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Abstract: Submergence stress due to flash floods reduces rice yield drastically in sensitive varieties.
Maudamani is a high yielding popular rice variety but is highly susceptible to submergence stress.
The selection of progenies carrying Subl and GW5 (wide-grain) enhanced the submergence stress
tolerance and grain yield of theMaudamani variety by following the marker-assisted backcross
breeding method. Foreground screening detected 14 BC1F1, 17 BC2F1, and 12 BC3F1 backcross
progenies that carried the target QTLs for submergence tolerance and grain width. Background
screening was performed in the progenies carrying the target QTL and enhanced the recovery of a
recipient parent’s genome by upto 96.875% in the BC3 pyramided line. The BC3F1 plant containing
the highest recipient parent genome content and the target QTLs was self-pollinated. In BC3F2
generation, the target QTLs the Subl and GW5 (wide-grain) alleles and recipient parent’s yield
component QTL OsSPL14 were tracked for homozygous states in the progenies. Seven pyramided
lines showed tolerance to submergence for 14 days and higher grain yield than both the parents. The
pyramided lines were similar to the recipient parent for the majority of the studied morphological
and quality traits. The pyramided lines are useful as cultivars and can serve as potential donors for
transfer of Sub1, OsSPL14, Gnla, GW5 (wide-grain), and SCM2 QTLs.

Keywords: background selection; foreground selection; gene pyramiding; marker-assisted breeding;
submergence tolerance; yield component QTL

1. Introduction

Rice, the golden cereal, sustains life for millions of people around the world. Rice is
important not only as a staple food but also for its association with life in India, which is
seen in its use as worship material for important ceremonies and rituals since ancient time.
Rice provides important compounds, namely carbohydrates, quality proteins, vitamins,
specific oils, many minerals, dietary fiber, and a few phyto-compounds thatprovide added
health benefits [1]. The crop is very unique in its adaptation and cultivation from very high
elevations to below sea level. The crop covers around 160 million hectares of land around
the world. The crop is cultivated as a rainfed crop in about 45% of the total rice cultivated
area [1]. Rice crop provides livelihood to nearly 4 billion people, which constitutes about
55% of the global population. The crop generates about $206 billion global annual earnings,
which is 17% of the total crop value [2]. In recent years, the crop has become highly
affected by the adverse effects of climate change. The higher production from rainfed
rice cultivation is now challenged by the climate change-related yield-reducing factors in
India [3]. About 22 mha of rainfed rice area is cultivated in India, of which 90% is confined
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to the eastern region of the country [4]. Submergence tolerance and high grain yield along
with resistance to major diseases and insect pests should be transferred to a superior variety
to ensure stable production.

Although there has been impressive growth in rice production and productivity
during recent years, still, the demand for rice continues to be higher, projecting upwards in
the future due to the population growth rate being higher than the production increase rate
of rice. Again, in the coming years, the production increase must be harvested under the
adverse effects of climate change. In addition, the future production needs to be obtained
from the least available land with less use of inputs and lower chemical usage and in a
more environmentally friendly manner. The breeding strategy in this investigation focuses
on simultaneous improvement of stress tolerance and yield in rice so as to fulfill future
requirements [4]. Yield potential in a rice variety can be enhanced by pyramiding the
suitable yield component QTLs absent in that variety. Among the yield component traits,
grain number enhancement is controlled by QTLs Gnla [5], Ghd7 [6], Ghd8 [7,8], APO1 [9],
DEP1 [10,11], DEP2 [12], and DEP3 [13]. An increase in yield is also regulatedby the grain
weight and grain dimension QTLs GW2 [14], GS3 [15], GS5 [16], and GW5 [17,18]. Tiller
is controlled by the QTLs MOC1 [19], LRK1 [20], EP3 [21], and IPA1 [22,23]. High yield
through higher grain filling is controlled by the QTLs GIF1 [11] and FLO [24,25]. Transfer
of these yield component QTLs into a variety lacking these QTLs will be a useful way of
raising the yield potential further in the variety.

Unpredictable and flash floods during rainy season are now a common occurrence
in India, particularly in the eastern region of the country. This is a major cause of yield
reduction in susceptible varieties affected by submergence stress. The Maudamani variety
produces 7 to 9 t/ha normally but harvests upto 11 t/ha grain yield under favorable
conditions. However, total crop failure occurs if the crop is affected by flash flood causing
submergence for more than a week. The submergence tolerance QTL, Subl, confers
tolerance to submergence for about two weeks [26,27]. Recently, gene-based markers
are available for transfer of Sub1 QTL through marker-assisted breeding. Submergence
tolerance has been improved in many high yielding varieties including Swarna using this
QTL introgression [28-32]. The transfer of Sub1l QTL from Swarna-Sub1l to Maudamani
may contribute negligible undesirable genetic effects from the donor variety as the donor
parent is a popular variety [33].

The yield component QTL, GWS5, is associated with reduced grain width and the
effects of the QTL was consistent under multiple environmental conditions. The loss of a
GWS5 segment resulted in wide-grain genotypes in most japonica and indica rice [18]. The
donor parent, Swarna-Sub1, developed through the marker-assisted backcross breeding
approach, carries the Subl QTL for submergence tolerance [1]. Additionally, the presence
of yield component QTLs Gnla, GW5, and SCM2 were also confirmed in the parent by
the parental line validation study. Additionally, the recipient parent, Maudamani, a high
yielding super rice variety, showed the presence of yield component QTLs OsSPL14, Gnla,
and SCM2 via the parental line validation study in this investigation. We report here the
successful development of pyramided lines in a Maudamani background carrying Subl,
OsSPL14, and GW5 (wide grain) QTLs in a homozygous state for submergence tolerance
and high grain yield.

2. Materials and Methods
2.1. Plant Materials and Breeding Program

The rice variety Swarna-Subl carrying Sub1 QTL for submergence tolerance and yield
component QTLs SCM2 and GW5 was used as the donor male parent in a hybridization
program. The recipient parent, Maudamani, is a high yielding variety of eastern India
inbuilt with the yield component QTLs OsSPL14, Gnla, and SCM2 but shows susceptibility
to submergence stress. The recipient parent was crossed with the donor variety, Swarna-
Subl, during a dry season in 2014 as per the scheme depicted for the marker-assisted
breeding (Figure 1). The donor and recipient parents were obtained from the gene bank of
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National Rice Research Institute (NRRI), Cuttack, India. One true F1 plant was hybridized
with the recipient parent during the rainy season in 2014 to generate BC1F1 generation
seeds. True hybridity was checked using the direct Sub1 marker, Sub1-A203, and with a co-
dominant marker, RM8300, as well. The BC1F1 seeds were grown, and the progenies were
screened for the target genes, yield component, and submergence tolerance QTLs by using
the established molecular markers (Table 1). The grain size QTL, GWS5, is associated with
narrow grained rice, and hence, negative selection was performed to obtain the Maudamani
grain width. In the background selection, progenies of the BC1F1 generation carrying the
two target QTLs were screened using the polymorphic markers. The foreground positive
progenies containing the highest genome content of the recurrent parent was hybridized
with the recipient parent Maudamani to obtain BC2F1 seeds. During the dry season in
2015, BC2F1 seeds were harvested. Among the derived progenies detected with the target
QTLs in BC2F1 generation, those with highest recurrent genome content was again crossed
with the recipient parent during the wet season in 2015 to produce BC3F1 seeds. The
background analysis of BC3F1 progenies was performed during the dry season in 2016.
The BC3F1 plant containing the highest recipient genome content along with two target
QTLs wereselfed in the dry season in 2016. BC3F2 progenies were genotyped to search
for the presence of homozygosity for the target QTLs and recipient parent’s yield QTLs
during the wet season in 2016. The seed increase in the pyramided progenies detected with
homozygous target genes were increased during the dry season in 2017. Evaluations for
agronomic and other traits were performed during the wet seasons in 2017, 2018, and 2019.

Maudamafi x Swarna-Sub1l Dry season, 2014

(870) F1 xJ,Maudamani Wet season, 2014

(132) BC1F1 x Maudamani Dry season, 2015
\L Foreground & background selection

(169) BC2F1x Maudamani Wet season, 2015

Foreground & background selection

(144) BTFI Dry season, 2016

Foreground & background selection

Foreground & background selection

(618) BC3iz Wet season, 2016

BC3F3 (Seed increase) Dry season, 2017

Screening & Evaluations Wet seasons, 2017,
2018 & 2019

Figure 1. Breeding scheme used for transfer of Subl and GW5 (wide-grain) for submergence
tolerance and yield component QTLs through marker-assisted backcross breeding into popular
variety, ‘Maudamani’ (Inside the parentheses, number of hybrids/derived progenies were raised in
the generation).
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Table 1. Molecular markers used for screening of yield component QTLs and submergence tolerance during foreground selection.

E]L' Trait QTL Chromosome P((,R/iltg()m Primer Name Primer Sequence Reference
; ; Gnla(F 5 TGAGGATGCCGTGGAAGACGA 3’
1 High grain Gnla 1 5.27 nla(F) Ashikari et al. [5]
number Gnla (R) 5 TTCGTGTTCGCGCAGGACGT 3’
GW2(F) 5" CCAATAAAGATGTCCATTCTGTTA 3’
2. Grain width GW2 2 8.11 Song et al. [14]
GW2 (R) 5" GCTCTTCCTGTAACACATATTATG 3’
Crain weight GW5 (F) 5" GCGTCGTCAGAGGTAGA 3 Weng etal. [15]
raimn . al.
3 inweight — GW5 5 274 GW5 (R) 5 GACCTAACCCATCTCATTCCA 3’ eng ¢
s | SCM 2 (F) 5" ATTCAGATCAATAGGTTGAGTGT 3’ oo L
. t . tal. [3
4 rong cuim - SCM 2 6 27.66 SCM 2 (R) 5 TGCTATGTATATCCTATCGGTTC 3’ okawa et al. [33]
Wealthy s OsSPL14(F) 5 CAAGGGTTCCAAGCAGCGTAA 3 v Lo
. . t al.
> Rarmers  OsSPLIE 8 P TTOSPLIAR) 5 TGCACCTCATCAAGTGAGAC 3 iura etal. [23]
Sub1-A203(F) 5" CTTCTTGCTCAACGACAACG 3
Sub1-A203(R) 5" AGGCTCCAGATGTCCATGTC 3’
5.9 Pradhan et al. [3]
Submergence Sub1-BC2(F) 5 AAAACAATGGTTCCATACGAGAC 3’ Xu et al. [34]
6. 1 Subl 9 Septiningsih et al
tolerance Sub1-BC2(R) 5 GCCTATCAATGCGTGCTCTT 3’ p [3§] :
RMS8300(F) 5" GCTAGTGCAGGGTTGACACA 3
>7 RMS8300(R) 5" CTCTGGCCGTTTCATGGTAT 3’

2.2. Genomic DNA Isolation, Polymerase Chain Reaction and Marker Analysis

Genomic DNA was isolated following the standard extraction protocol [36]. APCR
reaction was performed following the procedure used in a previous publication [32]. The
information regarding chromosome number, position, and sequence of the primers used
in the polymerase chain reaction are presented in Table 1. Eight gene-specific and tightly
linked markers for the two target QTLs and four recipient QTLs were used in foreground se-
lection (Table 1). These markers information were taken from earlier publications reported
for these target traits [3,5,14,18,23,33,35,36]. A total of 644 publicly available SSR markers
were used for the study of polymorphism between the two parents. The polymorphic
markers detected were used for background selection (Table 2). Agarose gel electrophore-
sis was used to separate the amplification products obtained from PCR reactions. The
images were recorded in a gel documentation system (SynGene, Cambridge, UK). Data
analysis and dendrogram construction were performed following the standard publica-
tions [37-39]. Graphical Geno Types (GGT) Version 2.0 software was used to construct the
genome recovery graph of recipient parent in the pyramided lines based on the SSR marker
data [40].

2.3. Screening for Submergence Tolerance

The BC3F4 generation pyramided lines and parents were transplanted in the screening
tank of ICAR NRRI, Cuttack, at around 3 weeks’ seedling age during the wet seasons in
2018 and 2019. The screening trial was laid out in a randomized complete block design
(RBD) with three replications/entries accommodating a population size of 66 plants/entry.
The experiment materials were transplanted witha spacing of 15 x 20 cm? by providing
three rows/entry. Two weeks of complete submergence stress upto 1.5 water depth was
maintained in the tank. De-submergence was performed just after completion of the 14-day
stress period, and subsequently, regeneration was assessedone week after de-submergence.
The data recording and scoring the genotypes were collected following the procedures of
earlier publications [1,3].
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Table 2. Polymorphic microsatellite markers obtained between the rice varieties Maudamani and
Swarna-Subl.

No. of Markers No. of
Chromosome ) Polymorphic Name of Polymorphic Markers
Tested
Markers
48 4 RM11694, RM10346, RM495, RM594
2 40 4 RM1347, RM263, RM521, RM6374
3 40 5 RM14723, RM426, RM1278, RM570,
RM3392
4 40 5 RM1113, RM2416, RM470, RM551,
RM335
5 40 5 RM440, RM430, RM334, RM7452,
RM122
6 60 3 RM20377, RM469, RM225
7 48 4 RM432, RM336, RM429, RM8007
8 9% 6 RM337, RGNMS2900A, AUT22718,
RGNMS2866, RGNMS2873, RM23444
9 7 5 RM23668, RM23722, RM257, RM444,
RM201
RM6100, RM258, RM590, RM222,
10 40 > RM25181
11 40 6 RM1812, RM167, RM1341, RM206,
RM287, RM224
12 40 5 RM235, RM7003, RM20A, RM1337,
RM309
Total 644 57

2.4. Evaluation of the Pyramided Lines for Various Traits

The seedlings of 25-day-old pyramided lines carrying Subl and yield QTLs were
transplanted along with the parents during the wet seasons in 2017, 2018, and 2019. A
plot slot size of 12 m? was provided to each entry, with 40 plants per row, at a spacing
of 15 x 20 cm?, and planted in RBD with three replications in the research farm of NRRI,
Cuttack. The data for ten plants for morpho-quality traits viz., plant height, panicles/plant,
panicle weight (g), number of filled grains, total spikelets, number of primary branches,
secondary branches and number of tertiary branches per panicle, grain length, grain
breadth, 1000-grain weight, milling (%), head rice recovery (%), and amylose content (%)
from each entry and replications were recorded. Plot yield and days to 50% flowering were
recorded on a whole plot basis. The standard protocols published for head rice recovery [41]
and gel consistency [42] were adopted. Amylose content in the grains of the pyramided
and parental lines was estimated following the standard procedures described in an earlier
publication [43]. An analysis of the various morpho-quality traits of the pyramided and
parental lines were analyzed using SAS 2008, version 9.2 [44]. The Principal Component
analysis (PCA) for the pyramided and parental lines was performed by using multivariate
analysis (Past Software version 4.03) data of the 15 morphological traits. A scatter plot was
generated by using two major components: Principal Component 1 (PC1) and Principal
Component 2 (PC2). The Eigen value and percentage of variance were generated by the
interaction of a variance—covariance matrix. The interaction between all morphological
traits was depicted through biplot graph in the matrix. All of the plots and results of PCA
were generated as per a standard procedure following previous publications [45-47].

3. Results
3.1. Development of Improved Lines
3.1.1. Validation of Donor and Recipient Parents for the Target Traits
The target QTLs controlling the traits were validated in the donor and recipient
parents before starting hybridization and selection. The presence of submergence tolerance
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QTL Sub1 and the yield component QTLs Gnla and GW5 was confirmed in the parent,
Swarna-Subl (Figure 1). The recipient parent is a high yielding popular variety. The genetic
basis of high yield was checked by validating the presence of QTLs contributing higher
yield through Gnla, OsSPL14, and SCM2 in the recipient parent Maudamani. The yield
component QTLs common in both parents were observed to be Gnla and SCM2 (Figure 2).
The gene-based and tightly linked molecular markers for Subl QTL and the direct marker
for the yield component QTL, GW5, were used for validation and tracking of the target
genes in the parental and backcross-derived lines (Table 1). A parental polymorphism
survey was performed by using 644 simple sequence repeats markers covering all of the
chromosomes. A total of 57 polymorphic markers were detected between the two parents
and deployed for background screening (Table 2).

OsSPL14
S

M

Figure 2. PCR amplification of OsSPL14, Gnla, GW5 and SCM2 gene specific markers for yield component QTLs and the
markers controlling submergence tolerance, Sub1 by deploying Sub1-A203 and Sub1-BC2 in both the parents Maudamani

and Swarna-Subl. S: Swarna-Sub1; M: Maudamani; L—Molecular weight marker (50 bp plus ladder) are the gel lanes.

3.1.2. Marker-Assisted Selection in BC1F1 Generation

Maudamani was hybridized with ‘Swarna-Sub1’, and 870 F1 seeds were obtained.
The hybridity in F1 plants was confirmed by genotyping the hybrid plants using the Sub1
specific marker. One true F1 plant was crossed with the recipient parent, Maudamani,
and a total of 132 BC1F1 seeds were generated. The backcross generation was grown, and
foreground screening was performed in all of the BC1F1 plants using the two markers for
the QTLs, Sub1 and GW5 (Figure 3).

The screening results of the BC1F1 progenies of the cross revealed the presence of
Subl QTL in 78 derivatives detected by the markers A203 and Sub1-BC2 (200 bp and
240 bp). Screening for the presence of GW5 (wide-grain) gene controlling the grain width
and weight identified 14 progenies to carry both traits. Negative selection was performed
for GW5 in order to obtain the Maudamani grain width and weight. The other yield
component QTL desired, OsSPL14, and validated in the recipient parent, Maudamani,
isalso inherited in these progenies. Additionally, the common yield component QTLs
present in both parents namely, Gnla and SCM2, detected from both parents, are expected
to be in homozygous states in these progenies. Background screening was performed in
the 14 BC1F1 foreground-positive progenies by using 57 SSR markers. Out of these 14
plants, the progeny carrying maximum recipient genome content was selected for the next
backcross. The recipient parent’s genome content in those 14 progenies varied from 64.58
to 81.25% with an average value of 76.26% (Table 3). The backcross derivatives MS55128 and
MSS84showed the highest recurrent genome content of 81.25%. The BC1F1 lines generated
from MSS84 and MSS128 were backcrossed with the recipient parent, Maudamani, to
obtain BC2F1 seeds.
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Figure 3. PCR amplification of markers for submergence tolerance, Sub1 deploying Sub1-A203 and
Sub1-BC2 along with yield QTLs GW5 and OsSPL14 in BC1F1 progenies. L: Molecular weight marker
(50 bp plus ladder) and lanes on the top of the gel indicate BC1F1 progenies.

Table 3. Genotyping of backcross progenies for two QTLs and recovery of recipient parent’s genome in the foreground
positive backcross progenies.

Expected % Average Recipient Estimated Maximum %
No. of Plants No. of Progenies of Recurrent Parent Genome Genome Recovery of
Generation .Score d Heterozygotes for Parent Genome Content (%) in the Recurrent
2 Target QTLs to Selected Backcross Parent to Selected

Backcross Plants Progenies Backcross Progenies
BC Fq 132 14 75.0 76.26 81.25
BCyFy 169 17 87.5 87.74 91.67
BC3F; 144 12 93.25 94.88 96.87

3.1.3. Marker-Assisted Selection in BC2F1 Generation

One hundred and sixty-nine BC2F1 plants were grown in the field for selection. The
target QTLs were tracked by foreground selection using gene-specific and linked markers.
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The genotyping results of 169 BC2F1 progenies showed 93 positive progenies for Subl
QTL. These 93 positive progenies were checked for the presence/absence of the GW5
(wide-grain) gene using gene-specific markers. Seventeen plants with the desired QTLs
were identified for further background selection (Figure 4). The other yield QTLs OsSPL14
desired from Maudamani, Gnla and SCM2, from both parents, is also present in those
17 progenies. Background screening for recovery of the recipient parent genome in those
17 identified plants containing the target QTLs ranged from 82.29 to 91.67% with an average
of 87.74% (Table 3). The plant MSS 128-102 showing 91.67% of the Maudamani genome
content was used for the next BC3 back crossing.

-
= c
C o
o Y N HOMNN O
S © O N ANOO-HAMI LN O
8 @ S o U O T 8wl el el wl e el el
o PN P T NN o5 00 00 00 00 00 60 60 60 00
O S g g g T T T T NNANANANNANANANN
2 95 00 00 00 00 00 M0 el od o oo
-;&mmmmmmmmmmmmmmmmm
I B B B B B B R R U, B, B, B, B s B
-2
S M

G G GRS S—
— — — D GEED CE— G— CE— D GE— G GE—

Sub1-A203

P—
——

— .
-—

Sub1-BC2

GWS5

Figure 4. PCR amplification of gene specific markers for submergence tolerance, Sub1 using Sub1-
A203 and Sub1-BC2 along with yield component QTLs GW5 and OsSPL14 in BC2F1 progenies. L—
Molecular weight marker (50 bp plus ladder) and Lanes on the top of the gel indicate BC2F1 progenies.

3.1.4. Marker-Assisted Selection in BC3F1 and BC3F2 Generations

The BC3F1 seeds were generated by crossing BC2F1 plant no. MSS 128-102 and the
recurrent parent ‘Maudamani’. A total of 144 BC3F1 seeds were generated and raised for
molecular screening by foreground and background selections. The genotyping results
for the target QTL, Subl, were positive in 87 progenies. Those 87 Sub1 carrier plants were
genotyped for checking the presence/absence of the GW5 QTL. This analysis identified
12 plants positive for GW5 and further genotyped for background screening (Figure 5).
The background analysis using 57 SSR markers in these 12 plants detected 92.7 to 96.875%
recurrent parent’s genome recovery, with an average of 94.88% (Table 3). The highest
recurrent genome containing plant MSS 128-102-97 was selfed, and 31.5g seeds were pro-
duced for further evaluation in BC3F2 generation. Around one third of the selfed seeds
were raised, and 618 BC3F2 plants were subjected to foreground screening, of which seven
plants were identified to be homozygous. Additionally, the yield QTL being inherited from
the Maudamani parent was checked for its homozygous state. In addition, the inheritances
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of yield component QTLs Gnla and SCM2 from both parents to BC3F2 progenies were
also validated through foreground analysis using gene-specific markers. The genotyping
results of 618 BC3F2 progenies detected seven plants containing three QTLs, namely Subl,
GW5 (wide-grain), and OsSPL14, along with the yield component QTLs Gnla and SCM2
in homozygous condition (Figure 6). The seed increase in these seven pyramided lines
was assessed for evaluation in BC3F4 generation for various morphological and quality
traits. Cluster analysis with agro-morphologic and quality traits showed distinct clusters
of Swarna-Subl, the donor line forming one group (Figure 7A).Additionally, a dendrogram
was generated by using the alleles detected using the SSR markers, which grouped the de-
veloped pyramided and parental lines into two main groups (Figure 7B). Eight genotypes
were accommodated in cluster I along with the recipient parent ‘Maudamani’, while the
donor parent for submergence tolerance and yield component QTL remained in cluster II.
The backcross derived lines in the cluster I were found to form different subclusters based
on the 15 agro-morphologic traits studied but were similarto the recipient parent ‘Mau-
damani’ for the majority of the studied morphological and quality traits. The pyramided
lines MSS 128-102-97-117, MSS128-102-97-601, MSS128-102-97-613, and MSS5128-102-97-617
were almost similar in terms of genome recovery among themselves and with recipient
parent ‘Maudamani’ (Figure 7C).

O M
2 A NN OMOOANNGNGOMM
T & ol Ym0 W e h el el el
D PN NANNNNNN-NNNN
- T OO0 00000000 O0O O
5. &2wl el el el et (el sl v, el e e e
@ 00 00 00 00 00 00 00 00 00 00 00 ©0
O SNANANANNNGCNGN-GNGNGN-ACN N
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ECS A0 uununuonmununon
2HTNNNNNNDAONDVAOG
aaoZ2222222222SS S 4
S M
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Sub1-A203

Figure 5. PCR amplification of markers for submergence tolerance, Sub1 deploying Sub1-A203 and
Sub1-BC2 along with yield component QTLs Gw5 and OsSPL14 in BC3F1 progenies. L: Molecular
weight marker and lanes on the top of the gel indicate BC3F1 progenies.
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MSS-128-102-97-68
MSS-128-102-97-117
MSS-128-102-97-335
MSS-128-102-97-436
MSS-128-102-97-601
MSS-128-102-97-613
MSS-128-102-97-617
L

. e CE— G e = = e

Sub1-A203

L e e — — G—

Sub1-BC2

OsSPL14

Figure 6. PCR amplification of gene specific markers for submergence tolerance, Sub1 deploying Sub1-
A203 and Sub1-BC2 along with yield component QTLs GW5 and OsSPL14 in BC3F2 progenies. L—
Molecular weight marker (50 bp plus ladder) and lanes on the top of the gel indicate BC3F2 progenies.
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Figure 7. Seven pyramided lines along with parents in (A) dendrogram showing relatedness based on 16 morphologic and

quality traits; (B) Dendrogram showing the genetic relationship between lines based on 57 microsatellite markers and (C) %

contribution of recurrent genome in the pyramided lines. The numbers indicate the pyramided lines, 1: MS5128-102-97-68;
2: MSS128-102-97-117; 3: MSS128-102-97-335; 4: MSS128-102-97-436; 5: MSS128-102-97-601; 6: MSS128-102-97-613; 7:

MSS128-102-97-617.
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3.2. Analysis of Recipient Genome Recovery on the Carrier Chromosomes in the Pyramided Lines

The background analysis for recipient genome recovery and genetic drag linked to
the donor segments were assessed using 57 background and 8 foreground markers. The
markers were carefully selected for all of the chromosomes to obtain maximum coverage in
background screening. The foreground analysis detected seven BC3F2 pyramided lines for
the presence of homozygous target QTLs in the progenies. The Sub1 carrier chromosome 9
showed linkage drag of the donor fragment on both sides of the marker A203 and Sub1-
BC2 in all seven NILs (Figure 8). The GW5 (wide-grain) present on the chromosome 5
showed no drag of the donor segment in all pyramided lines except MS5128-102-97-613 and
MSS128-102-97-335, where a drag was noticed in between RM7452 and RM440 (Figure 8).

RM122 0.0 — RM337 0.0 RM23668 0.0
RGNMS2900A 1.0— RM23722 1.0
RM334 1.0
RGNMS2866 2.0 Sub1-A203 2.0—
RM430 2.0—
AUT22718 3.0 Sub1-BC2 3.0
RM440 3.0
RGNMS2873 4.0 RM444 4.0—
RM7452 4.0—
OsSPL14 5.0 RM257 5.0
GW55.0—¢ RM23444 6.0 RM201 6.0—

M1234567 M1234567 SM1234567

puabo|

ngewemgll uewepnepyl

(A) (B) ©

Figure 8. Analyses of QTLs stacking in carrier chromosomes associated with submergence tolerance
and yield component QTLs in 7 pyramided lines (A) GW5 (wide-grain) yield component QTL present
on chromosome 5 (B) OsSPL14 yield component QTL present on chromosome 8 and (C) Sub1 QTL
on chromosome 9 in the BC3E3 progenies of Maudamani/Swarna-Sub1l. The numbers indicate the
pyramided lines, 1: MSS128-102-97-68; 2: MS5128-102-97-117; 3: MSS128-102-97-335; 4: MSS128-102-
97-436; 5: MSS5128-102-97-601; 6: MSS128-102-97-613; 7: MSS128-102-97-617.
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3.3. Evaluation of the Pyramided Lines for Submergence Tolerance

Nine genotypes including seven BC3F4 pyramided lines carrying target QTLs were
evaluated under the controlled submergence screening tank for confirmation of the sub-
mergence tolerance trait in the pyramided lines. The test genotypes were exposed to two
weeks of submergence stress. After one week of de-submergence, all seven pyramided
lines showed regeneration ability from 85 to 95% while the donor parent ‘Swarna-Sub1’
showed regeneration of 95% (Figure 9). No regeneration was found in the sensitive parent
‘Maudamani’. The pyramided lines MS5128-102-97-117 and MS5128-102-97-436 had similar
regeneration abilitiesto that of the Swarna-Sub1 parent. Pyramided lines viz., M55128-102-
97-68, MSS128-102-97-335, MSS128-102-97-601, MSS5128-102-97-617, and MSS5128-102-97-613
showed regeneration abilities of 90%.
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Figure 9. Percent plant regenerated in the pyramided lines carrying Subl QTL along with the parents under control

screening facility after one week of de-submergence from 14 days of submergence stress.

3.4. Evaluation of Pyramided Lines for Agro-Morphologic, Yield Components and Grain
Quality Traits

The pyramided lines carrying submergence tolerance and yield component QTLs in
the background of the Maudamani variety were evaluated for various traits during the wet
seasons in 2017, 2018, and 2019. The pyramided lines were compared with both the popular
rice varieties Maudamani and Swarna-Sub1. The recipient parent ‘Maudamani’ produced a
pooled mean grain yield of 8.69 t/ha. The pyramided lines MS5128-102-97-436, MS5128-102-
97-117, MS5128-102-97-617, MSS128-102-97-601, MSS128-102-97-68, and MS5128-102-97-335
produced more yield than the recipient parent Maudamani (Table 4). The pyramided lines
MSS5128-102-97-117 and MSS128-102-97-436 produced >9 t/ha grain yield, showing an
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advantage of >5% over the recipient popular variety Maudamani. However, the agro-
morphologic traits of all of the pyramided lines were not similar tothat of the parent,
Maudamani. The target morphologic traits controlled by the yield component QTLs viz.,
no. of primary branches, secondary branches and tertiary branches per panicle, and panicle
weight finally influencing grain yield in the pyramided lines were observed to be almost
similar within each subcluster (Table 4; Figure 10). Much of the grain quality and the
cooking characters of the recipient parent such as milling (%), head rice recovery (%),
kernel length (mm), kernel breadth (mm), kernel length after cooking, gel consistency,
amylose content (%), and alkali spreading value were retained in a few pyramided lines
(Table 4). The placement pattern of the parents and the pyramided lines in the quadrants
of the genotype-by-trait biplot diagram constructed based on 15 agro-morphologic, yield,
and component traits over three years showed similarity among the pyramided lines
(Figure 11). The pyramided lines were found in the first and second quadrants along with
the recipient parent ‘Maudamani’. The pyramided lines closer to each other were almost
similar in grain yield, grain quality, and the other studied parameters (Figure 11). These
genotypes closer to Maudamani are good candidates for further evaluation and release
as cultivars in various parts of the country. The variation observed for the first principal
component was61.7%, while 15.1% was explained for the second component.

Figure 10. Panicle photographs of 2 parents and 7 pyramided lines evaluated in BC3F4 generation during wet season,
2018. M: Maudamani, S: Swarna-Sub1 and the numbers in the figure indicate the pyramided lines, 1: MSS128-102-97-68;
2: MSS128-102-97-117; 3: MSS128-102-97-335; 4: MSS128-102-97-436; 5: MSS128-102-97-601; 6: MSS128-102-97-613; 7:

MSS5128-102-97-617.
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Table 4. Agro-morphologic and grain quality parameters of the pyramided lines along with parents pooled over 3 seasons under field evaluation.

Serial Pyramided Plan Dggf/“’ Panicles/  Grains/ Total PN.O‘ of l\ggg-f TN(t).'Of 1223’ Grain Grain Milli RHeaIc{l _ Amylose Plot
N era and Parental Height ° apicles rains Spikelets/ 5 PMary ondary ertiary - Length Breadth for 8 1ce e Content Yield
umber Lines (cm) Flower- Plant Panicle Panicle Branches/ Branches/ Branches/ weight (mm) (mm) (%) covery (%) (t/ha)

ing Panicle - Panicle (g (%)
Panicle

1 128_11\6[25_ 597_68 102°¢ 108 de 10.73° 3052 370 abc 12¢ 78 b 7¢ 20.312 5172 2,61 abe 68.4° 64.472 24233  8747¢
2 MSS 128102 jpq abe 110° 11.431 3162 388 14b gaab 9a 21.25° 5242 247 686° 6432 2423 91959
3 R TR 108°¢ 11.6° 2942 354¢ 12¢ 76 g 21028 5242 2319 6777 645° 2413 8664°

4 MSS%_ES'&OZ' 105 abe 108 de 11.17° 287° 369 abc 13 be 8420 g ab 21317 5172 2.69 b 68.12 63.862 upe TP
5 MSS 128-102- g3 109 11.43° 2974 353 ¢ 12¢ 753 7 2093 5172 255 6759 6443 24263  8783°
6 MSS’;_%?}}M' 103 b 110° 11.47° 303 ° 357 b 12¢ 76" 7¢ 20.75 @ 532° 266  675° 6353  2419% 83149
7 MSS’;_%?';OZ' 105 abe 110°¢ 10.57° 306 359 b 13b¢ 832 g b 20.93 @ 532 2.6 681°  63.67% 2424  8965°
8 Swarna-Subl 107 @b 1132 13.932 137°P 176 4 9d 21¢ 0d 20.01° 5352 2274 68.5° 63.732 24972 6.129°

9 I\E[rae‘gf};‘e‘}ftr)“ 1082 107 ¢ 8.86 ¢ 3122 3942 142 872 92 21522 5.332 2732 689°  64.63° 235P° 8.69 ¢
LSDs9, 7.42 4.35 2.76 27.8 29.2 1.36 7.61 0.89 1.83 0.73 0.154 7.24 7.62 2.187 0.348
CV% 3.26 0.95 10.58 9.82 9.78 10.3 10.3 9.38 4.61 6.36 8.196 6.68 9.32 6.833 11.634
Standard Error (SE) 1.114 0.362 0.387 9.106 9.931 0.411 2.592 0.231 0.346 0.112 0.582 1.373 1.910 0.509 0.325

Mean 104.67 109.22 11.243 285.6 347.44 12.41 74.47 7.037 21.007 5.254 2.542 68.14 64.126 2423 8.51
Heritability (h?)% 69.961 78.441 74.019 80.56 82.325 83.78 86.93 93.94 76.63 76.505 73.525 81.73 68.903 82.48 78.317

Note: Means with the same letter are not significantly different at 5% level (« value 0.05).
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Figure 11. Genotype-trait biplot diagram of 7 pyramided lines carrying Subl and GW5 (wide-grain) allele along with
the parents for the first two principal components. DFF—Days to 50% flowering; PH—Plant height; PN—Panicles/plant;
TW—1000-grain weight; Milling (%); HRR—Head rice recovery (%); AC—Amylose content (%); NPB—Number of primary
branches/panicle; NSB—Number of secondary branches/Panicle; NTB—number of tertiary branches/Panicles; GL—Grain
length; GB—Grain breadth, and YLD—plot yield.

4. Discussion

The inclusion of marker-aided selection increases the accuracy in transfer of the target
genes/QTLs into a recipient variety in a backcross breeding program. In the present
marker-assisted breeding program, we successfully developed pyramided lines showing
submergence tolerance and yield component QTL in the high yielding background of
Maudamani without altering the main features of the recipient variety. Here, the QTLs
were transferred simultaneously into the popular variety. In addition, it was possible to
reduce the breeding duration for developing a variety compared to the classical backcross
breeding approach. In this breeding program, three backcrosses and one selfing generation
were utilized to transfer the target QTLs into the popular variety. The desired traits
that were lacking in the popular variety could be improved in less time and with more
precision. Such examples of variety development by precise transfer of genes and with a
shorterduration through marker-assisted breeding are available in rice crop [29,30,48-51].

Previous reports of many successful gene transfer and pyramiding cases have been
published in rice crop [47-60]. This study of QTL pyramiding for submergence tolerance
and yield component QTLs is clearly different from earlier gene pyramiding work. Ear-
lier gene stacking publications on bacterial blight resistance with submergence tolerance
transfer into rice varieties, namely improved Lalat and improved Tapaswini, have been
published [58,59]. However, here, yield improvement and submergence tolerance through
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gene pyramiding is a typical example of gene stacking. Other publications using MAB
breeding are mostly for the development of cultivars through pyramiding of resistance
genes for insects and diseases in rice [48,49,52-58].

In this investigation, the presence of the OsSPL14, Gnla, and SCM2 yield QTLs
were detected in the popular variety Maudamani while Gnla, SCM2, and GW5 were
confirmed in the variety Swarna-Subl. These two varieties are good sources of yield
component QTLs in indica rice. The yield component QTL OsSPL14 showed negative
regulation for tiller/panicle number per plant in rice. In our study, OsSPL14 is present in a
homozygous state in Maudamani and produces low to moderate tiller numbers (average,
8.86/plant). However, Swarna-Sub1 lacks this QTL and produces high tiller numbers
(average, 13.93/plant). As expected, the pyramided lines also showed similar trends in
tiller no./plant to that of the recipient parent, Maudamani, but different from that of
Swarna-Subl (i.e., not a higher tiller number). The current pyramided lines will serve
as potential sources of QTLs containing Subl+ OsSPL14+ Gnla + gw5 + SCM2 and may
be suitable as cultivars. The research results of a mapping study of Gnla QTL indicated
the source of the grain-number controlling trait from a japonica variety, Habataki [5].
The presence of SCM2 provides non-lodging to the rice culm, and the japonica variety
Habataki was the source for the QTL [33]. Similarly, the donor line for high panicle
branching was from the ST-12 variety. The yield QTL GW?5 is responsible for grain width
and weight [15,61,62]. A 1212 bp deletion is responsible for enhanced grain width and
weight, whereas the presence of it reduces the grain width, thereby making it a narrow
grain [18]. Now, the pyramided lines in a Maudamani background carrying five yield
QTLs along with submergence tolerance genes are much better and potential sources for
transfer to indica rice rather than from different japonica varieties.

Work on gene pyramiding for the transfer of various traits in rice has been published
earlier [48,52-55,60]. By using this precision breeding for transfer of target traits, pyramids
containing Sub1l+ OsSPL14+ Gnla + gw5 + SCM2 QTLs along with recipient parents’
genome of >95% in the pyramided lines was possible. The undesirable drag expected from
the donor genome may come from theselection of additional unlinked loci in backcross
generations [51]. In our investigation, such effects were detected in the elite pyramided
lines while transferring the Subl QTL into the Maudamani background. The graphical
representation of genotyping data as seen in the diagram constructed for the pyramided
lines showed the linkage drag on the chromosome carrying the target QTLs (Figure 5). This
region was previouslyreported to be a recombination hotspot [18]. However, no linkage
drag was observed on the chromosome 8 carrying OsSPL14 as the QTL was inherited from
the recipient parent and was not from the donor parent. Less linkage drag from donor
parents was also reported by earlier researchers assessingmarker-assisted breeding in rice
using more background markers [49,54,55]. Here, the donor parent was a popular variety,
and hence, the drag may not show any undesirable effects in the developed pyramided
lines (Figure 5). Similar findings in other publications suggest the use of an improved
variety as the donor results in less or no undesirable drag compared to the wild and
landraces source [49-51].

A few elite pyramided lines hadimportant features similar to the recipient parent
though variation was seen among the pyramided lines. The dendrogram drawn based on
the studied traits indicated grouping of the pyramided and parental lines into main three
clusters with similarity within the clusters (Figure 7A). All of the pyramided lines and
recipient parents were observed in quadrants I and Il in the biplot diagram drawn based
on the 15 morpho-quality traits, indicating minor variations among the lines (Figure 11).
An evaluation of the pyramided lines for yield and quality traits showed higher yieldsin
pyramided lines MSS128-102-97-436, MSS128-102-97-117, MSS128-102-97-617, MSS128-102-
97-601, MSS128-102-97-68, and MSS5128-102-97-335 than the recipient parent (Table 4). The
transfer of traits and achieving similar or better yield in the pyramided lines were also
reported earlier in a few gene-pyramiding publications [48,49,52-57].



Agronomy 2021, 11, 1263

17 of 20

The biplot diagram places the six pyramided lines closer to each other, while the
donor parent is quite far away and placed in a separate quadrant. This shows resemblance
among the pyramided and recipient lines and no undesirable drag from the donor parent
during transfer of the target genes into the pyramided lines. The performance of a few
pyramided lines was better than the recipient parent in yield, quality, and morphological
traits (Table 4). The analysis of background genotyping results showed higher recovery of
the recipient parent’s genome in a few pyramided lines than the expected value in various
backcross generations. Again, it revealed that transfer of Sub1l and the yield component
QTLs into one genetic background may not show antagonistic effects for yield and other
traits [1,48,54,56].

5. Conclusions

The pyramided lines MS5128-102-97-436, MSS5128-102-97-117, MSS5128-102-97-617,
MSS5128-102-97-601, MSS128-102-97-68, and MSS128-102-97-335 showed higher yield and
submergence tolerance than the recipient parent Maudamani. The higher yield obtained in
the pyramided lines might be due to an accumulation of additional yield QTLs, and no
yield penalty happened due to these QTLs. In addition, the elite pyramided lines in the
background of the popular variety ‘"Maudamani’ may serve as potential donors of QTLs
possessing Subl+ OsSPL14+ gw5 + SCM2 in future breeding programs. Moreover, a few
promising pyramided lines may be released as cultivars for flood-prone target regions
in the country. Much of the grain quality and thecooking characteristics of the recipient
parents such as milling %, head rice recovery %, kernel length (mm), kernel breadth (mm),
kernel length after cooking, gel consistency, amylose content (%), and alkali spreading
value were retained in few pyramided lines. The quality features of the popular rice variety
Maudamani remained unchanged along with high grain yield. This study established
the application of marker-assisted selection for transferring abiotic stresses tolerance and
enhancing yield in rice.
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Abbreviations

BC1F1  Backcross generation 1
BC2F1  Backcross generation 2
BC3F1 Backcross generation 3
GC Gel consistency

QTL Quantitative trait loci
MSS Maudamani Swarna-Sub1
Subl Submergence tolerance
RBD Randomized block design
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