was advanced to further generations
following the strategy of MAFB, which involved initial geno-
typing of the individual plant followed by selecting plants
with maximum gene combinations together with good agro-
nomic performance at every step of advancing the material
(Figure 1).

95UB017 SUOWWIOD 9AIER1D) |qeal|dde sy Ag peusenob ale sejoie O ‘8sN Jo SajnJ 10} AfelqiT 8UIIUO AB[IA UO (SUONIPUOI-PUR-SWLBI/L0D A8 1M Alelg Ul |uo//Sdny) SuonipuoD pue swiie | Y1 88s *[Z0z/70/80] uo Akeiqiauliuo Ae|iM ‘0210z 26d1/Z00T 0T/10p/wod Ao 1m Arelq 1 jpul|u0'Ssese//:Sdny WoJj pepeojumod ‘T ‘2202 ‘2/EE0r6T



40f17 The Plant Genome . SINGH ET AL.

N ; " i » " :r}&' y

X X X
Lalat IR96321-1447-561-B-1 Lalat IRBB60 Lalat IR74371-46-1-1 Lalat IRBL9
WS2013 (0-6 M)
(R ) X (R ) (R X (L
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a b IC,F,- Out 680, 2 IC,F,s have 6
- X - target alleles were inter crossed
WS2015 (0-6 M) .
IC;F,- Out of 195, 3 have all the
osaots 12w (TGHED s alolos
_ 03¢
IC,F,2- qDTY, ,, qDTY; ,, Pi9, Xa4, xa5 and xal3
ws2016 0-6 M) (IGED) IC,F,- Out of 1358, 13 have all the
IC,F,b- gDTY, , qDTY,, , Pid, Xad, xa5 and Xa21 targeted alleles
03¢
Donor, QTLs and genes
IC,F,-Out of 5000, 19 F,s have 7-8
IR96321-1447-561-B-1 (qDTY, , + qDTY, ) Ds2017 (6-12 M) ([Gaf] gesn;s/QTLs 3
IRBB60 (Xa4, xa5, xa13, Xa21) 02
IR74371-46-1-1 (qQDTY ) ws2017 (0-6 M) (1CFL) IC,F,-Out of 1460, 28 F,s have 7-8
) genes/QTLs
IRBLO (Pi9) X
IC;F5-28 families were genotyped
Ds2018 (6-12 M) ([IC:Fs] and phenotyped for BLB and blast
IC,F4-28 families were genotyped
WS2018 (0-6 M 36
( ) SR and phenotyped for drought
03¢
DS2019 (6-12 M) * IC;F,-28 families were genotyped

and phenotyped for drought

X
ﬁ IC,F;-28 families were genotyped
WS2019 (0-6 M) and phenotyped for yield under
drought, control, BLB and blast

FIGURE 1 Crossing was started by adopting simultaneous and synchronized marker-assisted breeding approach. In this, the recurrent parent
‘Lalat’ is first crossed with each of four donor parents to produce F; progeny. Four of the single-crossed F; progeny are intercrossed with each other
to produce two double-cross IC, F, populations and these two double-cross IC,F, populations are intercross again to produce IC,F, progeny, which
integrate all targeted genes and QTL in heterozygous state. The progeny is advanced to IC,F, populations and to stack all the targeted QTL and
genes in root genotype selected IC,F, population are intercross and further advanced to IC;F, populations through marker-assisted forward breeding

2.2 | Marker-assisted foreground selection three gDTY (gDTY; ;, gDTY; ;, and g¢DTY ), ;) and five genes
of ILs (Xa4, xa5, xal3, Xa21, and Pi9), polymerase chain reaction

(PCR)-based genotyping was performed. Here, xa5, xal3,
Genomic DNA was extracted from young leaves of parents ~ XaZ2l, and Pi9 are functional markers, whereas Xa4 is a gene-
and ILs using the TPS method (Kim et al., 2016). For all linked marker. Both peak and flanking markers were used for
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QTL, while gene-specific and linked markers were used for
genes. Parental polymorphism survey of QTL and genes was
conducted, and markers showing polymorphism were used
for genotyping (Supplemental Tables S1 and S2). The PCR
was conducted in a total volume of 20 pl containing 50 ng of
DNA template, 1 pl 10x PCR buffer, 0.25 uM of each primer,
75 pM of each dANTP, and 0.25 units of Taq DNA polymerase
(Genei, India). The condition of PCR amplification included
one cycle at 94 °C for 5 min, followed by 30 cycles of 94 °C
for 30 s, 50~60 °C for 30-60 s, 72 °C for 45-70 s (depending
on the primers), and a final incubation at 72 °C for 5 min. The
PCR products were analyzed on 2-4% agarose gel by elec-
trophoresis.

Finally, selected ILs were genotyped with trait-based
single-nucleotide polymorphism (SNP) markers developed
by IRRI using Kompetitive allele-specific PCR SNP assay
with a genotypic service provider (Intertek, Hyderabad,
India). The SNP markers linked to the traits [snpOS00400,
snpOS00402, and snpOS00408 (¢gDTY;;); snpOS00085,
snpOS00086 and snpOS00089 (¢DTY; ;); snpOS00483 and
snpOS00484 (¢gDTY;, ;); snpOS00481 (Xa4); snpOS00493
and snpOS494 (xal3); snpOS0061 (Xa21); and snpOS00451
(Pi9)] were used for genotyping (https://isl.irri.org/). Because
the SNP marker for the xa5 gene was not available, it
was only confirmed with gene linked markers on agarose
gel.

2.3 | Breeding line selection strategies

All experiments were carried out at research fields of IRRI,
South Asia Hub. The ILs were selected at various stages of
MAFB, screened for blast and BLB at nursery and tillering
stages, respectively. The resistant ILs were evaluated for
drought tolerance under both RS and NS experimental
conditions. The experiments were performed under low-
land transplanted conditions in which 21-d-old seedlings
were transplanted with one single seedling per hill in the
well-prepared field.

2.3.1 Evaluation of ILs under NS and RS
drought-stress condition

The NS experiment was conducted during dry season (DS)
2019 and WS2019, where the selected ILs were planted in an
augmented randomized complete block design with repeated
checks (‘IR64°, ‘Sahbhagi dhan’), Lalat, and drought donor
(IR74371-46-1-1; IR96321-1447-561-B-1) in a plot size of
2.4 m? for NS experiment. A single seedling per hill was
planted in the field. The row-to-row and hill-to-hill spacing of
20 and 15 cm, respectively, were maintained. Nitrogen, phos-
phorus, and potassium (N-P-K) were applied at the ratio of

120:60:40 kg ha™!, respectively. Nitrogen was applied in three
split doses: the first as basal, the second at maximum tiller-
ing, and the third at panicle initiation stage. However, P and
K were applied as a basal dose. Four days after transplanting,
pre-emergence herbicide Pretilachlor (Syngenta) was broad-
casted (1-1.5 L ha™!) to control the weeds. Plant protection
chemicals and pesticides are used based on the need of the
situation in both seasons.

Drought experiment was performed during DS2019 and
WS2019, where ILs were planted in augmented random-
ized complete block design with repeated drought susceptible
(IR64) and tolerant check (Sahbhagi dhan) along with the par-
ents. For imposing drought in stress trials during the monsoon
season (WS2019; June to September), sowing was delayed
for one month (15 July) in WS vs. the NS experiment (15
June).) The rain received during monsoon months June (102
mm), July (80 mm), August (193 mm), and September (294
mm) were normal (ICRISAT weather data). The excess rain-
water was removed in case of a spill of rain that happened
in between the drought-imposed period (8, 18, and 28 Sept.
2019). However, in the DS2019, sowing of both the exper-
iments (drought stress and NS) was done at the same time.
Water was drained out from the field at 30 d after transplant-
ing in transplanted experiments and irrigation was withheld
to impose drought stress cycle at the RS. The stress cycle was
continued until severe leaf rolling was observed in Lalat, and
water table depth was maintained below 100 cm for >2 wk.
Life-saving irrigation was provided using flash flooding based
on the requirement, after which, the second round of the stress
was imposed. This process was repeated until maturity. Water
table depth was measured by installing the water table tube of
1.10 m unplasticized polyvinyl chloride (U-PVC) pipe (1 m
in below the ground level and 10 cm above ground level) in
the experimental fields at regular intervals. Day-to-day deple-
tion of the water table was measured using a marked wooden
scale.

2.3.1 |
traits

Observation of yield and yield-related

Yield and yield-attributing traits, such as data for days to 50%
flowering (DFF), plant height (cm), number of the tiller, pani-
clelength (cm), and GY (kg ha~!) were recorded for the exper-
iments under stress as well as NS condition. The data of DFF
was recorded when 50% of the panicles of the plants of each
plot showed exertion. Plant height was measured from the soil
surface to the tip of the panicle on the main tiller from three
random hills in each plot at the physiological maturity, from
which the mean was calculated. The number of tiller and pan-
icle length was recorded before harvesting of the crop. Har-
vesting was done at physiological maturity after which GY
was measured per plot (g). Seeds were dried to 12% moisture
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before weighing and the plot yield was converted to GY kilo-
gram per hectare (kg ha™!).

2.4 | Phenotypic screening of ILs for BLB
resistance

For BLB screening, a highly virulent isolate of Xanthomonas
oryzae pv. oryzae (Xoo) (DX-020) collected from IIRR,
Rajendranagar, was used (Yugander et al, 2017). All the F;
and Fg lines, along with donor, Lalat, and susceptible check
(TN1) were screened for their reaction to BLB under field
conditions. The bacterial strain was revived on the peptone
sucrose agar plate at 25 °C for 2 d and multiplied on peptone
sucrose agar media for inoculum production. Bacterial growth
was scraped from all the plates and resuspended in sterilized
distilled water. The colony-forming unit (CFU) concentration
was adjusted to 10 CFU ml~! by taking the optical density
(1.0) at 600 nm using a spectrophotometer. Three plants for
each plot were inoculated at a maximum tillering stage with
freshly prepared inoculum following the clip inoculation
method with sterilized scissors (Kauffman et al., 1973). Five
fully expanded leaves per plant were inoculated (2-3 cm from
tip) and disease reaction was scored 21 d after inoculation.
To reduce the effect of high temperature and to provide
favorable conditions for durable entry of bacteria from the
clipped site, the inoculation was preferably done in the
morning.

The disease assessment was done by measuring the lesion
length (cm) from the cut tip of inoculated leaves. The mean of
three leaves was taken for determining the reaction type. Dis-
ease scoring was done following the IRRI standard evaluation
system (SES) scale (IRRI, 1996). A plant was classified as
resistant if the average lesion length was 0-3 cm, moderately
resistant if the lesion was >3—6 cm, moderately susceptible if
the lesion was 69 cm, and susceptible if the lesion was longer
than 9.0 cm (Chen et al., 2000).

2.5 | Phenotypic screening of ILs for blast
resistance

All the advance generation lines (F; and Fg) along with donor,
Lalat and susceptible check (HR-12), were evaluated using a
highly virulent isolate (SPI-40) collected from IIRR, Rajen-
dranagar (Madhan Mohan, 2011), under in vivo conditions
for their reaction to blast under uniform blast nursery at IRRI-
South Asia Hub during DS2019 and WS2019. The seeds of all
the lines were planted in a row spacing of 10 cm, which was
bordered with two rows of highly susceptible check HR12.
Abundant nitrogen (100-120 kg ha~!) in the form of urea was

applied in two split doses: one-half at seeding and the other
half was applied 15 d after seeding. The blast isolates were
cultured and stored on filter paper as described by Hayashi
et al (2009). Stored culture colonized on desiccated filter
paper was revived and multiplied on oatmeal agar plates
for 7 d. For inoculum production, the fungal growth sur-
face was scraped using a sterilized glass slide and filtered
through two layers of nylon mesh. The spore concentration
was adjusted to 1 X 10° spore ml~!. The inoculum was sprayed
onto young seedlings at four-leaf stage using a fine sprayer
during which high relative humidity (>90%) was maintained
for disease development. One week after inoculation, inocu-
lated seedlings were monitored for the development of blast
lesions.

Disease reactions of ILs and parents were recorded 30 d
after sowing. Scoring of disease reaction was repeated at 5-d
intervals until >80% of the susceptible checks were infected.
Disease reaction was visually scored on a scale of 0 to 9 (SES,
IRRI, 1996). A scores of 0-3 was considered resistant, a score
of 4 was considered moderately resistant, and scores of 5-9
were considered susceptible.

2.6 |
traits

Evaluation of ILs for grain quality

The ILs that showed resistance to blast, BLB, and drought
were selected for the analysis of grain quality traits. The
selected ILs were grown at International Rice Research Insti-
tute, South Asia Regional Centre, Varanasi, which is also were
the following grain quality analysis were performed: hulling,
milling, head rice recovery (HRR), chalkiness, kernel length
(KL), kernel breadth (KB), kernel length/breadth ratio (L/B),
alkali spreading value (ASV), and amylose content (AC).

Mature grains of the selected ILs along with Lalat and IR64
(grain quality check) were dried (relative humidity ~ 12%),
dehulled, and polished in a laboratory rice mill (PAZ-1/DT
Zaccaria testing rice mill). A set of 10 grains for each selected
line were used to study grain dimension, KL. and KB, using
image analyzer (Vibe QM3 image analyzer). The L/B of the
10 grains was calculated by dividing mean KL with mean KB.
The ASV was estimated with minor modifications as in Little
etal. (1958). A group of six polished rice grains from each line
was immersed in a freshly prepared 1.7% KOH solution and
incubated at 28-30 °C for 23 h; spreading of the rice grains
was visually categorized in seven categories from 1 (unaf-
fected) to 7 (completely dissolved). The sample for AC was
prepared by the method described by Juliano et al., 1981. The
AC was estimated using an automated wet chemistry analyzer
(Skalar San™), which consists of an autosampler, an amylose
chemistry unit.
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2.7 | Statistical analysis

The phenotypic results obtained from drought stress and NS
trials have been statistically evaluated using PBTools v1.4 for
the measurement of trial mean and standard deviation error.
At the 5% significant levels, the LSD was used to evaluate
the means of the test entries in addition to which significant
differences of the traits were analyzed between parents and
each ILs. Broad-sense heritability (H?) and F test of each trait
were also calculated using PB Tools for understanding the
variation.

3 | RESULTS

3.1 | Marker-assisted forward breeding to
combine QTL and genes

Multiple QTL and genes in the Lalat background were com-
bined using a simultaneous stepwise crossing scheme. MAFB
was employed to combine all QTL and genes, which included
genotyping of segregating plants and phenotypic selection to
find the best ILs with the most QTL and genes for the traits
under study. Parental polymorphism analysis was performed
between Lalat and donor parents. Markers that have a base
difference of more than 10 bp were selected for use in fore-
ground selection. Simple sequence repeat marker polymor-
phic at the peak, flanking regions of QTL and gene-specific
or linked marker polymorphic for targeted genes were used
for hybridity confirmation and foreground selection (Supple-
mental Table S1).

In WS2013 single cross of Lalat with four different par-
ents were attempted, that is, Lalat and IR96321-1447-561-B-1
(gDTY; ; + qDTYj; ;); Lalat and IR74371-46-1-1 (¢DTY ;5 ;);
Lalat and IRBL-9 (Pi9); and Lalat and IRBB-60 (Xa4 +
xa5 + xal3 + Xa2l); and a total of 90, 121, 96, and
132 F, population seeds were generated (Figure 1). The
hybridity of these F; seeds was confirmed with identified
polymorphic markers (Supplemental Table S2). All four
sets of true F; seeds were crossed to produce two types
of intercrosses IC;F;, that is. Lalat/IR96321-1447-561-B-
1 (gDTY; ;, qDTY; p)//Lalat/IRBB60 (Xa4 + xa5 + xal3
+ Xa21) and Lalat/IR74371-46-1-1 (¢DTY, ;)//Lalat/IRBL9
(Pi9) and 79 and 131 IC|F; seeds were produced for the
two attempted crosses. The genotypically confirmed ICF,
seeds were again intercrossed [Lalat/IR96321-1447-561-B-
1 (gDTY,; ;, gDTY; ;)//Lalat/IRBB60 (Xa4 + xa5 + xal3
+ Xa21)] x [Lalat/IR74371-46-1-1 (¢DTY, ;)//Lalat/IRBL9
(Pi9)] and a total of 181 IC,F, seeds were produced. All IC,F,
seeds were grown and foreground selection was done with
QTL and gene-specific markers. A total of 680 IC,F, plants
were grown and genotyped and plants with a maximum of
six gene and QTL were found. To combine all the alleles in

the single background, two IC,F, populations having com-
plementary alleles [IC,F, (¢DTY, ;,qDTY; ;, Xa4, xa5, xal3
and Pi9) and IC,F, (¢DTY; ,;, qDTY, ;, Xa4, xa5, Xa21, and
Pi9)] were intercrossed (Supplemental Table S3). In the first
parent (IC,F,), the alleles gDTY3.1, xa5, xal3, and Pi9 were
heterozygous and the alleles gDTY; ; and Xa4 were homozy-
gous. For the second parent (IC,F,) alleles gDTY;,, xa5,
Xa21, and Pi9 were heterozygous and the alleles gDTY;, ; and
Xa4 were homozygous. The generated 195 IC5F; plants were
grown, and three plants with all the targeted genes are selected
for further advancement. A total of 1358 IC5F, generations
were grown, and foreground selection was done. Out of these
13 IC5F, plants having all targeted alleles were advanced.
At IC5F; generation, a total of 5,000 plants were grown and
selected plants were genotyped. Nineteen IC;F; plants were
forwarded as a family, and a total of 1,460 IC;F, plants were
grown and genotyped. From 1,460 IC;F, plants, 28 ILs hav-
ing five to eight targeted alleles were selected and advanced
to IC;Fs. These 28 ILs were also genotyped using an SNP
marker (PCR based marker for xa5), resulting in the confir-
mation of ILs with five to seven QTL and genes in homozy-
gous state (Supplemental Table S3). The phenotyping of these
ILs for reproductive stage drought tolerance, BLB, and blast
resistance was also carried out at F; and Fg generations.

3.2 | Phenotypic performance of ILs under
RS drought stress and NS conditions

The experiment conducted for phenotyping of ILs possess-
ing drought-tolerant QTL under RS drought and NS condi-
tions during DS2019 and WS2019 resulted in adequate phe-
notypic differences among the ILs, Lalat, and checks. The
results of ANOVA, LSD, means, the heritability of selected
ILs with drought tolerant QTL under RS and NS condition of
DS2019 and WS2019 are summarized (Supplemental Table
S4). During DS2019, severe drought stress (SS) was imposed
and the average reduction in yield of ILs was found to be
86.5% vs. the NS condition (Figure 2). The percentage yield
advantage of ILs over Lalat varies from 9 to 124% in DS2019
and from 7 to 175% in WS2019 (Figure 3). Under drought
stress, 14 ILs have shown a greater yield advantage over
Lalat, with the highest yield being 1,120 kg ha~! (92%) and
1,020 kg ha=! (103%) in the DS2019 and WS2019, respec-
tively. IR144974-161-213-27-47-B performed very well in
WS2019 and yielded 1,413 (175%) kg ha™!; however, its yield
was only 803 (38%) kg ha~! in DS2019. The least improve-
ment in yield of IR 144974-331-112-12-33-B was reported
as 601 and 179 kg ha~! in DS2019 and WS2019, respec-
tively. Significant seasonal differences in the yield of a few
ILs (IR143207-153-476-146-51-37-1-B, IR144974-161-213-
34-45-B, IR143207-134-476-146-51-57-8-B, and IR144974-
331-112-12-33-B) were also observed. The trial means of ILs
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FIGURE 2
under reproductive stage drought stress and nonstress condition. (a)
Evaluation of selected ILs (IL1, IR 144974-161-213-27-47-B, and IL2,
IR 144974-161-176-26-48-B) and ‘Lalat’ under reproductive stage
drought stress condition. (b) Evaluation of selected ILs (IL1, IR
144974-161-213-27-47-B, and IL2, IR 144974-161-176-26-48-B) and
recurrent parents under nonstress conditions

Performance of selected introgression lines (ILs)

for GY was 587 kg ha~! under SS in DS2019. In WS2019, the
average reduction of yield of ILs was 78.5% vs. the NS con-
dition. The trial mean of ILs for GY was 867 kg ha~! under
SS in WS2019. Broad-sense heritability (H?) of GY under RS
ranged from 0.72 to 0.95 in the years of DS2019 and WS2019.
The results of other agronomic parameters under RS drought
tolerance showed that the majority of ILs have less reduction
in plant height, the number of tillers, and panicle length vs.
Lalat. However, the value for all these agronomic parameters
of the majority of ILs under NS condition was almost equal
to Lalat (Supplemental Table S4).

3.3 | Assessment for BLB and blast
resistance of ILs

Fourteen ILs performed well under both NS and RS drought
situations and were evaluated for their reaction to BLB and
blast pathogen during DS2019 and WS2019. The reaction of
the best six ILs that are resistant against both BLB and blast
along with six donors and Lalat are presented in Table 1 and
Figure 4. The BLB reaction of the elite parent Lalat and the
susceptible check (TN1) expressed susceptible reaction with
the average lesion length of 9.7 and 11.3 cm, respectively, in
DS2019. However, the reaction of Lalat and TN1 for BLB
was 10 and 11.1 cm, respectively, in WS2019. The donor par-
ent IRBB60 possessing Xa4, xa5, xal3, and Xa2l expressed
highly resistant reactions with an average lesion length of 0.75

to 0.54 cm in DS2019 and WS2019, respectively. The list of
selected ILs having Xa4, xa5, xal3, and Xa21 genes in differ-
ent combinations and have a resistant response to BLB with
the average lesion length ranging from 1.3 to 3.0 cm (Table 1,
Figure 4). The ILs with xa5, xal3, and Xa2l showed a better
level (1.3-2.2 cm) of resistance than any other three combi-
nations of genes.

The blast reaction of donor parent IRBL9 expressed resis-
tant reaction with SES scores 1-2, Lalat expressed susceptible
score 6, susceptible check HR12 expressed highly susceptible
reaction with SES score 7-8. All the ILs expressed resistance
reactions with SES score 0-3 in both the seasons (Table 1,
Figure 4). The reaction of ILs indicated that the pyramid-
ing of BLB- and blast-resistant genes in the elite parent Lalat
imparted a high level of resistance as indicated by reduced
lesion length for BLB disease and resistant score for blast
disease.

3.4 | Grain quality analysis of promising ILs

Fourteen ILs selected based on phenotypic performance under
RS and NS conditions were subjected to grain quality anal-
ysis, which included physical and cooking quality parame-
ters such as hulling percentage, milling percentage, HRR, KL,
KB, L/B, chalkiness, ASV, and AC. Of the 14 ILs selected
for analysis, four entries are rejected because of their chalk-
iness property. From the 10 ILs analyzed, six of the ILs had
grain quality characteristics mostly similar to Lalat and IR64,
and these ILs also show BLB and blast resistance (Table 2).
Grain quality value of six ILs range as follows: hulling per-
centage (80.31-81.82%), milling percentage (72.43-73.39%),
KL (6.35-7.01 mm), KB (2.13-2.28 mm), and L/B (2.98-
3.20). Also, we observed that the grain physical characteris-
tics of these ILs were almost similar to elite parent Lalat and
grain quality check IR64 (Table 2). Head rice recovery of ILs
varied from 65.51 to 67.96%, which is similar to Lalat (HRR
64.90%). The AC of the selected ILs ranged from 23.16 to
25.77% (intermediate), which was similar to Lalat (24.94%)
and IR64 (22.38%). The ASV of all six ILs was 5, which was
similar to the ASV of Lalat and IR64. Also, the grain type of
all the selected ILs was long slender and almost identical to
Lalat.

4 | DISCUSSION

Over the years, we have observed that most of the rice grow-
ing areas face severe abiotic and biotic stresses resulting in
reduced yield and poor grain quality (Das & Rao, 2015). In the
global context of crop loss because of stresses and its result-
ing upsurge in the hunger strike, developing high-yielding,
climate-resilient, and superior grain quality rice using modern
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FIGURE 3 Percentage yield advantage of introgression lines (ILs) over ‘Lalat’ in drought and nonstress condition. Yield advantage of

developed ILs along with parents and checks are compared under nonstress and reproductive stage drought condition in both DS2019 and WS2019.
IL1, IR 144974-161-213-27-47-B; IL2, IR 143207-134-476-146-51-57-8-B; IL3, IR 143207-31-839-22-20-78-20-B; IL4, IR
144974-161-213-34-45-B; ILS, IR 144974-161-176-28-49-B; IL6, IR 144974-161-176-35-51-B; IL7, IR 144973-228-112-10-36-B; IL8, IR
144973-228-112-2-37-B; IL9, IR 143207-176-839-22-20-7-2-B; IL10, IR 143207-131-917-21-4-5-63-B; IL11, IR 144974-161-213-24-41-B; IL12,
IR 143207-111-476-22-20-9-3-B; IL13, IR 143207-153-476-146-51-37-1-B; IL14, IR 144974-161-213-22-44-B; IL15, IR 144974-161-176-26-48-B

breeding approaches is a sustainable way to ensure food secu-
rity in rice cultivation. In this study, we deployed a crossing
strategy with previously identified QTL and closely linked or
gene-based markers to combine multiple stress resistance into
elite rice cultivar Lalat and validate the tolerance or resistance
by phenotyping for respective stresses using standard screen-
ing protocol (IRRI, 2013).

The simultaneous crossing program for combining all
the targeted QTL and genes for drought, BLB, and blast
has resulted in combining all the targeted traits in one root
genotype. First, all four donors (IR96321-1447-561-B-1;
IR74371-46-1-1; IRBB60; and IRBLY9) were crossed with
elite parent Lalat, then the developed F; plants were inter-
crossed and double crossed to segregate all the QTL and
genes combined. All the donors were crossed with elite
parents in a way to capture the majority of the traits of the
elite parent type, while MAFB was used for quick delivery
of the finished product by escaping two or more backcrosses
needed for the MABB approach. The result of stacking
multiple QTL and genes in one step indicates the use of a
simultaneous crossing program coupled with MAFB could

be an effective breeding approach using the elite donors used
in the crossing program. During the advancement of complex
IC;F, generations, both genotypic and visual selections were
practiced (plant type, grain type, DFF) that also involved
selection of lines with different combinations of QTL and
genes including some lines that lacked one or two QTL and
genes.

Complex IC,F; plants (181) have been used to grow F,
populations, keeping in mind to find the best recombinants
for yield, plant type, and grain type with all possible combi-
nations of QTL and genes. While we could not achieve all
the targeted alleles at IC, stage, we again attempted inter-
cross between IC,F, plants having complementary alleles
(Supplemental Table S3) and three IC;F; plants with all the
targeted alleles were found. The segregating population was
maintained as 1,358 plants in IC5F,, 5,000 in IC;F5, 1,460
in IC5F,, 28 families in IC;Fs, and IC5F¢ generations have
been used for selective genotyping as well as phenotyping at
field level. The selection strategy adapted in the present breed-
ing program is practical, where plants from segregating gen-
erations were selected based on both genotyping (foreground
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TABLE 1 Phenotypic reaction of best introgression lines against blast and bacterial leaf blight (BLB) during DS2019 and WS2019
Blast score and reaction” BLB lesion length and reaction®
DS2019 WS2019 DS2019 WS2019
Lesion Lesion
Designation® QTL-gene combination Score Reaction Score Reaction length Reaction length Reaction
cm cm
IR 144974-161-213-27- ¢DTY,,;, gDTY;,, 2 R 3 R 24+037 R 288+0.54 R
47-B qDTY,, ;, Pi9, xa5,
xal3, Xa2l
IR 144974-161-176-35- gDTY;,, qDTY,,,, Pi9, 1 R 2 R 13+£065 R 22+083 R
51-B Xa4, xa5, xal3, Xa2l
IR 143207-31-839-22-  ¢DTY,,;,qDTY;,, 3 R 2 R 28+074 R 30+086 R
20-78-20-B gDTY , ;, Pi9, Xa4,
Xa2l
IR 143207-131-917-21- ¢DTY,,,qDTY;,, 2 R 3 R 233+053 R 246 +0.28 R
4-5-63-B qDTY,, ,;, Pi9, Xa4, xa$5,
Xa2l
IR 144974-161-176-26- gDTY;,, gDTY,,,, Pi9, 3 R 3 R 28+083 R 2324045 R
48-B Xa4, xa5, Xa2l
IR 144973-228-112-10- ¢DTY,,;,qDTY;,, 2 R 3 R 26+083 R 28+065 R
36-B qDTY,, ,;, Pi9, Xa4, xa5,
Xa2l
‘Lalat’ - S 6 S 9.7+048 S 10.0 +£0.67 S
IRBL9 Pi9 R 1 R - - - -
HR12 - S 7 S - - - -
IRBB60 Xa4, xa5, xal 3, Xa2l - - - - 0.75+0.26 R 0.54 +0.31
TNI1 - - - - - 11.3+048 S 10.1 +£0.72 S

2HR12, blast susceptible check; IRBL9, blast donor; TN1, BLB susceptible check; IRBB60, BLB donor parent.
bIntrogression lines expressed blast score 0-3 are considered R (resistant), 4 as MR (moderately resistant), and 5-9 as S (susceptible).

¢BLB screening, introgression lines showing mean lesion length (mean + SD) 0-3 cm as R (resistant), >3-6 as MR (moderately resistant), and >6-9 as S (susceptible).

markers) as well as the phenotypic selection at field level for
plant type and grain type from segregation populations. The
ILs were selected in the field by comparing the phenotypic
expression with respective parents or checks and grain type
with Lalat.

In the process of development of multiple stress-tolerant
lines, three QTL for GY under drought (¢DTY; ;, gDTY; ,
and gDTY, ;) that gives yield advantage of 800-1,000 kg h~!
in combination (Bernier et al., 2007; Ghimire et al., 2012;
Kumar et al., 2008; Venuprasad et al., 2009; Vikram et al.,
2011) has been targeted for introgression in the current breed-
ing program for Lalat. Previously, the transfer of drought-
tolerant QTL, that is, gDTY; ;, gDTY,; ,, gDTY, ;, gDTY, 5,
qDTY, 3, qDTY; ;, qDTY; ,, and ¢DTY, ;, have been carried
out extensively using MABB approach, which has resulted in
a drought-tolerant version of some of the mega rice cultivars
such as ‘Swarna’ (gDTY;; + gDTY,; + qDTY;; + Subl)
as ‘CR dhan 801°, Swarna (¢gDTY, ; + gDTY;; + Subl) as
‘CR dhan 802’, IR64 (¢DTY, ,, gDTY, ;) as ‘DRR dhan 42’,
and ‘Samba Mahsuri’ (gDTY, ; + gDTY; ; + Subl) as ‘DRR
dhan 50’ have been released as cultivars in various countries

of southern Asia for cultivation (Kumar et al., 2014, 2018;
Sandhu et al., 2019; Bhandari et al., 2019). In our previous
reports, 51% of the total genetic variance with an estimated
additive effect of 172 kg ha~! for yield was observed under
upland RS over 2 yr of field evaluation through the introgres-
sion of gDTY;, ; (Bernier et al., 2009). Drought tolerant QTL
gDTY, ; and gDTY; ; have yield advantage of 72-1,600 kg
ha~! over Swarna under RS drought (Sandhu et al., 2019).

In the current study, ILs with drought-tolerant QTL were
tested under RS drought tolerance in DS2019 and WS2019,
respectively, which resulted in adequate yield improvement
over Lalat (IR 144974-161-213-27-47-B, IR 144974-
161-176-35-51-B, IR 143207-31-839-22-20-78-20-B, IR
143207-131-917-21-4-5-63-B, IR 144974-161-176-26-48-B,
and IR 144973-228-112-10-36-B), where yield was found
to be comparable with drought check ‘Sahbhagi dhan’.
These ILs showed less reduction in yield under drought than
recurrent parent Lalat. In both seasons, ILs (IR 144974-
161-213-27-47-B, IR 143207-31-839-22-20-78-20-B, IR
144973-228-112-10-36-B, IR  144973-228-112-2-37-B,
and IR 143207-134-476-146-51-57-8-B) with all three
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Screening of selected introgression lines (ILs) of ‘Lalat’ against blast and bacterial leaf blight (BLB) diseases. (a) Phenotypic

performance of ILs, Lalat susceptible checks under uniform blast nursery. The susceptible check HR12 and Lalat were highly susceptible to blast

disease, whereas the tested ILs were found resistant. (b) Phenotypic performance of ILs, recurrent parent, and donor parents. The recurrent parent

Lalat was found susceptible, whereas the donor parent (IRBB60) and the selected ILs were found highly resistant to BLB. IL1,
IR144974-161-213-27-47-B; IL2, IR 144974-161-176-35-51-B; IL3, IR143207-31-839-22-20-78-20-B; IL4, IR144973-228-112-10-36-B

drought-tolerant QTL (¢DTY;;, gDTY;,;, and ¢DTY;, ;)
gave a greater yield advantage under drought over elite parent
Lalat. In DS2019, the percentage GY advantage of ILs against
Lalat varies from 9 to 124%, while in WS2019, it ranges from
7 to 175% (Figure 3). Like the result of this study, yield advan-
tage of 1,200 to 2,000 kg ha~! under RS have been reported
after introgression of two to three gDTY in IR64 background
(Swamy et al., 2013). Pyramided lines developed using three
drought-tolerant QTL (¢DTY; ;, gDTY, ;, gDTY; ;) showed
yield advantage of 200-1,700 kg ha~! under RS drought
stress in Swarna background (Sandhu et al., 2019).

In the context of biotic stresses, three BLB resistance genes
(xa5, xal 3, and Xa21) from IRBB60 were transferred to elite
parent Lalat for providing durable resistance against BLB
through MAFB. Lalat itself has the Xa4 gene in the back-
ground but is susceptible to almost all the isolates, which
suggests its breakdown (Dokku et al., 2013b). Pyramiding of
multiple BLB-resistant genes is a prerequisite because of the
existence of numerous genetically distinct virulent Xoo strains
prevailing in diverse rice growing areas in India. Deployment
of combination of genes can provide broad-spectrum, durable
resistance in BLB-prone rice growing areas (Dokku et al.,
2013a; Singh et al., 2001; Suh et al., 2011; Pradhan et al.,
2015). The ILs with xa5 + xal3 + Xa21 genes showed higher
resistance than ILs with Xa4 + xa5 + Xa2l gene combina-
tions. However, ILs with all four genes (Xa4, xa5, xal3, and

Xa21) was the most effective combination against BLB iso-
lates (lesion length, 1.3-2.2 cm) when compared with any of
two combinations. The current results validate the importance
of gene pyramiding and the selection of effective genes in the
breeding program. The ILs with two genes in different com-
binations showed different levels of resistance. Similar resis-
tance responses were also reported by a few other studies in
rice, for example, Yoshimura et al. (1995) reported that rice
lines carrying Xa4 + xa5 genes were more resistant to race of
isolate 4 than lines carrying any single gene, parents, or com-
bination of Xa4 + Xal0 genes. Breeding lines developed with
two, three, and four BLB resistance genes show a wide spec-
trum of disease response. However, lines with either xa5 +
xal3 + Xa2l and Xa4 + xa5 + xal3 + Xa21 genes have higher
levels of disease resistance than any other combination. Rice
variety PR106 pyramided with a combination of xa5, xal3,
and Xa2l genes has a differential level of resistance. Lines
with either Xa2l or lines with Xa2l, xal3, and xa5 genes
have resistant responses against all tested races of Punjab and
Philippines (Huang et al., 1997). The ILs developed with xa3,
xal3, and Xa2l genes in the rice cultivar Triguna have dif-
ferential resistance response. The ILs carrying the two-gene
combinations Xa2l and Xal3 were found to exhibit higher
levels of resistance against disease than any other two gene
combinations (Sundaram et al., 2009). Dokku et a. (2013a)
pyramided Xa4, xa5, xal3, and Xa21l genes in rice, and lines
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Grain quality analysis of promising introgression lines

TABLE 2

Grain yield

The Plant Genome .

Alkali

Length/
breadth
ratio

Amylose
content

%

spreading
value

Kernel
type

Kernel Kernel
length

Head rice
recovery

breadth

WS2019 Hulling Milling

DS 2019

Designation

%
72.43
72.95
73.01

kg ha™!

24.36

LS
LS

2.98
3.06
3.07
3.10
3.07
3.20
3.17
3.30

2.13
2.25
2.28
2.29
2.28
2.13
222
2.13

6.35
6.87

7.

66.89

4,194 80.31

4,595

5,383

IR 144974-161-213-27-47-B

25.77

4,417 80.71 65.51

IR 144974-161-176-35-51-B

(]

24.39

LS

01

67.96

IR 143207-31-839-22-20-78-20-B 4,375 4,384 80.91

IR 143207-131-917-21-4-5-63-B
IR 144974-161-176-26-48-B
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24.79

LS

7.10
7.

80.74 72.61 68.39
80.91

5,084
5,873

4,250

24.39

LS

67.96

73.01

4,833

23.16

LS

6.80
7.04
7.01

66.53

73.39
72.92
71.40

81.82
81.02
79.64

4,022

4,750

IR 144973-228-112-10-36-B

‘Lalat’

24.94
22.38

LS

64.90

4,364

3,591

LS

59.85

‘IR64°"

2LS, long slender.

TR64 was used as grain quality check.

with different gene combinations were developed. The per-
formance of lines with Xa4 + xal3 + Xa2l genes were better
than other three-gene combinations (Xa4 + xa5 + Xa21 and
Xa4 + xa5 + xal3) as well as all the two-gene combinations
like Xa4 + xa5, Xa4 + xal3, or Xa4 + Xa2l.

In the context of blast disease, a single, broad-spectrum,
blast-resistant gene, Pi9, has been deployed in current study
using MAFB. Though several resistant genes for blast have
been identified, Pi9 was found to offer broad-spectrum resis-
tance against blast. In our study, ILs with Pi9 showed a good
resistance score (1-3) in both the seasons. Similarly, Wen
& Gao (2012) introgressed Pi-9(t) into hybrid restorer line
Luhuil7 by using MABB, and a higher level of resistance was
observed. Khanna et al (2015) introgressed two blast-resistant
genes, Pi9 and Pi2, in ‘Pusa Basmati 1’ and found that ILs
carrying Pi9 are resistant against all three isolates, while ILs
carrying Pi2 was resistant against only one isolate. The study
observed that the use of single, broad-spectrum blast resis-
tance genes could be effective against blast disease.

In the present study, in addition to the increased level of
drought tolerance, BLB and blast resistance stringent selec-
tion was followed to develop ILs that are agronomically simi-
lar or superior to Lalat. Lalat has long slender grain type in
comparison with the medium bold donor used for drought
tolerance, BLB, and blast. However, with stringent pheno-
typic selection based on plant morphology and grain charac-
teristics at the early generation, we selected plants that were
almost like Lalat for grain appearance (length, breadth). The
ILs with different grain appearance were also generated but
not included for further advancement in this study. As a result,
all the selected ILs were equivalent to Lalat for most of the
grain quality characteristics. A good level of similarity in
grain quality traits of ILs, compared with Lalat, was achieved
in this study. Development of such ILs with multiple QTL and
genes for various abiotic and biotic stress tolerance traits will
certainly help farmers to harvest higher yield under the occur-
rence of drought, BLB, and blast when they occur alone or in
combinations.

The breeding strategy blend with use of robust molecular
markers available for the targeted traits in the present study
had resulted in accumulating favorable alleles more precisely,
quickly, and effectively, particularly in pyramiding multiple
complex traits and hence can maximize the expected genetic
gain targeted in rice to feed the ever-growing population under
the ongoing adverse climatic changes. The breeding strategies
adopted in the present study facilitated the development of
new rice lines with higher yield with good grain quality in
less than 5 yr, which enhanced the selection efficiency that
led to faster development of rice cultivars. This is one of the
few studies targeted to combine tolerance or resistance to both
biotic and abiotic stresses using MAFB.

The novel feature of this study was a successful demon-
stration of multiple QTL and genes in a single genetic
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background through a unique crossing program more particu-
larly using phenotypic selection strategy together with geno-
typing. The plant selection practiced in the study via mor-
phological and grain quality traits to enhance the recovery of
the recurrent parent genome was successful, and plants with
elite parent phenotype and grain type were developed. Com-
mon genetic background from elite parents in each intercross
coupled with reliable phenotyping and screening at field level
enabled us to reject plant types differing from Lalat, so only
those ILs resembling Lalat in maximum essential morpholog-
ical and quality features were considered for next advance-
ment. This strategy helped us to move ahead without need
of background genotyping. Background genotyping is more
useful in backcross breeding when the chances of obtaining
a recurrent type are higher, whereas in MABF, where many
parents are involved, visual selection from a larger number
of lines is useful. This is one of the few studies where we
have not carried out background genotyping at any genera-
tion. This study is in agreement with the previous studies that
used morphological and quality-based plant selection strate-
gies in selecting breeding lines (Das et al., 2018; Kumar et al.,
2018). The stress-tolerant lines developed in the current study
can be released as a cultivar through a national varietal release
system or can be used as a donor parent in performing elite—
elite crosses to combine biotic and abiotic stresses tolerance
or resistance.

The study concludes that a stepwise crossing scheme
coupled with MAFB works well for combining multiple QTL
and genes governing multiple abiotic and biotic stresses.
Maintenance of many plants and progenies at the F; stage
and early generations enabled us to get all combinations of
QTL and genes with better plant types. The ILs with all three
drought-tolerant QTL (¢DTY,;;, ¢DTY;,, and gDTY;, ;)
provided higher yield under RS drought. The ILs with Xa4,
xa5, xal3, and Xa21l genes showed higher levels of resistance
against BLB followed by xal3 + Xa2l and xa5 + XaZ2l.
The ILs developed with blast gene (Pi9) showed high to
medium resistance score. The grain physical quality and
cooking quality is almost similar to elite parent Lalat. The
promising ILs (IR144974-161-213-27-47-B; IR144974-
161-176-35-51-B; IR143207-31-839-22-20-78-20-B;
IR143207-131-917-21-4-5-63-B;  1IR144974-161-176-26-
48-B; and IR144973-228-112-10-36-B) with tolerance to
drought and resistance to BLB and blast together with good
grain quality traits has been promoted for evaluation in
national trials. Availability of these ILs possessing genes
and QTL in elite background provides an opportunity to
make MAFB less cumbersome, quicker, as well as enable
us to combine higher number of genes governing tolerance
to multiple abiotic and biotic stresses with less worry for
undesirable linkages, which is a major limitation while using
traditional donors in MABB or marker-assisted selection
programs.

ACKNOWLEDGMENTS

The authors express sincere thanks to Department of Biotech-
nology (DBT), Government of India for financial sup-
port under the project ‘Marker Assisted Introgression of
Different Traits to Develop New Generation Rice Vari-
eties’ grant (BT/AB/01/IRRI-India/2012 dt. 01.07.2013) and
‘Development of superior haplotype based near isogenic
lines (Haplo-NILs) for enhanced genetic gain in rice’ grant
(BT/PR32853/AGill/103/1159/2019). This work has been
undertaken as part of the CGIAR Research Program on Rice
(RICE) and ICAR-IRRI collaborative research project. IRRI
is a member of the CGIAR Consortium.

DATA AVAILABILITY STATEMENT

The relevant supplemental data has been provided with
the manuscript. The developed introgression lines can be
obtained from IRRI with proper material-transfer agreement
(MTA) or a standard material transfer agreement (SMTA).

AUTHOR CONTRIBUTIONS

Uma Maheshwar Singh: Data curation, Formal analysis,
Investigation, Methodology, Writing-original draft, Writing-
review & editing. Shilpi Dixit: Data curation, Formal analysis,
Methodology, Writing-review & editing. Shamshad Alam:
Data curation, Formal analysis, Investigation, Methodology,
Writing-review & editing. Shailesh Yadav: Formal analy-
sis, Investigation, Methodology, Writing-review & editing.
Vinukonda Vishnu Prasanth: Data curation, Methodology.
Arun Kumar Singh: Data curation, Investigation, Method-
ology. Challa Venkateshwarlu: Formal analysis, Methodol-
ogy. Ragavendran Abbai: Formal analysis, Software, Visu-
alization, Writing-review & editing. Abhilash Kumar Vip-
parla: Writing-review & editing. Jyothi Badri: Data curation,
Methodology, Resources, Visualization. Tilatoo Ram: Con-
ceptualization, Data curation, Methodology. Madamshetty
Srinivas Prasad: Data curation. Gouri Sankar Laha: Data cura-
tion. Vikas Kumar Singh: Conceptualization, Project admin-
istration, Resources, Supervision, Validation, Writing-review
& editing. Arvind Kumar: Conceptualization, Investigation,
Project administration, Resources, Supervision, Validation,
Writing-review & editing.

CONFLICT OF INTEREST
The authors do not have any conflicts of interest.

ORCID
Arvind Kumar ‘© https://orcid.org/0000-0002-5488-9410
REFERENCES

Alam, S., Imam, J., Nitin, M., Prasad, C., & Variar, M. (2017). Molecular
screening of blast resistance gene Pi2 in Indian rice landraces (Oryza
sativa L.) and its verification by virulence analysis. Proceedings of the

95UB017 SUOWWIOD 9AIER1D) |qeal|dde sy Ag peusenob ale sejoie O ‘8sN Jo SajnJ 10} AfelqiT 8UIIUO AB[IA UO (SUONIPUOI-PUR-SWLBI/L0D A8 1M Alelg Ul |uo//Sdny) SuonipuoD pue swiie | Y1 88s *[Z0z/70/80] uo Akeiqiauliuo Ae|iM ‘0210z 26d1/Z00T 0T/10p/wod Ao 1m Arelq 1 jpul|u0'Ssese//:Sdny WoJj pepeojumod ‘T ‘2202 ‘2/EE0r6T


https://orcid.org/0000-0002-5488-9410
https://orcid.org/0000-0002-5488-9410

14 of 17 The Plant Genome .0

SINGH ET AL.

National Academy of Sciences, India Section B: Biological Sciences,
87, 67-72. https://doi.org/10.1007/s40011-015-0548-3

Arunakumari, K., Durgarani, C. V., Satturu, V., Sarikonda, K. R., Chit-
toor, P. D. R., Vutukuri, B., Laha, G. S., Nelli, A. P. K., Gattu, S.,
Jamal, M., Prasadbabu, A., Hajira, S., & Sundaram, R. M. (2016).
Marker-assisted pyramiding of genes conferring resistance against
bacterial blight and blast diseases into Indian rice variety MTU1010.
Rice Science, 23,306-316. https://doi.org/10.1016/j.rsci.2016.04.005

Ashkani, S., Rafii, M. Y., Shabanimofrad, M., Miah, G., Sahebi, M.,
Azizi, P., Tanweer, F. A., Akhtar, M. S., & Nasehi, A. (2015). Molec-
ular breeding strategy and challenges towards improvement of blast
disease resistance in rice crop. Frontiers in Plant Science, 6, 886.
https://doi.org/10.3389/fpls.2015.00886

Babujee, L., & Gnanamanickam, S. S. (2000). Molecular tools for char-
acterization of rice blast pathogen (Magnaporthe grisea) population
and molecular marker-assisted breeding for disease resistance. Cur-
rent Science, 78, 248-257

Balachiranjeevi, C. H., Bhaskar, N. S., Abhilash, V., Akanksha, S., Virak-
tamath, B. C., Madhav, M. S., Hariprasad, A. S., Laha, G. S., Prasad,
M. S., Balachandran, S. M., & Neeraja, C. N. (2015). Marker-assisted
introgression of bacterial blight and blast resistance into DRR17B, an
elite, fine-grain type maintainer line of rice. Molecular Breeding, 35,
151. https://doi.org/10.1007/s11032-015-0348-8

Barnabas, B., Jdager, K., & Fehér, A. (2008). The effect of drought
and heat stress on reproductive processes in cereals. Plant, Cell and
Environment, 31, 11-38. https://doi.org/10.1111/j.1365-3040.2007.
01727.x

Bernier, J., Kumar, A., Ramaiah, V., Spaner, D., & Atlin, G. (2007).
A large-effect QTL for grain yield under reproductive-stage drought
stress in upland rice. Crop Science, 47, 507-516. https://doi.org/10.
2135/cropsci2006.07.0495

Bernier, J., Kumar, A., Venuprasad, R., Spaner, D., Verulkar, S., Man-
dal, N. P, Sinha, P. K., Peeraju, P., Dongre, P. R., Mahto, R. N, &
Atlin, G. (2009). Characterization of the effect of a QTL for drought
resistance in rice, gtl12.1, over a range of environments in the Philip-
pines and eastern India. Euphytica, 166, 207-217. https://doi.org/10.
1007/s10681-008-9826-y

Bhandari, A., Jayaswal, P., Yadav, N., Singh, R., Singh, Y., Singh, B.,
Singh, N., Singh, S., Sevanthi, A., Rai, V., & Verulkar, S. (2019).
Genomics-assisted backcross breeding for infusing climate resilience
in high-yielding green revolution varieties of rice. 79, 160-170.
http://krishi.icar.gov.in/jspui/handle/123456789/26802

Chen, S., Lin, X. H., Xu, C. G., & Zhang, Q. (2000). Improvement of
bacterial blight resistance of ‘Minghui 63’, an elite restorer line of
hybrid rice, by molecular marker-assisted selection. Crop Science, 40,
239-244. https://doi.org/10.2135/cropsci2000.401239x

Conway, G. (2020). The doubly Green Revolution: Food for all in the
21st Century. Cornell University Press.

Das, A., Soubam, D., Singh, P. K., Thakur, S., Singh, N. K., & Sharma,
T. R. (2012). A novel blast resistance gene, Pi54rh cloned from wild
species of rice, Oryza rhizomatis confers broad spectrum resistance to
Magnaporthe oryzae. Functional and Integrative Genomics, 12,215—
228. https://doi.org/10.1007/s10142-012-0284-1

Das, G., & Rao, G.J. N. (2015). Molecular marker assisted gene stacking
for biotic and abiotic stress resistance genes in an elite rice cultivar.
Frontiers in Plant Science, 6, 698. https://doi.org/10.3389/fpls.2015.
00698

Das, G., Rao, G. J., Varier, M., Prakash, A., & Prasad, D. (2018).
Improved Tapaswini having four BB resistance genes pyramided with

six genes/QTLs, resistance/tolerance to biotic and abiotic stresses in
rice. Scientific Report, 8, 2413. https://doi.org/10.1038/s41598-018-
20495-x

Dixit, S., Singh, A., Sandhu, N., Bhandari, A., Vikram, P., & Kumar,
A. (2017a). Combining drought and submergence tolerance in rice:
Marker-assisted breeding and QTL combination effects. Molecular
Breeding, 37, 143. https://doi.org/10.1007/s11032-017-0737-2

Dixit, S., Singh, U. M., Singh, A. K., Alam, S., Venkateshwarlu, C.,
Nachimuthu, V. V., Yadav, S., Abbai, R., Selvaraj, R., Devi, M. N,
Ramayya, P. J., Badri, J., Ram, T., Lakshmi, J., Lakshmidevi, G.,
Vidhya LRK, J., Padmakumari, A. P., Laha, G. H., Prasad, M. S.,
... Kumar, A. (2020). Marker assisted forward breeding to combine
multiple biotic-abiotic stress resistance/tolerance in rice. Rice, 13, 29.
https://doi.org/10.1186/s11284-020-00391-7

Dixit, S., Yadaw, R. B., Mishra, K. K., & Kumar, A. (2017b). Marker-
assisted breeding to develop the drought-tolerant version of Sabitri, a
popular variety from Nepal. Euphytica, 213, 184. https://doi.org/10.
1007/s10681-017-1976-3

Dokku, P., Das, K. M., & Rao, G. J. N. (2013a). Genetic enhancement
of host plant-resistance of the Lalat cultivar of rice against bacte-
rial blight employing marker-assisted selection. Biotechnology Let-
ters, 35, 1339-1348. https://doi.org/10.1007/s10529-013-1212-8

Dokku, P., Das, K. M., & Rao, G. J. N. (2013b). Pyramiding of four
resistance genes of bacterial blight in Tapaswini, an elite rice cultivar,
through marker-assisted selection. Euphytica, 192, 87-96. https://doi.
org/10.1007/s10681-013-0878-2

Fu, C., Wu, T., Liu, W., Wang, F., Li, J., Zhu, X., Huang, H., Liu, Z.
R., Liao, Y., Zhu, M., & Chen, J. (2012). Genetic improvement of
resistance to blast and bacterial blight of the elite maintainer line
Rongfeng B in hybrid rice (Oryza sativa L.) by using marker-assisted
selection. African Journal of Biotechnology, 11, 13104-13114.
https://doi.org/10.5897/AJB12.1465

Ghimire, K. H., Quiatchon, L. A., Vikram, P., Swamy, B. P. M., Dixit, S.,
Ahmed, H., Hernandez, J. E., Borromeo, T. H., & Kumar, A. (2012).
Identification and mapping of a QTL (¢DTY1. 1) with a consistent
effect on grain yield under drought. Field Crops Research, 131, 88—
96. https://doi.org/10.1016/j.fcr.2012.02.028

Hari, Y., Srinivasarao, K., Viraktamath, B. C., Hari Prasad, A. S., Laha,
G. S., Ahmed, M. L., Natarajkumar, P., Sujatha, K., Srinivas Prasad,
M., Pandey, M., Ramesha, M. S., Neeraja, C. N., Balachandran, S. M.
S., Rani, N., Kemparaju, B., Madhan Mohan, K., Sama, V. S. A. K.,
Shaik, H., Balachiranjeevi, C., ... Sundaram, R. M. (2013). Marker-
assisted introgression of bacterial blight and blast resistance into IR
58025B, an elite maintainer line of rice. Plant Breeding, 132, 586—
594. https://doi.org/10.1111/pbr.12056

Hayashi, N., Kobayashi, N., Cruz, C., & Fukuta, Y. (2009). Protocols for
the sampling of diseased specimens and evaluation of blast disease in
rice. JIRCAS Working Report, 63, 17-33

Hua, L. X., Liang, L. Q., He, X. Y., Wang, L., Zhang, W. S., Liu, W., Liu,
X. Q., & Lin, F. (2015). Development of a marker specific for the rice
blast resistance gene Pi39 in the Chinese cultivar Q15 and its use in
genetic improvement. Biotechnology & Biotechnological Equipment,
29, 448-456. https://doi.org/10.1080/13102818.2015.1011894

Hua, L., Wu, J., Chen, C., Wu, W., He, X, Lin, F., Wang, L., Ashikawa,
1., Matsumoto, T., Wang, L., & Pan, Q. (2012). The isolation of
Pil, an allele at the Pik locus which confers broad spectrum resis-
tance torice blast. Theoretical and Applied Genetics, 125, 1047-1055.
https://doi.org/10.1007/s00122-012-1894-7

85UB01 7 SUOWILIOD @A) 8|cedlidde 8Ly Aq peusenob a1e sajoe YO ‘8sN JO Sa|nJ 1oy Akeiqi8UlIUO A8]IM UO (SUO IPUOO-PUR-SUIBY /WD A8 | 1M ARe1q) U1 |UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[7202/70/80] U0 A%eiqi8ulluo 48|11 ‘0LT0Z ZBdY/Z00T 0T/10p/wiod A8 | im Arelq 1 jeuU0'SSssde//Sdny wouy papeojumod ‘T ‘220z ‘ZLEEOVET


https://doi.org/10.1007/s40011-015-0548-3
https://doi.org/10.1016/j.rsci.2016.04.005
https://doi.org/10.3389/fpls.2015.00886
https://doi.org/10.1007/s11032-015-0348-8
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.1111/j.1365-3040.2007.01727.x
https://doi.org/10.2135/cropsci2006.07.0495
https://doi.org/10.2135/cropsci2006.07.0495
https://doi.org/10.1007/s10681-008-9826-y
https://doi.org/10.1007/s10681-008-9826-y
http://krishi.icar.gov.in/jspui/handle/123456789/26802
https://doi.org/10.2135/cropsci2000.401239x
https://doi.org/10.1007/s10142-012-0284-1
https://doi.org/10.3389/fpls.2015.00698
https://doi.org/10.3389/fpls.2015.00698
https://doi.org/10.1038/s41598-018-20495-x
https://doi.org/10.1038/s41598-018-20495-x
https://doi.org/10.1007/s11032-017-0737-2
https://doi.org/10.1186/s11284-020-00391-7
https://doi.org/10.1007/s10681-017-1976-3
https://doi.org/10.1007/s10681-017-1976-3
https://doi.org/10.1007/s10529-013-1212-8
https://doi.org/10.1007/s10681-013-0878-2
https://doi.org/10.1007/s10681-013-0878-2
https://doi.org/10.5897/AJB12.1465
https://doi.org/10.1016/j.fcr.2012.02.028
https://doi.org/10.1111/pbr.12056
https://doi.org/10.1080/13102818.2015.1011894
https://doi.org/10.1007/s00122-012-1894-7

SINGH ET AL.

The Plant Genome &

15 of 17

Huang, H., Huang, L., Feng, G., Wang, S., Wang, Y., Liu, J., Jiang,
N., Yan, W.,, Xu, L., Sun, P,, & Li, Z. (2011). Molecular mapping
of the new blast resistance genes Pi47 and Pi48 in the durably resis-
tant local rice cultivar Xiangzi 3150. Phytopathology, 101, 620-626.
https://doi.org/10.1094/PHY TO-08-10-0209

Huang, N., Angeles, E. R., Domingo, J., Magpantay, G., Singh, S.,
Zhang, G., Kumaravadivel, N., Bennett, J., & Khush, G. S. (1997).
Pyramiding of bacterial blight resistance genes in rice: Marker-
assisted selection using RFLP and PCR. Theoretical and Applied
Genetics, 95, 313-320 https://doi.org/10.1007/s001220050565

IRRI. (1996). Standard evaluation system manual. International Rice
Research Institute.

IRRI. (2013). Standard evaluation system. International Rice Research
Institute.

Joseph, M., Gopalakrishnan, S., Sharma, R. K., Singh, V. P,, Singh, A.
K., Singh, N. K., & Mohapatra, T. (2004). Combining bacterial blight
resistance and Basmati quality characteristics by phenotypic and
molecular marker-assisted selection in rice. Molecular Breeding, 13,
377-387. https://doi.org/10.1023/B:MOLB.0000034093.63593.4c

Juliano, B. O., Perez, C. M., Blakeney, A. B., Castillo, T., Kongseree,
N., Laignelet, B., Lapis, E. T., Murty, V. V. S., Paule, C. M., & Webb,
B. D. (1981). International cooperative testing on the amylose con-
tent of milled rice. Starch, 33, 157-162. https://doi.org/10.1002/star.
19810330504

Kauffman, H. E., Reddy, P. K., Reddy, A. P. K., Hsieh, S. P. Y., & Merca,
S.D. (1973). An improved technique for evaluating resistance of rice
varieties to Xanthomonas oryzae. Plant Disease Reporter, 57, 537—
541.

Khanna, A., Sharma, V., Ellur, R. K., Shikari, A. B., Gopala Krishnan,
S., Singh, U. D., Prakash, G., Sharma, T. R., Rathour, R., Variar,
M., Prashanthi, S. K., Nagarajan, M., Vinod, K. K., Bhowmick,
P. K., Singh, N. K., Prabhu, K. V., Singh, B. D., & Singh, A. K.
(2015). Development and evaluation of near-isogenic lines for major
blast resistance gene(s) in Basmati rice. Theoretical and Applied
Genetics, 128, 1243-1259. https://doi.org/10.1007/s00122-015-
2502-4

Khush, G. S., Mackill, D. J., & Sidhu, G. S. (1989). Breeding rice for
resistance to bacterial blight. In Bacterial blight of rice: Proceedings
of the International workshop on bacterial blight of rice, 14—18 Mar.
1988 (pp. 207-217). International Rice Research Institute.

Kim, S. M. (2018). Identification of novel recessive gene xa44(t) confer-
ring resistance to bacterial blight races in rice by QTL linkage analy-
sis using an SNP chip. Theoretical and Applied Genetics, 131, 2733—
2743. https://doi.org/10.1007/s00122-018-3187-2

Kim, S.-R., Yang, J., An, G., & Jena, K. K. (2016). A simple DNA
preparation method for high quality polymerase chain reaction in
rice. Plant Breeding and Biotechnology, 4, 99-106. https://doi.org/
10.9787/PBB.2016.4.1.99

Koide, Y., Kawasaki, A., Telebanco-Yanoria, M. J., Hairmansis, A.,
Nguyet, N. T. M., Bigirimana, J., Fujita, D., Kobayashi, N., & Fukuta,
Y. (2010). Development of pyramided lines with two resistance genes,
Pish and Pib, for blast disease (Magnaporthe oryzae B. Couch) inrice
(Oryza sativa L.). Plant Breeding, 129, 670-675. https://doi.org/10.
1111/§.1439-0523.2010.01781.x

Kumar, A., Bernier, J., Verulkar, S., Lafitte, H. R., & Atlin, G. N. (2008).
Breeding for drought tolerance: Direct selection for yield, response to
selection and use of drought-tolerant donors in upland and lowland-
adapted populations. Field Crops Research, 107,221-231. https://doi.
org/10.1016/j.fcr.2008.02.007

Kumar, A., Dixit, S., Ram, T., Yadaw, R. B., Mishra, K. K., & Mandal, N.
P. (2014). Breeding high-yielding drought-tolerant rice: Genetic vari-
ations and conventional and molecular approaches. Journal of Exper-
imental Botany, 65, 6265-6278. https://doi.org/10.1093/jxb/eru363

Kumar, A., Sandhu, N., Dixit, S., Yadav, S., Swamy, B. P. M., & Sham-
sudin, N. A. A. (2018). Marker-assisted selection strategy to pyramid
two or more QTLs for quantitative trait-grain yield under drought.
Rice, 11, 35. https://doi.org/10.1186/s12284-018-0227-0

Little, R. R., Little, R. R., Hilder, G. B., & Dawson, E. H. (1958). Differ-
ential effect of dilute alkali on 25 varieties of milled white rice. Cereal
Chemistry, 35, 111-126

Liu, Y., Liu, B., Zhu, X., Yang, J., Bordeos, A., Wang, G., Leach,J. E., &
Leung, H. (2013). Fine-mapping and molecular marker development
for Pi56(t), a NBS-LRR gene conferring broad-spectrum resistance to
Magnaporthe oryzae in rice. Theoretical and Applied Genetics, 126,
985-998. https://doi.org/10.1007/s00122-012-2031-3

Madhan Mohan, K. (2011). Molecular characterization of pathogenic
variability of Pyricularia grisea (Rice Blast fungus) (Doctoral dis-
sertation, Faculty of Biotechnology, Jawaharlal Nehru Technological
University)

Mishra, K. K., Vikram, P., Yadaw, R. B., Swamy, B. M., Dixit, S., Cruz,
M. T. S., Maturan, P., Marker, S., & Kumar, A. (2013). ¢DTY,;, ;: A
locus with a consistent effect on grain yield under drought in rice.
BMC genetics, 14, 12. https://doi.org/10.1186/1471-2156-14-12

Narayanan, N. N., Baisakh, N., Cruz, V., Gnanamanickam, S. S., Datta,
K. B., & Datta, S. K. (2002). Molecular breeding for the development
of blast and bacterial blight resistance in rice cv. IR50. Crop Science,
42,2072-2079. https://doi.org/10.2135/cropsci2002.2072

Neelam, K., Mahajan, R., Gupta, V., Bhatia, D., Gill, B. K., Komal, R.,
Lore,J. S., Mangat, G. S., & Singh, K. (2020). High-resolution genetic
mapping of a novel bacterial blight resistance gene xa-45(t) identified
from Oryza glaberrima and transferred to Oryza sativa. Theoretical
and Applied Genetics, 133,689-705. https://doi.org/10.1007/s00122-
019-03501-2

Ning, X., Yunyu, W., & Aihong, L. (2020). Strategy for use of rice blast
resistance genes in rice molecular breeding. Rice Science, 27, 263—
277. https://doi.org/10.1016/j.rsci.2020.05.003

Pandey, S., Bhandari, H., Sharan, R., Naik, D., Taunk, S. K., & Sastri, A.
S. R. A. S. (2006). Economic costs of drought and rainfed rice farm-
ers’ coping mechanisms in eastern India. In Pandey, S., Bhandari, H.
(Eds.), Economic costs of drought and rice farmers’ coping mecha-
nisms: A cross country comparative analysis from Asia. International
Rice Research Institute (IRRI).

Pinta, W., Toojinda, T., Thummabenjapone, P., & Sanitchon, J. (2013).
Pyramiding of blast and bacterial leaf blight resistance genes into
rice cultivar RD6 using marker assisted selection. African Journal of
Biotechnology, 12, 4432-4438. https://doi.org/10.5897/AJB12.2028

Pradhan, S. K., Nayak, D. K., Mohanty, S., Behera, L., Barik, S. R., Pan-
dit, E., Lenka, S., & Anandan, A. (2015). Pyramiding of three bacte-
rial blight resistance genes for broad-spectrum resistance in deepwa-
ter rice variety, Jalmagna. Rice, 8, 19. https://doi.org/10.1186/s12284-
015-0051-8

Rajashekara, H., Ellur, R. K., Khanna, A. P. U. R. V. A., Nagarajan, M.,
Gopalakrishnan, S., Singh, A. K., Sharma, P., Sharma, T. R., & Singh,
U. D. (2014). Inheritance of blast resistance and its allelic relationship
with five major R genes in a rice landrace ‘Vanasurya’. Indian Phy-
topathology, 67, 365-369

Reinke, R., Kim, S. M., & Kim, B. K. (2018). Developing japonica
rice introgression lines with multiple resistance genes for brown

85UB01 7 SUOWILIOD @A) 8|cedlidde 8Ly Aq peusenob a1e sajoe YO ‘8sN JO Sa|nJ 1oy Akeiqi8UlIUO A8]IM UO (SUO IPUOO-PUR-SUIBY /WD A8 | 1M ARe1q) U1 |UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[7202/70/80] U0 A%eiqi8ulluo 48|11 ‘0LT0Z ZBdY/Z00T 0T/10p/wiod A8 | im Arelq 1 jeuU0'SSssde//Sdny wouy papeojumod ‘T ‘220z ‘ZLEEOVET


https://doi.org/10.1094/PHYTO-08-10-0209
https://doi.org/10.1007/s001220050565
https://doi.org/10.1023/B:MOLB.0000034093.63593.4c
https://doi.org/10.1002/star.19810330504
https://doi.org/10.1002/star.19810330504
https://doi.org/10.1007/s00122-015-2502-4
https://doi.org/10.1007/s00122-015-2502-4
https://doi.org/10.1007/s00122-018-3187-2
https://doi.org/10.9787/PBB.2016.4.1.99
https://doi.org/10.9787/PBB.2016.4.1.99
https://doi.org/10.1111/j.1439-0523.2010.01781.x
https://doi.org/10.1111/j.1439-0523.2010.01781.x
https://doi.org/10.1016/j.fcr.2008.02.007
https://doi.org/10.1016/j.fcr.2008.02.007
https://doi.org/10.1093/jxb/eru363
https://doi.org/10.1186/s12284-018-0227-0
https://doi.org/10.1007/s00122-012-2031-3
https://doi.org/10.1186/1471-2156-14-12
https://doi.org/10.2135/cropsci2002.2072
https://doi.org/10.1007/s00122-019-03501-2
https://doi.org/10.1007/s00122-019-03501-2
https://doi.org/10.1016/j.rsci.2020.05.003
https://doi.org/10.5897/AJB12.2028
https://doi.org/10.1186/s12284-015-0051-8
https://doi.org/10.1186/s12284-015-0051-8

16 of 17 The Plant Genome .0

SINGH ET AL.

planthopper, bacterial blight, rice blast, and rice stripe virus using
molecular breeding. Molecular Genetics and Genomics, 293, 1565—
1575. https://doi.org/10.1007/s00438-018-1470-1

Sandhu, N., Dixit, S., Swamy, B. P. M., Raman, A., Kumar, S., Singh, S.
P., Yadaw, R. B., Singh, O. N., Reddy, J. N., Anandan, A., Yadav, S.,
Venkataeshwarllu, C., Henry, A., Verulkar, S., Mandal, N. P.,, Ram, T,
Badri, J., Vikram, P., & Kumar, A. (2019). Marker assisted breeding to
develop multiple stress tolerant varieties for flood and drought prone
areas. Rice, 12, 8. https://doi.org/10.1186/s12284-019-0269-y

Shamsudin, N. A. A., Swamy, B. P. M., Ratnam, W., Sta Cruz, M.
T., Sandhu, N., Raman, A. K., & Kumar, A. (2016). Pyramiding
of drought yield QTLs into a high quality Malaysian rice cultivar
MRQ74 improves yield under reproductive stage drought. Rice, 9, 21.
https://doi.org/10.1186/s12284-016-0093-6

Sharma, T. R., Rai, A. K., Gupta, S. K., Vijayan, J., Devanna, B. N., &
Ray, S. (2012). Rice blast management through host-plant resistance:
Retrospect and prospects. Agricultural Research, 1,37-52. https://doi.
org/10.1007/s40003-011-0003-5

Singh, A., Singh, V. K., Singh, S. P,, Ellur, R. K., Singh, D., Bhowmick,
K., Gopala Krishnan, S., Nagarajan, M., Vinod, K. K., Mohapatra, T.,
& Prabhu, K. V. (2012). Marker aided improvement of Pusal460 an
elite Basmati rice for resistance to blast diseases. AoB PLANTS, 2012,
pls029. https://doi.org/10.1093/aobpla/pls029

Singh, M., & Kumar, S. (Eds.). (2016). Broadening the genetic base of
grain cereals. Springer.

Singh, S., Sidhu, J. S., Huang, N., Vikal, Y., Li, Z., Brar, D. S., Dhaliwal,
H. S., & Khush, G. S. (2001). Pyramiding three bacterial blight resis-
tance genes (xa5, xal3 and Xa21) using marker-assisted selection into
indica rice cultivar PR106. Theoretical and Applied Genetics, 102,
1011-1015. https://doi.org/10.1007/s001220000495

Singh, U. M., Tiwari, G., Babu, B. K., & Srivastava, R. (2014). Marker-
assisted breeding approaches for enhancing stress tolerance in crops
in changing climate scenarios. Climate Change Effect on Crop Pro-
ductivity, 13, 397. https://doi.org/10.1201/b17684-18

Singh, V. K., Singh, A., Singh, S. P., Ellur, R. K., Singh, D., Gopala
Krishnan, S., Bhowmick, P. K., Nagarajan, M., Vinod, K. K., Singh,
U. D., & Mohapatra, T. (2013). Marker-assisted simultaneous but
stepwise backcross breeding for pyramiding blast resistance genes
Piz5 and Pi54 into an elite Basmati rice restorer line ‘PRR 78.". Plant
Breeding, 132, 486—495. https://doi.org/10.1111/pbr.12077

Suh, J. -P., Jeung, J. -U., Noh, T. -H., Cho, Y. -C., Park, S. -H., Park, H.
-S., Shin, M. -S., Kim, C. -K., & Jena, K. K. (2013). Development
of breeding lines with three pyramided resistance genes that confer
broad-spectrum bacterial blight resistance and their molecular analy-
sis in rice. Rice, 6, 5. https://doi.org/10.1186/1939-8433-6-5

Suh, J. -P,, Yang, S. -J., Jeung, J. -U., Pamplona, A., Kim, J. -J., Lee, J.
-H., Hong, H. -C., Yang, C. -1, Kim, Y. -G., & Jena, K. K. (2011).
Development of elite breeding lines conferring Bph18 gene-derived
resistance to brown planthopper (BPH) by marker-assisted selection
and genome-wide background analysis in japonica rice (Oryza sativa
L.). Field Crops Research, 120, 215-222. https://doi.org/10.1016/j.
fcr.2010.10.004

Sundaram, R. M., Vishnupriya, M. R., Biradar, S. K., Laha, G. S., Reddy,
G. A.,Rani,N.S., Sarma, N. P., & Sonti, R. V. (2008). Marker assisted
introgression of bacterial blight resistance in Samba Mahsuri, an elite
indica rice variety. Euphytica, 160, 411-422. https://doi.org/10.1007/
s10681-007-9564-6

Sundaram, R. M., Vishnupriya, M. R., Laha, G. S., Rani, N. S., Rao,
P. S., Balachandran, S. M., Reddy, G. A., Sarma, N. P, & Sonti, R.

V. (2009). Introduction of bacterial blight resistance into Triguna, a
high yielding, mid-early duration rice variety. Biotechnology Jour-
nal: Healthcare Nutrition Technology, 4, 400-407. https://doi.org/10.
1002/biot.200800310

Swamy, B. PM., Ahmed, H. U., Henry, A., Mauleon, R., Dixit, S.,
Vikram, P., Tilatto, R., Verulkar, S. B., Perraju, P., Mandal, N. P.,
Variar, M. S. R., Chandrababu, R., Singh, O. N., Dwivedi, J. L., Das,
S.P., Mishra, K. K., Yadaw, R. B., Aditya, T. L., ... Kumar, A. (2013).
Genetic, physiological, and gene expression analyses reveal that mul-
tiple QTL enhance yield of rice mega-variety IR64 under drought.
PLoS ONE, 8, €62795. https://doi.org/10.1371/journal.pone.0062795

Velasquez, A. C., Castroverde, C. D. M., & He, S. Y. (2018). Plant—
pathogen warfare under changing climate conditions. Current Biol-
ogy, 28, R619-R634. https://doi.org/10.1016/j.cub.2018.03.054

Venuprasad, R., Bool, M. E., Quiatchon, L., Sta Cruz, M. T., Amante,
M., & Atlin, G. N. (2012). A large-effect QTL for rice grain yield
under upland drought stress on chromosome 1. Molecular Breeding,
30, 535-547. https://doi.org/10.1007/s11032-011-9642-2

Venuprasad, R., Dalid, C. O., Del Valle, M., Zhao, D., Espiritu, M., Cruz,
M. S., Amante, M., Kumar, A., & Atlin, G. N. (2009). Identifica-
tion and characterization of large-effect quantitative trait loci for grain
yield under lowland drought stress in rice using bulk-segregant analy-
sis. Theoretical and Applied Genetics, 120, 177-190. https://doi.org/
10.1007/s00122-009-1168- 1

Vikram, P., Swamy, B. M., Dixit, S., Ahmed, H. U., Teresa Sta Cruz,
M., Singh, A. K., & Kumar, A. (2011). ¢DTY, ;, a major QTL for rice
grain yield under reproductive-stage drought stress with a consistent
effect in multiple elite genetic backgrounds. BMC Genetics, 12, 89.
https://doi.org/10.1186/1471-2156-12-89

Vipparla, A. K., Balachiranjeevi, C. H., Bhaskar Naik, S., Rambabu, R.,
Rekha, G., Harika, G., Hajira, S. K., Pranathi, K., Anila, M., Kousik,
M., Vijay Kumar, S., Yugander, A., Aruna, J., Dilip Kumar, T., Vijaya
Sudhakara Rao, K., Hari Prasad, A. S., Madhav, M. S., Laha, G. S.,
Balachandran, S. M., ... Sundaram, R. M. (2016a). Development of
gene-pyramid lines of the elite restorer line, RPHR-1005 possessing
durable bacterial blight and blast resistance. Frontiers in Plant Sci-
ences, 7, 1195. https://doi.org/10.3389/fpls.2016.01195

Vipparla, A. K., Balachiranjeevi, C. H., Naik, S. B., Rambabu, R., Rekha,
G., Madhavi, K. R., Harika, G., Vijay, S., Pranathi, K., Hajira, S. K.,
& Srivastava, A. (2016b). Marker-assisted introgression of the major
bacterial blight resistance gene, Xa2/ and blast resistance gene, Pi54
into RPHR-1005, the restorer line of the popular rice hybrid, DRRH3.
Journal of Plant Biochemistry and Biotechnology, 25, 400-409.
https://doi.org/10.1007/s13562-016-0352-z

Wang, S., Liu, W,, Lu, D., Lu, Z., Wang, X., Xue, J., & He, X. (2020).
Distribution of Bacterial Blight Resistance Genes in the Main Cul-
tivars and Application of Xa23 in Rice Breeding. Frontiers in Plant
Sciences, 11, 555228. https://doi.org/10.3389/fpls.2020.555228

Wen, S., & Gao, B. (2012). Introgressing blast resistant gene Pi-9(t)
into elite rice restorer Luhuil7 by marker-assisted selection. Rice
Genomics and Genetics, 2, 31-36. https://doi.org/10.5376/rgg.2011.
02.0004

Xiao, W. -M., Luo, L. -X., Wang, H., Guo, T., Liu, Y. -Z., Zhou, J. -
Y., Zhu, X. -Y., Yang, Q. -Y., & Chen, Z. -Q. (2016). Pyramiding of
Pi46 and Pita to improve blast resistance and to evaluate the resistance
effect of the two R genes. Journal of Integrative Agriculture, 15,2290—
2298. https://doi.org/10.1016/S2095-3119(16)61415-6

Yadaw, R. B., Dixit, S., Raman, A., Mishra, K. K., Vikram, P., Swamy, B.
P.M,, Cruz, M. T. S, Maturan, P. T., Pandey, M., & Kumar, A. (2013).

85UB01 7 SUOWILIOD @A) 8|cedlidde 8Ly Aq peusenob a1e sajoe YO ‘8sN JO Sa|nJ 1oy Akeiqi8UlIUO A8]IM UO (SUO IPUOO-PUR-SUIBY /WD A8 | 1M ARe1q) U1 |UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[7202/70/80] U0 A%eiqi8ulluo 48|11 ‘0LT0Z ZBdY/Z00T 0T/10p/wiod A8 | im Arelq 1 jeuU0'SSssde//Sdny wouy papeojumod ‘T ‘220z ‘ZLEEOVET


https://doi.org/10.1007/s00438-018-1470-1
https://doi.org/10.1186/s12284-019-0269-y
https://doi.org/10.1186/s12284-016-0093-6
https://doi.org/10.1007/s40003-011-0003-5
https://doi.org/10.1007/s40003-011-0003-5
https://doi.org/10.1093/aobpla/pls029
https://doi.org/10.1007/s001220000495
https://doi.org/10.1201/b17684-18
https://doi.org/10.1111/pbr.12077
https://doi.org/10.1186/1939-8433-6-5
https://doi.org/10.1016/j.fcr.2010.10.004
https://doi.org/10.1016/j.fcr.2010.10.004
https://doi.org/10.1007/s10681-007-9564-6
https://doi.org/10.1007/s10681-007-9564-6
https://doi.org/10.1002/biot.200800310
https://doi.org/10.1002/biot.200800310
https://doi.org/10.1371/journal.pone.0062795
https://doi.org/10.1016/j.cub.2018.03.054
https://doi.org/10.1007/s11032-011-9642-2
https://doi.org/10.1007/s00122-009-1168-1
https://doi.org/10.1007/s00122-009-1168-1
https://doi.org/10.1186/1471-2156-12-89
https://doi.org/10.3389/fpls.2016.01195
https://doi.org/10.1007/s13562-016-0352-z
https://doi.org/10.3389/fpls.2020.555228
https://doi.org/10.5376/rgg.2011.02.0004
https://doi.org/10.5376/rgg.2011.02.0004
https://doi.org/10.1016/S2095-3119(16)61415-6

SINGH ET AL.

The Plant Genome & 17 of 17

A QTL for high grain yield under lowland drought in the background
of popular rice variety Sabitri from Nepal. Field Crops Research, 144,
281-287 https://doi.org/10.1016/j.fcr.2013.01.019

Yoshimura, S., Yoshimura, A., Iwata, N., McCouch, S. R., Abenes, M.
L., Baraoidan, M. R., Mew, T. W., & Nelson, R. J. (1995). Tagging
and combining bacterial blight resistance genes in rice using RAPD
and RFLP markers. Molecular Breeding, 1, 375-387. https://doi.org/
10.1007/978-94-011-1779-1_41

Yugander, A., Sundaram, R. M., Ladhalakshmi, D., Hajira, S. K,
Prakasam, V., Prasad, M. S., Sheshu Madhav, M., Ravindra Babu, V.,
& Laha, G. S. (2017). Virulence profiling of Xanthomonas oryzae
pV. oryzae isolates, causing bacterial blight of rice in India. European
Journal of Plant Pathology, 149, 171-191, https://doi.org/10.1007/
s10658-017-1176-y

SUPPORTING INFORMATION
Additional supporting information may be found in the online
version of the article at the publisher’s website.

How to cite this article: Singh, U. M., Dixit, S.,
Alam, S., Yadav, S., Prasanth, V. V., Singh, A. K.,
Venkateshwarlu, C., Abbai, R., Vipparla, A. K., Badri,
J.,Ram, T., Prasad, M. S., Laha, G. S., Singh, V. K., &
Kumar, A. (2022). Marker-assisted forward breeding
to develop a drought-, bacterial-leaf-blight-, and
blast-resistant rice cultivar. Plant Genome,
15:€20170. https://doi.org/10.1002/tpg2.20170

85UB01 7 SUOWILIOD @A) 8|cedlidde 8Ly Aq peusenob a1e sajoe YO ‘8sN JO Sa|nJ 1oy Akeiqi8UlIUO A8]IM UO (SUO IPUOO-PUR-SUIBY /WD A8 | 1M ARe1q) U1 |UO//STRY) SUORIPUOD PUe SWS | 8L} 88S *[7202/70/80] U0 A%eiqi8ulluo 48|11 ‘0LT0Z ZBdY/Z00T 0T/10p/wiod A8 | im Arelq 1 jeuU0'SSssde//Sdny wouy papeojumod ‘T ‘220z ‘ZLEEOVET


https://doi.org/10.1016/j.fcr.2013.01.019
https://doi.org/10.1007/978-94-011-1779-1_41
https://doi.org/10.1007/978-94-011-1779-1_41
https://doi.org/10.1007/s10658-017-1176-y
https://doi.org/10.1007/s10658-017-1176-y
https://doi.org/10.1002/tpg2.20170

	Marker-assisted forward breeding to develop a drought-, bacterial-leaf-blight-, and blast-resistant rice cultivar
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Plant materials and crossing scheme
	2.2 | Marker-assisted foreground selection of ILs
	2.3 | Breeding line selection strategies
	2.3.1 Evaluation of ILs under NS and RS drought-stress condition
	2.3.1 | Observation of yield and yield-related traits

	2.4 | Phenotypic screening of ILs for BLB resistance
	2.5 | Phenotypic screening of ILs for blast resistance
	2.6 | Evaluation of ILs for grain quality traits
	2.7 | Statistical analysis

	3 | RESULTS
	3.1 | Marker-assisted forward breeding to combine QTL and genes
	3.2 | Phenotypic performance of ILs under RS drought stress and NS conditions
	3.3 | Assessment for BLB and blast resistance of ILs
	3.4 | Grain quality analysis of promising ILs

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


