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Abstract

Rice has the lowest grain protein content (GPC) among cereals. Efforts have been made to
improve GPC through the modified bulk-pedigree method of selection. A total of 1780 Fg
recombinant lines were derived in the year 2013 from five different cross combinations involv-
ing two high-GPC landraces, namely ARC10075 and ARC10063, three high-yielding parents,
namely Swarna, Naveen and IR64, and one parent, namely Sharbati, known for superior grain
quality with high micronutrient content. Near-infrared spectroscopy was used to facilitate
high-throughput selection for GPC. Significant selection differential, response to selection
and non-significant differences between the predicted and observed response to selection
for GPC and protein yield indicated the effectiveness of this selection process. This resulted
in lines with high GPC, protein yield and desirable levels of amylose content. Further,
based on high mean and stability for GPC and protein yield over the environments in the
wet seasons of 2013, 2014 and the dry season of 2014, 12 elite lines were identified. Higher
accumulation of glutelin fraction and non-significant change in prolamin/glutelin ratio in
the grain suggested safe guarding of the nutritional value of rice grain protein of most of
these identified lines. Since rice is the staple food of millions, the output of breeding for
high GPC could have a significant role in alleviating protein malnutrition, especially in the
developing world.

Introduction

Rice is a staple food for more than half of the world’s population. Thus, improvement of grain
yield is the primary target of plant breeders. Further, rice is also the main source of nutrition
for a large section of those people. Therefore, improvement of the nutritional quality of rice
grain is also highly important. Rice is generally deficient in protein. However, due to its
balanced amino acid profile and high content (0.80) of highly nutritive and digestible glutelins,
rice protein is a significant contributor to meet the increasing demand of high-quality cereal as
a source of protein (Fitzgerald et al. 2009). Therefore, high-protein rice has the potential to
enhance nutrition for the poor in rural areas who depend mainly on rice (Li et al. 2004).
Grain protein content (GPC) is a significant factor in the nutritional quality of rice (Ufaz
& Galili 2008). Among available rice germplasm, a wide range of variability in GPC (5-
18% with an average of 9.5%) was observed by scientists at the International Rice Research
Institute (IRRI), Manila. These data suggest the possibility of improving GPC of rice grain.
Earlier studies reported that the high GPC trait has been transferred to a high-yielding back-
ground in many other cereals such as wheat and rye (Vasal 2002). In rice, many quantitative
trait loci (QTLs) along with associated markers have also been identified for ensuring transfer
of GPC to high yielding background (Yoshida et al. 2002; Aluko et al. 2004; Zheng et al. 2011;
Yang et al. 2015). But due to low heritability and significant influence of crop nutrient man-
agement practices, improvement of rice cultivars for this quantitative trait through a simple
breeding scheme is a real challenge (Khush & Juliano 1984). Screening of rice germplasm
for high GPC is also a tedious job, which further aggravates the challenge. Overcoming
these constraints requires high-throughput screening for GPC - a task that may facilitate iden-
tification of the most effective selection scheme to make rice a more nutritious cereal. The
bulk-pedigree method of selection has proved quite effective for traits with low heritability
(Wynne & Gregory 1981). Near-infrared (NIR) spectroscopy has also proved effective in pre-
dicting GPC and is a reliable tool for genetic analysis and high-throughput selection (Shao
et al. 2011). In the present study, modified bulk-pedigree selection and high-throughput selec-
tion with NIR spectroscopy were combined to find high-yielding rice cultivars with high GPC.
Rice protein is made of four components, glutelins, albumins, globulins and prolamins.
Among these, glutelins form the major share (nearly 0.70-0.80).1t largely determines protein
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quality due to the higher content of lysine and other essential
amino acids. Protein molecules accumulate within two types of
protein bodies (PB). It is known that PB-II in the endosperm is
more digestible in humans than PB-I and therefore is nutritionally
more important. As PB-I contains mostly prolamins, which are
nutritionally inferior, and PB-II contains mostly glutelins, nutri-
tionally superior (Ogawa et al. 1987), the fractionation of protein
and quantitative assessment of glutelins and prolamins through
sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) can extrapolate the nutritional quality of protein
(Jiang et al. 2014). A higher prolamin content increases the hard-
ness of cooked rice. Therefore, maintaining the prolamin/glutelin
ratio ensures a high cooking quality of rice. The current investiga-
tion focused on the extent of variability for GPC among derived
lines and the magnitude and direction of its qualitative and quan-
titative improvement by studying the response to selection in
advanced generations.

Materials and methods

Seed materials (Oryza sativa L.) derived through bulk-pedigree
selection

Three high-yielding Indica rice cultivars (IR64, Swarna and
Naveen) and another Indica cultivar (Sharbati) with good grain
quality and high iron (Fe) and zinc (Zn) contents were crossed
with two Indica rice donors for high GPC (ARC10075 and
ARC10063). Around 2500 F, plants per population were raised.
From 200 F, plant progenies, 42 were selected based on desirable
plant type and higher yield potential from five different cross
combinations (IR64 x ARC10075, IR64 x ARC10063, Swarna x
ARC10063, Naveen x ARC10063 and Sharbati x ARC10063)
(Table 1). They were bulked up to the F, generation, from
which the pedigree method of selection was followed to develop
1710 Fg selection lines in total from five breeding populations.

Field experiment

Seedlings generated from seeds of F, bulk progenies including
their parents were transplanted into replicated plots in the wet
season of 2011 at the experimental farm of the National Rice
Research Institute, Cuttack, Odisha, India (20°5'N, 85°83’E and
29 m asl). The crop was raised with row-row distance of 20 cm
and plant-plant distance of 15 cm. Nitrogen (N), phosphorus
(P) and potassium (K) were supplied at 80, 60 and 40 kg/ha,
respectively. Phosphorus (as single super phosphate) was applied
as a basal dose, while N (as urea) and K (as muriate of potash)
were applied in two equal doses (at 30 days after transplanting
and at 50% flowering). The following observations were taken
for ten randomly selected plants of each genotype: plant height
(cm), length of panicle (cm), number of panicles and grain
yield (g). Fg lines including their parents were grown in replicated
plots of 10 m” size under the same set of agronomic practices as
above in the wet season of 2013 (Environment-1). The average
yield (g/mz) based on three sampling locations (1 m? area) within
each plot was taken. In Fg, all plants within each line were found
to be phenotypically similar and no segregation was detected.
Seeds harvested in bulk from the Fg generation of each line
were raised (as the Fy generation) for evaluation in the wet and
dry seasons of 2014 (Environment-2 and Environment-3,
respectively).
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Estimation of grain protein and amylose content

Micro-Kjeldahl method

Grain protein content was determined by the standard micro-
Kjeldahl method (Yoshida et al. 1976) by taking ten grains (12-
14% moisture content) of brown rice (grains devoid of husk,
but with the brown bran layer intact, which is normally removed
during polishing). The GPC was calculated by multiplying the N
content (%) by 5.95.

Using near-infrared spectroscopy

The near-infrared spectroscopy (NIR) (model NIRS DS2500,
FOSS Analytical, Sweden) was calibrated for GPC and amylose
content using brown rice of 170 genotypes including the germ-
plasm and breeding lines that varied in GPC from 6.7 to 15.8%
as measured by the micro-Kjeldahlmethod. The software package
WinISI-III Project Manager v.1.50 e was used to calibrate the
instrument. Prediction equations for these parameters were
developed by modified partial least squares (mPLS) regression
and evaluated by external validation. The 1,6.6,] mathematical
model for amylase content and 1,4,4,1 model for protein content
were identified best and were fitted to NIRS (Bagchi et al. 2015)
for the prediction of amylose and protein content in grains of
Fg lines. The model for GPC in brown rice proved fairly accurate.
It was observed that the data points specifying predicted GPC
were distributed randomly around the lines taken for validation
(Fig. 1), shown by their high R* (0.96) and R values (0.97).

Extraction and quantification of storage proteins

Extraction of rice proteins was performed as described by Ju et al.
(2001) with slight modification (Krishnan & Okita 1986). Rice
flour (6-7 g) was defatted with n-hexane. The defatted flour
(5g) was extracted by stirring in 20 ml of distilled water at
room temperature (RT) for 2 h to obtain the albumin fraction
and centrifuged at 3000 g for 30 min. The residue was re-extracted
with 20 ml of 5% sodium chloride (NaCl) for 2h at room
temperature to obtain the globulin fraction followed by centrifu-
gation at 3000 g for 30 min. The residue was extracted for prola-
mins with 15 ml of 70% ethanol for 2h followed by glutelin
extraction with 37.5 ml of 0.2 M sodium borate buffer (pH 10)
containing 0.5% sodium dodecyl sulphate (SDS) and 0.6%
B-mercaptoethanol at RT for 2 h (Juliano 1980; Sugimoto et al.
1986). Each extraction was performed twice. The glutelins and
prolamines from rice flour were extracted and partially purified,
essentially as described by Krishnan & Okita (1986). The
extracted proteins were freeze-dried and stored at —70 °C. The
protein content of each fraction was measured according to
Lowry et al. (1951).

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
analysis

The partially purified glutelins and prolamines were fractionated
on preparative SDS-PAGE gels. Glutelin solutions dissolved in
extraction buffer were mixed with the same volume of 2 x SDS
sample buffer (100 mMTris-HCI buffer (pH 6.8) 4% (w/v) SDS,
20% (v/v) glycerol, 10% (v/v) 2-mercaptoethanol and 0.02% bro-
mophenol blue). The SDS-PAGE was carried out according to
standard protocol (Sambrook & Russell 2001) with 5% stacking
and 12% resolving Polyacrylamide gel. Electrophoresis was carried
out using a Bio Rad Mini-PROTEAN 3 Electrophoresis Cell (Bio
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Table 1. Yield, yield contributing traits, grain protein content (GPC) and protein yield of parents and F, bulk population

Genotype Maturity Plant Panicle Number of Plant Protein yield/
no. Designation Type of materials/parentage duration (days) height (cm) length (cm) panicles/plant GPC (%)? yield (g) plant (g)
1 ARC10075 Germplasm line with high GPC 150 174 30.6 10 11 20 2.2
2 ARC10063 Germplasm line with high GPC 130 164 29.3 8 12.02 18 2.16
3 Swarna High yielding cultivar for rainfed ecosystem 140 96 273 8 8.29 28 2.32
4 IR64 High yielding cultivar for irrigated ecosystem 132 120 243 9 8.21 26 2.13
5 Naveen High yielding cultivar for rainfed and irrigated ecosystem 130 122 25 10 8.3 26 2.16
6 Sharbati Quality rice with high Fe content 144 128 26 10 7.75 20 1.55
7 CPL-A-F4-1 IR64/ARC10075 150 127 29.3 16 8.98 28 2,51
8 CPL-A-F4-2 150 136 28 12 8.33 21 1.75
9 CPL-A-F4-3 138 153 36 14 11.72 22 2.58
10 CPL-A-F4-4 138 142 25.6 25 7.31 30 2.19
11 CPL-A-F4-5 138 133 31 18 9.85 29 2.86
12 CPL-A-F4-6 137 128 233 9 10.66 15 1.6
13 CPL-A-F4-7 138 141 31 20 11.54 28 3.23
14 CPL-A-F4-8 150 126 28.3 17 11.02 27 2.98
15 CPL-A-F4-9 144 149 26.3 19 9.52 28 2.67
16 CPL-B-F,;-1 IR64/ARC10063 143 114 28.3 22 10.6 30 3.18
17 CPL-B-F;-2 120 120 28.3 21 11.7 31 3.63
18 CPL-B-F,;-3 150 86 27 26 11.45 20 2.29
19 CPL-B-F;-4 141 88 25.3 14 11.7 15 1.76
20 CPL-B-F,;-5 120 107 25.3 21 11.08 22 2.44
21 CPL-B-F,4-6 147 84 24 16 12.5 16 2
22 CPL-B-F,-7 144 95 22.3 9 12.39 23 2.85
23 CPL-B-F,;-8 150 132 25.6 9 10.31 15 1.55
24 CPL-B-F,;-9 149 95 26 28 9.6 24 2.3
25 CPL-B-F4-10 127 112 28 15 9.31 18 1.68
26 CPL-B-F,4-11 127 126 24.3 13 8.68 17 1.48
27 CPL-C-F4-1 Swarna/ARC10063 150 106 27 15 12.27 22 2.7
28 CPL-C-F4-2 150 106 27 11 10.52 24 2.52
29 CPL-C-F4-3 122 118 31 9 10.87 23 2.5
30 CPL-C-F4-4 150 109 29 13 8.89 35 3.11
31 CPL-C-F4-5 150 114 27.3 11 9.62 18 1.73
(Continued)
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Table 1. (Continued.)

Genotype Designation Type of materials/parentage Maturity Plant Panicle Number of GPC (%)? Plant Protein yield/
no. duration (days) height (cm) length (cm) panicles/plant yield (g) plant (g)
32 CPL-C-F4-6 150 109 29.3 9 11.5 27 3.11
33 CPL-D-F4-1 Naveen/ARC10063 150 100 26.5 19 10.87 28 3.04
34 CPL-D-F4-2 150 108 28 14 11.54 25 2.89
35 CPL-D-F4-3 150 95 26.3 16 12.37 20 2.47
36 CPL-D-F4-4 150 111 27 19 12.04 28 3.37
37 CPL-D-F4-5 150 110 28.3 28 10.52 32 3.37
38 CPL-D-F4-6 120 113 26 28 8.85 31 2.74
39 CPL-D-F4-7 150 116 29.3 23 11.62 30 3.49
40 CPL-D-F4-8 150 123 26.3 8 12.43 19 2.36
41 CPL-D-F4-9 150 116 29.3 23 12.5 31 3.88
42 CPL-D-F4-10 150 110 29 20 10.41 30 3.12
43 CPL-E-F4-1 Sharbati/ARC10063 141 118 28.6 18 9.89 21 2.08
44 CPL-E-F4-2 120 131 26 14 10.37 18 1.87
45 CPL-E-F4-3 120 117 27 13 12.41 17 211
46 CPL-E-F4-4 141 104 27 9 10.68 14 1.5
47 CPL-E-F4-5 147 119 29 20 11.31 18 2.04
48 CPL-E-F4-6 120 110 30 13 10.95 18 1.97
Mean 139 116.7 27 15 11 24 2.48
SEM () 4.0 0.97 23 3.9 1.2 3.6 0.08
Range 110-150 84-174 22.3-36 41881 7.16-14.18 1.82-6.76 1.82-6.77
Hezritability 0.84 0.88 0.78 0.63 0.59 0.69 0.8
(HY)

2GPC at 12-14% moisture.
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Fig. 1. Predicted against reference grain protein content (GPC).

Rad, USA). Peptide pattern in the gel was visualized through
staining with Coomassie brilliant blue and photograph was
taken in a gel documentation system.

Detection of alkali spreading value

Gelatinization temperature is estimated by the extent of alkali
spreading. The degree of spreading is measured using a seven-
point scale ranging from 1 (least spread) to 7 (highest spread):
The average score denoted the alkali spreading value of a line.
After soaking six milled rice grains of each genotype in 10 ml
1.7% KOH for 23 h at 30 °C, the degree of spreading and clearing
values of individual grains were scored. Grain appearance and dis-
integration were rated visually after incubation. A rating of 5.5-7.0
was classified as low GT (55-69.5 °C); 3.5-5.4 as intermediate
(70-74 °C); 2.6-3.4 as intermediate-high and 1.0-2.5 as high
(74.5-80 °C) (Juliano 1985).

Statistical analysis

Analysis of variance (ANOVA) and correlation analysis for grain
yield and other traits were carried out using standard procedures.
The selection differential (S), which is the mean after selection
minus the mean before selection, and the response to selection
(R), which is the mean of the offspring distribution minus the
mean of the distribution before selection, were estimated for the
breeding population derived through modified bulk-pedigree
selection. In predicting the response to selection for GPC, protein
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yield and grain yield in all crosses, R was taken as HS where H*
stands for the broad-sense heritability of these traits, defined as
the ratio of genotypic and phenotypic variance on an early-mean
basis (Falconer & Mackay 1996). The significance of the mean dif-
ferences of values between F, and Fg generations was estimated
using the t-test (Satterthwaite method). Principal component ana-
lysis (PCA) was performed to uncover the pattern of the data
matrix for determining selection criteria and identifying elite gen-
otypes. Eigen vectors and principal components were calculated
and a 2-D biplot was generated between PC1 and PC2 by SAS
enterprise guide 4.3 (www.support.sas.com/publishing).

A genotype plus genotype x environment (GGE) biplot ana-
lysis was done further to explain the source of variation for geno-
type (G) and genotype x environment (GE) (Yan et al. 2007). A
GGE biplot symmetric view was used in the current study to
explain the ‘which-won-where’ patterns for genotypes and
environments.

Results
Analysis of F, bulk population

Significant variation was observed in yield, the traits contributing
to yield, GPC and protein yield from each plant (Table 1) in the
F, population. The population mean of these derived lines for
GPC (10.73%) was significantly (P <0.05) greater than the
mean of the low-protein high-yielding parents (8.51%). The
mean protein yield of each plant (2.5 g) was also significantly
greater in the breeding population as a whole than that of the
high-yielding parental lines alone (1.97 g). A moderate variability
among genotypes as seen from the genotypic (15.2%) and pheno-
typic (15.75%) variances (data not presented), as well as a wide
range of values (7.31-12.5%) coupled with moderate heritability
(59%) and genetic advance (30.27), offer good scope for further
improvement of this trait.

Association analysis revealed that protein yield (r=0.83),
number of panicles (r=0.50) and panicle length (r=0.28) were
correlated significantly (P < 0.05) and positively with grain yield,
whereas GPC was correlated significantly (P <0.05) and nega-
tively with grain yield (r= —0.21), but positively with panicle
length (r=0.17) (Table 2).

In PCA of the F, population, the first two principal compo-
nents explained 74.11% of the total variability among the breed-
ing lines. The positive effect of protein yield (0.61), plant yield
(0.57) and panicle number (0.44) contributed significantly

Table 2. Correlation matrix for grain yield and yield attributing traits in F, population

Maturity Plant Panicle Number of Protein yield/
Parameters duration height (cm) length (cm) panicles/plant GPC (%) plant (g)
Maturity duration 1.00
Plant height (cm) —0.15 1.00
Panicle length (cm) 0.06 0.41 1.00
Number of panicles/plant 0.07 -0.19 0.10 1.00
GPC (%) 0.14 -0.19 0.17 0.02 1.00
Protein yield/plant (g) 0.24 —0.09 0.37 0.49 0.36 1.00
Plant yield (g) 0.16* 0.01 0.28* 0.50** —0.21* 0.83**

GPC, grain protein content.
*Significant at P<0.05 level, **Significant at P<0.01 level.
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(P <0.01) to the first principal component (PC1), and the nega-
tive effect of plant yield (—0.34) and panicle number (—0.23)
and the positive effect of GPC (0.83) contributed to PC2. The
Eigen vector size also revealed that along with grain yield and
GPC, the number of panicles contributed significantly (P < 0.01)
to the positional distribution of genotypes in the biplot based
on PCA (Fig. 2). Therefore, in subsequent pedigree selection
cycles, the number of panicles/plant was used as the selection
index for yield in the current breeding programme for improving
GPC. The bulk breeding lines (Table 1) belonged to the quarter in
biplot (Fig. 2) with only the positive effect of PC1, governed
mainly by protein yield, and the positive effect of PC2, governed
mainly by the GPC, will be preferred from an economic point of
view. Protein yield in many F, lines was significantly (P <0.01)
higher than that in the high-yielding cultivars Swarna, Naveen
and IR 64 (Table 1). Lines such as CPL-D-F4-9 (12.5%, 3.88 g),
CPL-D-F4-4 (12.1%, 3.37 g) and many others recorded signifi-
cantly (P<0.01) higher GPC and protein yield than Swarna
(8.29%, 2.32g) (Table 1). Cross combinations such as IR64/
ARC10063 (CPL-B) and Naveen/ARC10063 (CPL-D) were iden-
tified as having a high potential because they proved more capable
of delivering a larger number of transgressive segregants with high
GPC than the other cross combinations.

Apparent amylose and grain protein content of Fg grains using
near-infrared spectroscopy

The GPC of 1710 breeding lines and six parents in the wet season
of 2013 (Environment-1) was estimated using NIRS. Average
GPC and protein yield were 11.21% and 2.76 g, respectively
(Table 3). The following lines recorded high GPC and protein
yield/plant: CPL-D-Fg-9 (13.01%, 5.01 g), CPL-D-Fy-19 (12.8%,
5.2¢g) and CPL-A-Fg-67 (12.72%, 4.32g). Apparent amylose

K. Chattopadhyay et al.

content of the Fg population varied from 19.32 to 26.7% with a
mean value of 22.65%. Most of the Fg lines contained intermedi-
ate levels (20-25%) of amylose, which was desirable for acceptable
cooking quality.

Improvement of grain protein content and protein yield in Fg

As in the F, generation, the mean value for GPC and protein yield
of lines derived from IR64/ARC10063 (CPL-B-Fg) and Naveen/
ARC10063 (CPL-D-Fg) were higher than those derived from
other crosses and also greater than the mean values of these
two crosses in the preceding generation. As expected from the
results of the F; generation, these two crosses provided a large
number of transgressive lines for GPC in the Fg generation.
Grain protein content significantly (P < 0.05) improved in the
Fg generation over the F, generation, as shown by the t-test
(Satterthwaite method) (Fig. 3(a)). Although grain yield was not
significantly greater, protein yield in the Fg generation was signifi-
cantly higher (P < 0.05) than the mean of the whole F, population
(Fig. 3(b)). However, this pattern was not uniform when individ-
ual crosses were considered: GPC was only significantly (P < 0.05)
higher in CPL-D and CPL-A. Protein yield only increased signifi-
cantly (P <0.05) in CPL-E, as it recorded greater improvement in
grain yield (Fig. 4). The extent of improvement in GPC in the Fg
generation over the parental population was significant (P < 0.05)
in all the crosses individually and for the breeding population as a
whole. On the other hand, the extent of improvement over the F,
generation was significant (P < 0.05) only in CPL-A. Similarly, for
protein yield, significant (P < 0.05) improvement in the F, bulk
population over the parental population was evident in all the
crosses and in the breeding population as a whole. With the
exceptions of CPL-C and CPL-D, the pattern was repeated in
the pedigree selection lines in Fg. Apart from CPL-C and
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Fig. 2. 2-D plot presentation of traits and genotypes derived through principal component analysis (PCA) of yield, yield contributing traits, grain protein content
(GPC) and protein yield of parents and bulk population (F,) (Listed in Table 1 as Genotype number).
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Table 3. Mean grain protein content (GPC), amylose content, plant yield and protein yield of parents and breeding population of rice in wet season 2013

Variety/ Parent/cross Number of Mean amylose Mean GPC Mean plant Mean protein yield/
population combination lines content (%) (%) yield (g) plant (g)
Naveen Parent 1 21.51 9.12 24.50 2.23
Swarna Parent 1 22.79 8.56 27.60 2.45
IR 64 Parent 1 19.32 .77 23.50 1.83
ARC10075 Parent 1 21.63 11.40 19.80 2.26
ARC10063 Parent 1 22.24 12.30 18.50 2.28
Sharbati Parent 1 21.80 8.30 18.90 1.57
CPL-A-Fg IR64/ARC10075 720 23.16 11.35 24.57 2.80
CPL-B-Fg IR64/ARC10063 240 21.29 11.22 22.71 2.55
CPL-C-Fg Swarna/ARC10063 380 23.87 10.65 24.23 2.58
CPL-D-Fg Naveen/ARC10063 230 21.26 11.71 27.60 3.25
CPL-E-Fg Sharbati/ARC10063 140 21.87 11.02 2331 2.60
Fg Population 1710 22.65 11.13 24.46 2.73
SD 1.64 1.23 6.45 0.81

CPL-B, plant yield was also significantly (P < 0.05) greater in the
Fg population than in the parental population, whereas this
improvement over the F, bulk population was significant (P <
0.05) only in CPL-E over the parental population (Table 4).

Selection differential and predicated versus observed response
to selection

For GPC, although the selection differential (S) was significant
(P <0.05) for all the crosses and for the population as a whole,
the observed response to selection was significant (P < 0.05)
only in CPL-A and in the population as a whole. For grain
yield, S was significant (P < 0.05) for CPL-E and CPL-D but the
response to selection (R) was significant (P<0.05) only in
CPL-E. On the other hand, S for protein yield was significant
(P <0.05) for all the crosses and for the population as a whole
and, as expected, R was significant (P < 0.05) for CPL-E and for
the population as a whole (Table 5). The predicted response to
selection for GPC, grain yield and protein yield individually for
each cross and for the population as a whole was derived from

0.80%, respectively) of these traits. The predicted and observed
responses to selection for both GPC and protein yield were almost
equal in the population as a whole (Fig. 5) but, except for a few
cases, were significantly different (P < 0.05) for GPC and protein
yield (Table 5).

Genotype plus genotype x environment biplot analysis of
multi-environmental data

In the wet season of 2013 (Environment-1), 1710 Fg lines were
evaluated and plant yield and GPC from five randomly selected
plants from each line were measured. Fy lines derived from the
corresponding Fg lines were further evaluated in two environ-
ments, the wet season of 2014 (Environment-2) and dry season
of 2014 (Environment-3) for yield and GPC. Significant differ-
ences (P<0.05) for genotype, environments and genotype X
environment interaction (GEI) were found. The GGE-biplot
(Fig. 6) displays the ‘which-won-where’ pattern of rice genotypes
with high mean GPC (Table 6) in the multi-environment
trial (MET). In this biplot, a polygon was formed by connecting

the selection differential and the heritability (0.59, 0.69 and the vertex genotypes such as 891 (CPL-D-F;s-891), 347
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Fig. 3. Distribution of parents, F, and Fg generation and their means for grain protein content (GPC) (a) and protein yield (b) for the whole breeding population.
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(CPL-B-Fg-347), 137 (CPL-E-Fg-137) IR 64 and 733 (CPL-
C-Fg-733) with straight lines and the rest of the high mean geno-
types placed within the polygon. These vertex genotypes were the
best or worse genotypes in any of the environments. Test environ-
ments fell into two sections. The first section contained E1 and E3
and the second section contained E2. High protein genotypes
were mostly placed inside these two sections. Another two vertex
genotypes, IR 64 and 733 (CPL-C-Fg-733), were lower with
respect to protein content.

Similarly, another polygon view (Fig. 7) displays the which-
won-where’ pattern of rice genotypes with high protein yield in
the MET. The biplot was divided into seven sections. The vertex
genotype 1091 (CPL-A-Fs-1091) was the best performer and situ-
ated in the section where two of the test environments (E1 and
E3) fell. Another test environment fell within a section where
the vertex genotype 1049 (CPL-A-Fg-1049) had high protein
yield. On the other hand, the two lowest protein yield cultivars,

K. Chattopadhyay et al.

IR 64 and ARC 10075, were placed in the vertex of the polygon.
The stability of high GPC and PROY genotypes were evaluated.
An average environment expressed by the average PCI1 and PC2
scores of all environments jointly explained 85.7% variation.
This is represented by a small circle in the GGE biplot (Fig. 8).
An average environment axis (AEA) line with the arrow pointing
to the greater genotype main effect passes through this average
environment (small circle) and serves as the abscissa of the
AEC. The AEC ordinate is indicated by double arrows, and either
direction away from the biplot origin indicates greater GEI effect
and reduced stability. A longer projection to the AEC ordinate,
regardless of the direction, represents a greater tendency of the
GEI of genotype, which means it is more variable and less stable
across environments or vice versa. High mean genotypes for GPC
and PROY were found to be more or less stable across environ-
ments. Among the selected high GPC and PROY genotypes,
972 (CPL-C-F3-972) and 966 (CPL-C-Fg-966) for GPC and 884
(CPL-D-Fg-884) and 824 (CPL-D-Fg-824) for PROY were
found to be highly stable.

Identification of high yielding lines with high grain protein
content and good cooking quality

A few high mean lines for GPC and PROY were identified stable
through GGE biplot analysis of multi-environment data. Some
had desirable agronomic traits and good cooking quality with
desired amylose and alkali spreading value (Table 7). Some of
the lines that showed high protein yield (g/m?), high GPC (%)
and good cooking quality (with desirable amylose content and
alkali spreading value) include: CPL-D-Fs-824 (74.75, 12.55,
23.19, 4), CPL-D-Fg-905 (65.41, 11.88, 21.93, 4), CPL-A-
Fg-1049 (49.22, 13.07, 21.76, 5), CPL-C-Fg-972 (46.31, 12.30,
23.83, 3).

Fractionation of grain protein and sodium dodecy! sulphate
polyacrylamide gel electrophoresis of some selected lines with
high grain protein content and protein yield

Selected high protein lines (Table 7) along with high protein
donors in the current breeding programme, ARC10063 and
high yielding parent, Swarna were taken and 10% milled rice
grains (Fig. 9) were subjected to fractionation of soluble proteins.
Significant (P < 0.05) variation was observed among all genotypes
for the four fractions: albumins, globulins, prolamins and

Table 4. Improvement of grain protein content (GPC), plant yield and protein yield in Fg population over F, bulk population and parental mean

Percentage of improvement

GPC (%) Plant yield (g) Protein yield (g)
Over F4 bulk Over parental Over F4 bulk Over parental Over F4 bulk Over Parental
Fg lines Cross population mean mean population mean mean population mean mean
CPL-A-Fg IR64/ARC10075 14.88 19.47 —3.00 10.03 12.90 34.62
CPL-B-Fg IR64/ARC10063 341 16.51 8.14 5.63 11.35 26.24
CPL-C-Fg Swarna/ARC10063 0.38 5.86 —2.42 5.21 —-1.15 14.16
CPL-D-Fg Naveen/ARC10063 3.45 12.49 0.73 26.90 5.86 45.74
CPL-E-Fg Sarbati/ARC10063 0.73 14.32 31.92 23.66 34.72 43.65
Fg Population 3.92 15.46 4.95 10.53 10.26 28.17
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Fig. 5. Predicted and observed response to selection (R) of grain protein content
(GPC), plant yield and protein yield.

glutelins. The mean contents of albumin, globulin, glutelin and
prolamin fractions of these genotypes in polished rice were 0.19,
0.30, 5.35 and 0.1%, respectively (Table 8). Contents of albumin,
globulin, glutelin and prolamin among the genotypes ranged from
0.15 to 0.26%, 0.18 to 0.42%, 2.72 to 7.05% and 0.08 to 0.11%,
respectively. All high protein lines had significantly (P <0.001)
higher glutelin content than Swarna. The ratio of prolamin to
glutelin fractions ranged from 0.01 to 0.03. All high protein
lines had either lower or similar values in prolamin/glutelin
ratio than Swarna.

The partially purified glutelins and prolamins in all these
genotypes were separated on preparative SDS-PAGE gels. The
basic sub-unit, a-glutelin was found in an average 29 kD region,
while the average molecular weight of S-glutelin unit was 21 kD
in these genotypes. Another prolamin band was observed
in these genotypes at 13-14 kD region. The differences were
observed only in the intensity of banding pattern (Fig. 10).
Higher expression in both a- and f-glutelin was observed in all
high protein lines except CPL-A-Fg-1045 than the high yielding
cultivar Swarna. This banding pattern mostly correlated with
the glutelin content observed through fractionation of soluble
protein.

Discussion

Assessing the scope for improvement of grain protein content
in rice

Rice, being the main source of calories as well as of proteins for
billions of people, is ideal for enhancing GPC through hybridiza-
tion and selection with the aim of providing greater protein in this
staple food. Any success on this front will certainly have a positive
impact on the health of the poor and the malnourished in devel-
oping countries (Mahmoud et al. 2008). Early researchers pointed
out that high doses of N improve GPC but also increase the
degree of translucency significantly (Blumenthal et al 2008).
Therefore, lines are required that give high yields and high GPC
under standard N management. It has been observed that N
translocation from the vegetative tissues plays an important role
in the nutrition of rice grains. In addition, it has also been
reported that N translocation was positively associated with
total accumulation of N in plants at anthesis and added to
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Fig. 6. Polygon in multi-environment trials view displaying ‘which won where’ pattern of genotype plus genotype x environment (GGE) biplot of selected high grain

protein content (GPC) genotypes (listed in Table 6).

grain N at maturity by 30-60%, depending on the genotype
(Ntanos & Koutroubas 2002). Using genetic resources with higher
potentiality for N accumulation, GPC has been improved in many
cereals (Vasal 2002). For improvement of GPC, two landraces
with high GPC (>11%) were utilized by Chattopadhyay et al
(2011). In spite of linkage with undesirable traits, the transfer of
desired alleles with positive impacts on grain quality from agrono-
mically poor landraces has been proved feasible previously (Aluko
et al. 2004; Li et al. 2004) and also in the present breeding pro-
gramme, as 17 F, breeding lines were found with trangressive seg-
regation for GPC (>12%). Many other lines also contained
significantly higher GPC (>10%) than the parental population.
All these lines were upgraded to pre-breeding lines for high
GPC and to advanced elite high-yielding lines with high GPC.
However, the economic viability of the breeding programme lies
not only in the greater protein content of 100 g grain volume or
of a single grain but also in total protein yield per unit area.
Accordingly, the selection and fixation of breeding lines in subse-
quent generations focused on both high GPC and protein yield.

Bulk-pedigree breeding coupled with high throughput
selection for improvement of grain protein content

As GPC is a polygenic trait (Mahmoud et al. 2008), it generally
shows low heritability. The bulk-pedigree method is generally
used for improving traits with low heritability. This is a modifica-
tion of the bulk method, in which individual plants of the F, gen-
eration are harvested in bulk up to the F, generation, from which
single-plant selections are made and subsequent generations

https://doi.org/10.1017/50021859618000230 Published online by Cambridge University Press

handled the same way as in the pedigree method: Wynne &
Gregory (1981), who pioneered this modification, believed that
selection from F5 onwards through the pedigree method would
help in fixing the desirable genes. Although there is no direct
effect of GPC on seed yield, the slightly negative association
between the two traits indicated the possible risk of reduction
of grain yield when selection is restricted solely to higher
GPC. Therefore, the pedigree selection cycle of the present pro-
gramme opted for simultaneous selection for higher GPC and a
greater number of panicles per plant, which was the most import-
ant component of grain yield in the association analysis and
further supported by PCA. The negative association was reduced
to a significant level after three pedigree selection cycles in the
present breeding programme and this facilitated the simultaneous
improvement of these traits, as also reported by the International
Rice Research Institute (IRRI 1976).

Breeding for grain quality requires a method that can deter-
mine the nutritional composition of a given substance quickly
and accurately and yet allows large-scale screening. Near-infrared
spectroscopy has been used extensively for rapid and non-
destructive estimation of grain or kernel quality, especially of cer-
eals, pulses and oilseeds. The method requires minimum sample
preparation and is therefore cost-effective and saves both time and
labour. A calibration model was developed for GPC and validated.
A high correlation between predicted and reference values indi-
cated that this calibration model could quantify the prediction
of GPC of brown rice. In the present breeding programme,
GPC and amylose content of a large number of breeding lines
were predicted by NIRS.
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Table 6. High mean Fg lines for grain protein content (GPC), plant yield (PY) and protein yield (PROY) based on three environments (E1- wet season 2013, E2- wet season 2014, E3- dry season 2014)

GPC PY PROY
Genotype number Designation El E2 E3 Mean El E2 E3 Mean El E2 E3 Mean
222 CPL-B-Fg-222 10.68 12.52 11.40 11.53 30.50 27.33 26.30 28.04 3.26 3.42 3.00 3.23
27 CPL-D-Fg-27 11.22 11.75 12.64 11.87 38.90 30.20 28.30 32.47 4.36 3.55 3.58 3.83
328 CPL-C-Fg-328 13.29 12.53 13.85 13.22 25.60 26.43 22.54 24.86 3.40 331 3.12 3.28
824 CPL-D-Fg-824 12.26 11.65 13.74 12.55 33.30 36.50 30.43 3341 4.08 4.25 4.18 4.17
891 CPL-D-Fg-891 13.39 12.42 14.83 13.55 26.20 25.32 23.81 25.11 3.51 3.14 3.53 3.39
905 CPL-D-Fg-905 11.79 11.22 12.64 11.88 40.00 30.50 34.85 35.12 4.72 3.42 4.41 4.18
1045 CPL-A-Fg-1045 10.63 10.88 11.37 10.96 32.60 31.60 36.80 33.67 3.47 3.44 4.18 3.70
443 CPL-C-Fg-443 10.70 9.23 10.20 10.04 39.10 36.61 40.52 38.74 4.18 3.38 4.13 3.90
55 CPL-A-Fg-55 11.83 12.61 12.40 12.28 24.80 23.59 27.40 25.26 2.93 297 3.40 3.10
884 CPL-D-Fg-884 12.72 12.32 11.98 12.34 34.00 31.40 33.20 32.87 4.32 3.87 3.98 4.06
68 CPL-A-Fg-68 10.59 11.86 11.80 11.42 30.50 32.00 30.60 31.03 3.23 3.80 3.61 3.55
700 CPL-C-Fg-700 11.93 10.59 12.76 11.76 36.40 38.40 40.30 38.37 4.34 4.07 5.14 4.52
887 CPL-D-F5-887 13.29 12.80 13.18 13.09 27.20 30.40 29.60 29.07 3.61 3.89 3.90 3.80
72 CPL-A-Fg-72 11.77 12.00 11.50 11.76 30.40 37.20 33.60 33.73 3.58 4.46 3.86 3.97
733 CPL-C-Fg-733 10.96 8.57 10.83 10.12 38.00 42.50 40.50 40.33 4.16 3.64 4.39 4.06
760 CPL-D-Fg-760 10.49 9.78 9.65 9.97 39.00 40.50 31.70 37.07 4.09 3.96 3.06 3.70
790 CPL-D-Fg-790 12.67 12.28 14.40 13.12 29.20 30.80 27.60 29.20 3.70 3.78 3.97 3.82
933 CPL-C-Fg-933 13.30 12.60 13.50 13.13 22.70 26.40 25.00 24.70 3.02 3.33 3.38 3.24
96 CPL-A-Fg-96 12.73 11.78 12.50 12.34 29.50 27.90 30.20 29.20 3.76 3.29 3.78 3.61
111 CPL-B-Fg-111 10.82 10.65 9.74 10.40 30.10 33.30 42.90 35.43 3.26 3.55 4.18 3.66
116 CPL-B-Fg-116 11.49 11.85 12.83 12.06 24.30 26.40 25.90 25.53 2.79 3.13 3.32 3.08
972 CPL-C-Fg-972 12.69 12.34 11.86 12.30 30.10 33.90 37.40 33.80 3.82 4.18 4.44 4.15
137 CPL-E-Fg-137 11.21 13.70 11.73 12.21 31.50 30.70 28.60 30.27 3.53 4.21 3.35 3.70
966 CPL-C-Fg-966 12.69 12.75 13.64 13.03 28.00 29.80 25.80 27.87 3.55 3.80 3.52 3.62
588 CPL-C-Fg-588 11.52 11.85 13.74 12.37 37.20 40.00 40.40 39.20 4.29 4.74 5.55 4.86
141 CPL-E-Fg-141 11.64 12.65 13.53 12.61 25.30 28.90 31.60 28.60 2.94 3.66 4.28 3.63
142 CPL-E-Fg-142 11.42 11.67 12.32 11.80 37.20 41.80 36.70 38.57 4.25 4.88 4.52 4.55
1049 CPL-A-Fg-1049 13.01 12.67 13.53 13.07 38.50 40.00 34.00 37.50 5.01 5.07 4.60 4.89
347 CPL-B-Fg-347 11.60 14.60 12.81 13.00 27.00 29.80 24.60 27.13 3.13 4.35 3.15 3.54
151 CPL-E-Fg-151 12.95 12.56 14.75 13.42 26.70 20.40 22.60 23.23 3.46 2.56 3.33 3.12
(Continued)
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Assessment of breeding population based on response to
selection for both grain protein content and grain yield

The gain in GPC and protein yield was noted in the Fg generation
as compared with that in the F, bulk population. Significant yield
advantage was observed in CPL-E-Fg over the F, bulk. Ali (2011)
found that pedigree selection for two cycles showed a significant
increase in yield over the bulk selection. However, in the current
work, it was noted that mainly GPC and grain yield increased sig-
nificantly through bulking of F, plants as shown in the F, bulk
lines in most of the cross combinations and in the breeding popu-
lation as a whole. This improvement was then stabilized through
pedigree selection cycles. Hence, the modified bulk-pedigree
method of selection proved effective in improving both yield
and grain quality simultaneously.

Grain protein content and protein yield of individual plants in
the breeding population as a whole also showed a substantial
response to bulk-pedigree selection as shown by the significant
S and R values. In addition, the population of individual crosses
also showed a significant response for these traits. However, the
observed and expected R values diverged greatly in individual
crosses. This discrepancy arose probably because the estimates
of the extent of heritability calculated by the components of vari-
ance method based on data from one generation and year were
applied to the next generation. Under such circumstances, a
large discrepancy between the actual gains obtained in the Fg
and those predicted in the F, generation is only to be expected
by the genotypexyear interaction (Frey & Horner 1955).
However, the current results are in agreement with those obtained
by Gaido et al. (2000), who used recurrent selection for improving
grain yield. The actual response to selection for grain yield and
protein yield in the cross CPL-E and that for GPC in the cross
CPL-A was greater than the predicted response, indicating that
dominant-gene effects are involved in the inheritance of these
traits. Whereas Lal & Singh (2012) found that gene action for
grain yield in rice was mainly non-additive, Singh & Singh
(1982) found that gene action for protein content in rice consisted
of both additive and non-additive components of variance.

The current study found that when the whole Fg population
was considered for analysis, the observed and expected R for
GPC and protein yield were not significantly different. This find-
ing serves to validate the method adopted in the breeding pro-
gramme and proved once again that the bulk-pedigree method
is effective on traits significantly influenced by GEI. As suggested
by Frey & Horner (1955), a close agreement between the expected
and actual gains indicates that the gene action involved in the
selection is largely additive. In the present experiment, actual
grain yield was greater than the predicted yield, a result that con-
firms the superiority of the dominant-gene effects (El-Ameen
et al. 2013).

Evaluation of cooking quality of breeding lines with elevated
grain protein content

Amylose content greatly influences the cooking characteristics of
rice and other features related to grain quality. Amylose is also
responsible for the way rice hardens on cooling (Allahgholipour
et al. 2006). Protein is the second most important component
in the endosperm, which affects both milling and cooking qual-
ities of rice grain. Grain proteins inhibit the gelatinization of
starch and disruption of protein structure during cooking
makes the cooked grains stickier (Cameron & Wang 2005;
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Derycke et al. 2005). A negative correlation of grain protein and
amylose content has been observed in the current study. This is
in keeping with an early observation (Yang et al. 2004). The
PCA also revealed that the Eigen vector for grain yield and

Fig. 7. Polygon view in multi-environment trials dis-
playing ‘which won where’ pattern of genotype plus
genotype-by-environment (GGE) biplot of selected
high protein yield (PROY) genotypes (listed in Table 6).

amylose content occupied the same quarter, whereas GPC
belonged to a different quarter in the biplot. In general, the anti-
waxy gene increased protein content and lowered the amylose
content of rice grains (Li et al. 2009). Therefore, selecting for
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Fig. 8. Average environment coordination view of the
GGE-biplot for the performance and stability of the
high mean genotypes for grain protein content
(GPC) and protein yield (PROY) (Listed in Table 6).
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Table 7. Grain protein content (GPC), yield and yield attributing traits and protein yield of selected high protein rice genotypes over the environments

Plant Grain
height Number of Panicle yield Protein Amylose Alkali spreading
Genotype GPC (cm) panicles/plant length (cm) (g/m?) yield (g/m?) content (%) value (ASV)

CPL-D-Fg-824 12.55 107.50 8.50 25.53 595.6 74.75 23.19 4
CPL-A-Fg-1045 10.96 114.70 8.23 25.72 540.5 59.24 22.23 4
CPL-D-Fg-891 13.55 133.80 6.60 28.15 402.7 54.57 24.06 4
CPL-D-Fg-905 11.88 125.70 8.73 26.55 550.6 65.41 21.93 4
CPL-D-F¢-884 12.34 130.60 7.11 26.46 366.8 45.26 22.83 5
CPL-D-Fg-887 13.09 135.30 9.42 28.23 359.4 47.05 22.65 5
CPL-C-Fg-972 12.30 98.70 12.90 27.13 376.5 46.31 23.83 3
CPL-C-Fg-966 13.03 115.70 7.45 24.67 3434 4475 24.17 3
CPL-C-Fg-588 12.37 90.40 6.82 2291 364.8 45.13 21.94 5
CPL-A-Fg-1049 13.07 122.60 6.67 25.58 376.6 49.22 21.76 5]
CPL-A-Fg-1091 12.8 125.60 6.93 24.16 362.6 46.41 21.08 5
CPL-A-Fg-1031 13.13 113.20 7.33 28.74 380.4 49.95 20.83 5
Swarna 8.33 101.60 10.22 24.72 470.3 39.18 23.8 4
ARC10063 12.31 160.60 6.75 27.62 298.6 36.76 215 5]
General Mean 12.27 119.71 8.11 26.16 413.49 50.28 22.56 4.36
CD (5%) 0.34 4.8 0.6 0.6 53.4 4.2 0.9 0.4

Swarna

ARC10075

ARC10063

,@_

ARC10063

Fig. 9. Paddy and polished rice of parents and their high protein offsprings, viz. 1: CPL-A-Fg-1045, 2: CPL-A-Fg-1049, 3: CPL-A-Fg-1091, 4: CPL-A-Fg-1031, 5:
CPL-C-Fg-972, 6: CPL-C-Fg-966, 7: CPL-C-Fg-588, 8: CPL-D-Fg-824, 9: CPL-D-Fg-891, 10: CPL-D-Fg-905, 11: CPL-D-Fg-884, 12: CPL-D-F5-887.
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Table 8. Fractionation of soluble protein in selected high protein rice lines and high and low protein checks

Genotype Albumin % Globulin % Glutelin % Prolamin % Prolamin/Glutelin ratio
CPL-D-Fg-824 0.22 0.18l 4.16 0.09 0.02
CPL-A-Fg-1045 0.22 0.29 4.41 0.11 0.02
CPL-D-Fg-891 0.26 0.26 3.93 0.10 0.03
CPL-D-Fg-905 0.18 0.42 5.34 0.10 0.02
CPL-D-F¢-884 0.17 0.25 7.05 0.11 0.02
CPL-D-F¢-887 0.21 0.35 6.37 0.08 0.01
CPL-C-Fg-972 0.18 0.34 6.24 0.11 0.02
CPL-C-Fg-966 0.15 0.30 6.32 0.10 0.02
CPL-C-Fg-588 0.19 0.41 5.88 0.09 0.02
CPL-A-Fg-1049 0.18 0.22 5.55 0.11 0.02
CPL-A-Fg-1091 0.18 0.32 5.34 0.10 0.02
CPL-A-Fg-1031 0.15 0.35 6.58 0.10 0.02
Swarna 0.19 0.25 2.72 0.08 0.03
ARC10063 0.20 0.32 4.94 0.10 0.02
General Mean 0.19 0.3 5.35 0.1 0.02
P value <0.001 <0.001 <0.001 <0.001 -
CV (%) 1.18 0.58 0.17 1.89 -
SE(d) 0.002 0.001 0.007 0.002 =
Tukey HSD at 5% 0.0068 0.0053 0.0267 0.0057 -

high GPC may produce more genotypes with unacceptably low
levels of amylose in the rice grain. Therefore, the grain amylose
content of all the breeding lines was also estimated. The alkali
test has been employed extensively in rice quality studies as an
indirect estimation of the gelatinization temperature. Therefore,
along with amylose content, ASV also determines the cooking
quality. At the end of the breeding cycle, elite lines with high
GPC but also with desirable levels of ASV and amylose content
were detected. The present breeding programme has significantly
improved GPC in a high-yielding background with desirable
cooking quality.

Genotype x environment interaction and identification of
stable high protein elite lines

Grain protein content is highly influenced by the environment.
A GGE biplot analysis is an effective way to identify stable
high-protein genotypes partitioning genotype and GEI effects

2 3 4 56 7 9 10 1

11213

in many cereals (Khazratkulova et al 2015). The current
study presents the polygon view of the biplot where selected
high mean genotypes for GPC and PROY are placed. The ver-
tex genotypes are the best or the poorest genotypes in some or
all of the environments because they are farthest from the ori-
gin of the biplot (Yan & Kang 2003). The stability of high GPC
and PROY genotypes were evaluated by an average environment
coordination (AEC) method (Yan 2002). Some of the high
mean genotypes for GPC and PROY were found to be adapt-
able for different environments and the cooking quality of
those lines were tested. Among the tested lines, a few were
detected with desirable intermediate amylose content (20-
25%) and ASV (3-5). They could be used either as improved
introgression lines in breeding for grain quality or directly as
biofortified rice varieties. Two genotypes (CPL-D-Fg-824,
CPL-C-Fg-972) derived from the present breeding programme
were nominated in the national biofortification trial for multi-
locational testing.

Fig. 10. The sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) profiles of partially purified
glutelin fraction showing o (~29kD) and p-glutelin
(~21 kD) sub-unit and a prolamin band (~13-14 kD) in

14 M

a-Glutelin
(26-30 kD)

B-Glutelin
(21-23 kD)

Prolamin
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rice genotypes, viz., lanel: ARC1063, lane 2: Swarna,
lane3: CPL-D-Fg-824, lane 4: CPL-A-Fg-1045, lane 5:
CPL-D-Fg-891, lane 6: CPL-D-Fg-905, lane 7: CPL-D-Fg-884,
lane 8: CPL-D-Fg-887, lane 9: CPL-C-Fg-972, lane 10:
CPL-C-Fg-966, lane 11: CPL-C-Fg-588, lane 12: CPL-A-
Fg-1049, lane 13: CPL-A-Fg-1091, lanel4: CPL-A-Fg-1031
and lane M: ladder of 10-225kD molecular weight.
Glutelin samples were loaded at 15 pg on each lane and
proteins were detected with standard Coomassie brilliant
blue stain after electrophoresis.
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Protein fractionation and assessment of nutritional quality of
protein in elite lines

It has been reported earlier that improvement of GPC reduced the
protein quality and resulted in a hardening of the cooked rice
(Derycke et al. 2005). Therefore, assessment of the quality of pro-
tein was required in high-protein elite lines. Hence, grain proteins
of selected stable lines were fractionated into albumins, globulins,
prolamins and glutelins. The results were similar to those of Kim
et al. (2013) in waxy brown rice, which contained 1.86, 0.50, 7.31
and 0.05% albumin, globulin, glutelin and prolamin fractions,
respectively. Values in the current study were relatively lower, per-
haps because the extraction was done using milled rice or because
of genotypic differences. Variations in fractionation procedure
might also have contributed to the difference in values.

In rice endosperm, two types of PB are found where storage
protein accumulates. Regular, spherical PB-I contains mostly pro-
lamins while irregularly shaped PB-II contains mostly glutelins
and globulins (Ogawa et al. 1987). It is known that PB-II is
more digestible than PB-I. Therefore, glutelin is nutritionally
more important than prolamins for human beings in respect of
digestibility. Hence, the protein quality of rice could be enhanced
further by increasing the glutelin and globulin contents
(Kumamaru et al. 1988). Higher expression of the major storage
protein, the glutelin fraction, ultimately indicates the higher
level of PB-II in rice endosperm.

The SDS-PAGE profile of genotypes in the current study was
found to be similar to the banding pattern obtained by Wen &
Luthe (1985), where an a-glutelin polypeptide group with three
bands had an average molecular weight of 29.6 kD and the
smaller group, B-glutelin with two bands, had an average molecu-
lar weight of 21.1 kD. But other researchers (Mahmoud et al.
2008; Jiang et al. 2014; Pal et al. 2016) obtained slightly
higher molecular weights fora-glutelin. This might be due to
differences in the gel systems. The higher intensity of both groups
of bands in high-protein lines compared with Swarna indicates
that the enhanced GPC is due primarily to higher accumulation
of the glutelin fraction as a storage protein. As glutelin is rich
in all essential amino acids, the nutritional quality of these lines
was also supposedly enhanced over the high-yielding parent,
Swarna.

It has been reported earlier that prolamins generally consist of
three polypeptide sub-units with the apparent molecular weight of
10, 13 and 16 kD. The band at approximately 13-14 kD region is
predominant (Ogawa et al. 1987; Mahmoud et al. 2008). This
prolamin band at a similar position (13-14 kD) appeared in the
current SDS-PAGE profile of partially purified glutelin fraction
of all the genotypes. Krishnan & Okita (1986) also reported
that this prolamin band appeared as the major contaminant of
the glutelin fraction. Mahmoud et al. (2008) reported that in a
hybrid between IR 64 and Oryza nivara the expression of this pro-
lamin band was much higher than that in the two parents. But the
nutritional value of prolamins is inferior to glutelins for its low
digestibility and negative influence on cooking quality, which
increases the hardness of cooked rice (Ogawa et al. 1987;
Furukawa et al. 2003). The breeding lines used in the current
work showed no significant changes in the intensity of this prola-
min band. Moreover, the similar or lower prolamin/glutelin ratio
as observed in high-protein lines, compared with Swana, indicates
that the protein quality of the high-protein rice lines remained
unchanged if not improved by this breeding programme initiated
for quantitative improvement in protein content.
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Conclusion

Effective selection through calibrated NIRS and modification of
bulk-pedigree rice breeding in grain protein improvement in
both quantitative and qualitative basis were established through
the current investigation, carried out for the past 6 years. Some
of the biofortified lines (as pre-breeding lines) with high GPC
and good cooking quality can be used for further improvement
of high yielding cultivars. After multi-location testing, the stable
high-yielding lines with high GPC can also be included for culti-
vation in the ‘nutri-farms’ developed in India to combat the prob-
lem of malnutrition in millions of underprivileged school-going
children.
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