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Rice (Oryza sativa L) is a most important staple food crop of the world because more than half of the
World's population is dependent on it for their livelihood. Global rice production must be doubled by
2050 to cope up with the situation of population growth. Narrow genetic base in the released varieties
has made the improvement in plateaus. Widening the genetic base is necessary to overcome the yield
barrier. Hybridization and pre-breeding has been carried out to broaden the genetic base. Heritability
and genetic advances were measured in the F5 lines (Tulaipanji X IR64), F3 lines (Tulaipanji X IR64

X PB1460), and F3 lines (Badshabhog X Swarna sub1). Some of the breeding lines were showing
promising field performance with high yield potentiality. Wide crosses were performed to widen the
genetic base between (Ranjit X O. rufipogon) and (Badshabhog x O. rufipogon) and the heritability
pattern of the morphological characteristics in the progeny lines was evaluated. Nutritional quality of
the rice grain is totally dependent on the morphology and histological characteristics of the caryopsis
which are genetically determined. Caryopses ultrastructural analyses were carried out in seventeen
different rice breeding lines through SEM. SEM analysis showed distinguishing ultrastructure in respect
to pericarp, testa, aleurone layer, protein bodies and starchy endosperm in the breeding lines with
distinctive inheritance pattern. This study provides information about the cross compatibility of the
wide hybridization and heritability measures of the morphological traits which may supplement the
breeding program to break the yield plateaus.

Rice (Oryza sativa L.) is most important and staple food crop because more than half of the world’s population
(>3.5 billion) depends on it for their livelihood!=. It is cultivated in more than 100 countries worldwide*. The
genus Oryza (including both cultivated and wild rice species) can grow in diverse climatic conditions and loca-
tions from the wettest areas to the driest deserts in the world ranging 53° north to 40° south latitude, from sea
level to an altitude of 3000 m above sea level®. Due to this wide range of growing habitat under diversified climatic
conditions, the genus Oryza shows a wide range of genetic and phenotypic diversity® with a maximum diversity
existing in wild rice species because they have not undergone rigorous human selection’!'. The production of
double the amount of rice by 2050 is urgently needed to feed more than 9 billion people in this world'>**. The
production rate in the released varieties has plateaued due to narrow genetic base in the parental lines used in
breeding programs'*'>. Genetic bottleneck during domestication also causes erosion of the genetic diversity in
the well adapted cultivars which leads to yield stagnation'. Yield plateaus can be surmounted through genetic
gain by combining the yield related genes/QTLs from different genetic resources of rice germplasm both from
local landraces and crop wild relatives. Wild species are the reservoir of genetic diversity and wide adaptability.
Therefore, germplasm diversity is considered as the mainstay for crop improvement. Breeder can introgress these
genetic gain related genes/QTLs using knowledge of molecular breeding techniques such as marker assisted selec-
tion'®"". The rice germplasm is a rich reservoir of valuable genes which has accumulated over a period of time
and is yet to be exploited fully by plant breeders for varietal improvement®. Highly recombined populations such
as MAGIC (Multi-parent Advanced Intercross) has been developed to maximize the genotypic diversity in order
to increase genetic enhancement® -2, Genetic variability, heritability and genetic advance and QTLs mapping in
rice has been studied?*-8 to analyse the yield and yield components for crop improvement.

Plant Genetics & Molecular Breeding Laboratory, Department of Botany, University of North Bengal, PO-NBU,
Siliguri, 734013, WB, India. *e-mail: subhascr2011@gmail.com

SCIENTIFIC REPORTS |

(2020) 10:7830 | https://doi.org/10.1038/s41598-020-63976-8


https://doi.org/10.1038/s41598-020-63976-8
mailto:subhascr2011@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-63976-8&domain=pdf

www.nature.com/scientificreports/

Figure 1. Hybridization between Oryza sativa and Oryza rufipogon in Pre-breeding program. (A) Wide cross
Ranjit x O. rufipogon (B) Badshabhog x O. rufipogon also BC1F1, (C) Tulaipanji, (D) PB-1460, (E) IR64, and
(F) Swarna Subl.

Rice fruit is a caryopsis in which the single seed is fused with the wall of the ripened ovary (pericarp) forming
a seed-like grain. The rice grain (rough rice) consists of an edible part, the rice caryopsis, which is protected by
a covering known as hull (husk). Husk contains the larger lemma and smaller palea jacketing the rice caryop-
sis?73L. Rice caryopsis consists of pericarp, testa, aleurone, embryo and starchy endosperm. Starchy endosperm
is accounting for more than 90% of the caryopsis and contains parenchyma cells filled with storage components
representing a major source of food for humanity*2. Caryopsis size and number of the aleurone layers determine
the quantities of important phytochemicals and minerals (zinc and iron) in the grains®*. One of the compo-
nents of yield increase is the grain weight. Hence, an understanding about the ultrastructure and histology of the
caryopsis and its relationship to grain weight is needed*. Structure and developmental stages of the caryopsis
has been studied through histochemical staining and scanning electron microscopy (SEM) to understand their
developmental characterstics'*>*>*. Histologically, rice caryopsis is composed of cuticular layer (CL), Aleurone
layer (AL), and endosperm layer (EL), in centripetal order*”®. Both the layer (CL and AL) together is termed as
bran layer and are generally removed during milling and polishing. Consumption of unpolished rice (Brown rice,
BR) may conserve about 43-54 million tonnes rice every year®. Brown rice has greater human health benefits as
well as increase in grain yield due to the presence of bran layer*. These layers (CL, AL) plays vital role in cooking
behaviour of the rice grains too*..

There is no report about the improvement of rice cultivars Tulaipanji and Badshabhog through breeding and
also no report regarding the pre-breeding between Ranjit x O. rufipogon; Badshabhog x O. rufipogon for broad-
ening the genetic base. Therefore, the objectives of this study was to assess the genetic variability, heritability and
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Figure 2. Performance of the breeding lines in the field conditions (kharif 2018). (a) Progeny F5 lines
(Tulaipanji x IR64) at early vegetative stage, (b). Progeny F5 lines (Tulaipanji x IR64), F3 (Tulaipanji x

IR64 x PB1460), F2 (Badshabhog x Swarna Subl), F2 (Ranjit X O. rufipogon), and F2 (Badshabhog x O.
rufipogon) along with parental lines in flowering stage, (c). Progeny F5 lines in ripening stage, (d). Progeny F5
with parental line Tulaipanji maturity stage (complete lodging), (e). Breeding lines F3(Tulaipanji x IR64 x
PB1460) ripening stage, (f). Pre-breeding lines F2 (Ranjit X O. rufipogon), and F2 (Badshabhog x O. rufipogon)
at vegetative stage, (g). Shattered mature seeds of pre-breeding F2 progeny lines (Ranjit x O. rufipogon and
Badshabhog x O. rufipogon) were collected in synthetic mesh covering.

PH 133.984+0.28 | 118.00-145.00 1.85 2.63 1.01 121 70 —0.107 0.129 235 | 175
FLL 27.10£0.11 | 18.00-36.00 2.16 2.58 5.44 5.94 83.74 | —0.177 1.075 2.77 | 10.27
FLW 13.864+0.11 | 12.50-15.50 0.33 0.34 4.17 427 95.34 0.226 0.188 1.15 | 8.40
Pnl 29.33£0.19 | 20.00-37.00 11.98 12.12 11.80 11.86 98 —0.187 —0.677 7.09 | 24.20
Gr/Pn | 209.72+2.81 | 90.00-330.00 2680.76 2686.91 24.68 24.71 99.77 | —0.236 0.018 106.93 | 50.98
GL 8.914+0.06 | 7.00-10.95 1.8058 1.8062 | 15.0819 | 15.0836 | 99.97 0.301 —1.288 2.76 | 31.02
GB 2.5440.01 |1.85-2.95 0.1046 0.1054 | 12.73 12.78 99.16 | —1.106 —0.086 0.67 | 26.46
Grwt 25.03+0.33 | 13.5-31.30 42.03 42.33 25.90 25.99 99.29 | —0.759 —1.249 13.31 | 53.19
Till 19.9040.33 | 18.00-25.00 4.27 4.37 10.45 10.57 97.71 0.529 —1.233 4.21 | 21.31
HD 85.824+0.33 | 80.00-95.00 44.16 44.16 7.74 7.74 100 0.242 —1.632 13.70 | 15.97
MT 116.66+0.22 | 110.00-125.00 89.70 89.70 8.06 8.06 100 0.056 —1.388 19.53 | 16.62

Table 1. Descriptive statistics variability parameters of different agro-morphological traits for population Fs¢
(Tulaipanji x IR64) was analyzed. Plant height (PH), flag leaf length (FLL), flag leaf width (FLW), panicle length
(PnL), grain per panicle(Gr/Pn), grain length (GL), grain breadth (GB), 1000 grain weight (Gr/Wt), active
tillering (Till), heading date (HD), and maturity time (MT).

genetic advance (GA) of yield and yield associated traits in some promising breeding lines (Tulaipanji x IR64);
(Tulaipanji x IR64 x PB1460); (Badshabhog x Swarna Sub1); and pre-breeding lines (Ranjit x O. rufipogon)
and (Badshabhog x O. rufipogon) to assist the future breeding programs for yield improvement by widening the
genetic base and genetic recombination. Morpho-histological (ultrastructure) characteristics of the rice caryop-
sis have also been investigated in situ conditions before and after cooking (retrograded stage) through scanning
electron microscope (SEM) to trace the inheritance patterns of these traits in the breeding lines.
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Traits | Mean == SE Range GV PV GCV% |PCV% |H (%) |Skewness | Kurtosis |GA GAM
PH 117.50£0.70 | 85.00-133.00 62.94 99.85 6.75 8.50 63.03 | —1.01 0.57 12.99 11.05
FLL 23.68+£0.32 | 12.00-32.00 3.40 12.92 7.78 15.17 26.31 | —0.40 1.01 1.95 8.24
FLW 12.74£0.06 | 10.00-14.50 0.04 0.36 1.56 4.70 11.14 | —0.08 1.64 0.13 1.08
PnL 28.34+£0.35 | 18.00-38.00 17.81 24.85 |14.89 17.58 71.68 0.20 —0.91 7.37 ]26.00
Gr/Pn | 179.20+2.47 | 110.00-240.00 874.58 | 1224.51 |16.50 19.52 7142 | —0.21 —1.02 51.56 28.77
GL 10.65+0.02 | 9.50-11.80 0.08 0.10 2.63 2.99 77.45 | —0.08 1.05 0.51 4.78
GB 2.32+£0.01 1.76-2.65 0.01 0.05 3.60 9.60 14.00 | —0.63 —0.76 0.06 2.75
Grwt 26.22+£0.20 | 20.00-30.00 8.54 874 |11.11 11.27 97.72 | —0.27 —1.25 5.96 22.73
Till 14.01£0.15 10.00-15.00 0.74 1.96 6.10 9.99 37.75 | —=1.33 0.67 1.09 7.78
HD 95.90£0.54 | 90.00-100.00 24.47 24.47 5.15 5.15 100.00 | —0.37 —1.91 10.20 10.64
MT 127.95+0.27 | 125.00-130.00 6.12 6.12 1.93 1.93 100.00 | —0.37 —1.91 5.10 3.99

Table 2. Descriptive statistics variability parameters of different agro-morphological traits for population F,
(Tulaipanji x IR64 x PB1460) was analyzed. Plant height (PH), flag leaf length (FLL), flag leaf width (FLW),
panicle length (PnL), grain per panicle(Gr/Pn), grain length (GL), grain breadth (GB), 1000 grain weight (Gr/
W), active tillering (Till), heading date (HD), and maturity time (MT).

Traits | Mean £ SE Range GV PV GCV% |PCV% |H (%) |Skewness | Kurtosis | GA GAM
PH 146.04+1.18 | 127.00-168.00 119.30 131.12 7.40 7.80 90.00 | —0.03 —1.05 21.49 14.71
FLL 25.53+£0.74 | 13.00-38.00 27.94 51.48 |17.76 24.11 53.27 | —0.50 —0.83 8.03 |26.99
FLW 13.204+0.07 | 11.00-15.00 0.28 0.56 4.06 5.70 5091 | —0.33 0.45 0.78 5.97
PnL 30.95+£0.39 | 25.00-45.00 11.82 15.03 | 11.10 12.52 78.00 1.10 1.42 6.28 20.29
Gr/Pn | 269.054+5.41 | 180.00-375.00 1104.86 |2752.07 |12.35 19.40 40.00 0.34 —0.62 43.44 16.14
GL 8.48+0.04 |7.00-9.70 0.39 0.43 7.38 7.76 90.00 | —0.16 —0.48 1.22 14.38
GB 2.47+0.01 |2.20-2.95 0.02 0.04 6.27 7.78 64.00 0.97 0.19 0.26 10.40
Grwt 19.50£0.27 | 13.00-26.00 12.90 13.13 | 18.41 18.58 98.00 | —0.15 —1.07 7.34 | 37.64
Till 21.41£0.54 | 16.00-29.00 19.36 27.98 |20.55 24.70 69.00 0.49 —1.40 7.55 |35.26
HD 85.53+1.10 | 60.00-90.00 115.30 115.30 | 12.00 12.00 100.00 | —2.00 2.06 22.15 |25.89
MT 115.53£1.10 | 90.00-120.00 115.30 11530 |12.00 12.00 100.00 | —2.00 2.06 22.15 19.17

Table 3. Descriptive statistics variability parameters of different agro-morphological traits for population F, 3
(Badshabhog x Swarna Sub1l) was analyzed. Plant height (PH), flag leaf length (FLL), flag leaf width (FLW),
panicle length (PnL), grain per panicle(Gr/Pn), grain length (GL), grain breadth (GB), 1000 grain weight (Gr/
W), active tillering (Till), heading date (HD), and maturity time (MT).

Traits | Mean & SE Range GV PV GCV% |PCV% |H (%) |Skewness | Kurtosis | GA GAM
PH 157.114+2.35 | 110.00-231.00 782.24 | 861.05 |17.80 18.67 90.00 0.26 —0.08 54.99 | 35.00
FLL 33.4040.75 | 15.00-45.00 48.30 57.08 |20.81 22.62 84.61 | —0.64 —0.70 13.18 | 39.48
FLW 13.70+0.16 | 10.00-16.00 0.52 2.68 5.26 11.94 19.40 | —0.46 —0.65 0.66 4.78
PnL 25.6540.34 | 16.00-36.00 13.50 18.84 | 14.32 16.92 71.00 0.45 —0.56 6.41 | 2499
Gr/Pn | 120.62+3.45 | 25.00-225.00 1525.53 | 1850.48 |32.38 35.66 82.00 0.16 —0.01 73.16 | 60.65
GL 8.12+0.03 | 7.40-8.90 0.15 0.21 4.70 5.50 71.00 0.28 —1.40 0.66 8.12
GB 2.70+0.01 | 2.25-3.00 0.01 0.03 3.09 6.08 25.92 | —0.50 —0.37 0.09 2.06
Grwt 16.60+0.10 | 13.50-18.50 1.60 2.08 7.61 8.68 77.00 | —0.63 —0.79 229 1379
Till 24.314+0.57 | 15.00-33.00 26.87 4533 | 21.27 27.62 59.27 | —0.09 —1.03 823 |33.78
HD 91.87+0.24 |90.00-95.00 5.92 592 | 2.64 2.64 100.00 0.53 —1.76 5.01 5.46
MT 130.93+0.20 | 130.00-135 3.85 3.85 1.40 1.40 100.00 1.63 0.66 4.04 3.09

Table 4. Descriptive statistics variability parameters of different agro-morphological traits for population F, 3
(Ranjit x O. rufipogon) was analyzed. Plant height (PH), flag leaf length (FLL), flag leaf width (FLW), panicle
length (PnL), grain per panicle(Gr/Pn), grain length (GL), grain breadth (GB), 1000 grain weight (Gr/Wt),
active tillering (Till), heading date (HD), and maturity time (MT).

Results

Breeding lines developed. Three different cross combinations were developed in the intra-specific hybrid-
ization program. These crosses were (Tulaipanji x IR64) having progeny generation lines in Fs, (Tulaipanji x
IR64 x PB1460) having progeny lines in F, 5; and (Badshabhog x Swarna sub1) having progeny lines in F, ; stage.
Two wide cross combinations were established in the pre-breeding program for the introgression of agronom-
ically important traits (gene/QTLs) into the cultivars. These prebreeding lines were at F,.; populations between

SCIENTIFIC REPORTS |

(2020) 10:7830 | https://doi.org/10.1038/s41598-020-63976-8


https://doi.org/10.1038/s41598-020-63976-8

www.nature.com/scientificreports/

Traits | Mean £ SE Range GV PV GCV% |PCV% |H (%) | Skewness | Kurtosis | GA GAM
PH 146.04+1.18 | 127.00-168.00 119.30 131.12 7.40 7.80 90.00 | —0.03 —1.05 21.49 14.71
FLL 25.53+£0.74 | 13.00-38.00 27.94 51.48 |17.76 24.11 53.27 | —0.50 —0.83 8.03 |26.99
FLW 13.20£0.07 | 11.00-15.00 0.28 0.56 4.06 5.70 5091 | —0.33 0.45 0.78 5.97
PnL 30.95+£0.39 | 25.00-45.00 11.82 15.03 | 11.10 12.52 78.00 1.10 1.42 6.28 |20.29
Gr/Pn | 269.054+5.41 | 180.00-375.00 1104.86 | 2752.07 |12.35 19.40 40.00 0.34 —0.62 43.44 16.14
GL 8.48+£0.04 |7.00-9.70 0.39 0.43 7.38 7.76 90.00 | —0.16 —0.48 1.22 14.38
GB 2.47+0.01 |2.20-2.95 0.02 0.04 6.27 7.78 64.00 0.97 0.19 0.26 10.40
Grwt 19.50+0.27 | 13.00-26.00 12.90 13.13 | 18.41 18.58 98.00 | —0.15 —1.07 7.34 | 37.64
Till 21.41£0.54 | 16.00-29.00 19.36 27.98 |20.55 24.70 69.00 0.49 —1.40 7.55 35.26
HD 85.53+1.10 | 60.00-90.00 115.30 115.30 | 12.00 12.00 100.00 | —2.00 2.06 22.15 |25.89
MT 115.53£1.10 | 90.00-120.00 115.30 115.30 | 12.00 12.00 100.00 | —2.00 2.06 22.15 19.17

Table 5. Descriptive statistics variability parameters of different agro-morphological traits for population F,;
(Badshabhog x O. rufipogon) was analyzed. Plant height (PH), flag leaf length (FLL), flag leaf width (FLW),
panicle length (PnL), grain per panicle(Gr/Pn), grain length (GL), grain breadth (GB), 1000 grain weight (Gr/
W), active tillering (Till), heading date (HD), and maturity time (MT).

(Ranjit x O. rufipogon) and between (Badshabhog x O. rufipogon) and maintained for genetic evaluation purpose
(Fig. 1). All the breeding lines were evaluated at the field level (Fig. 2) based on DUS test protocol of PPV&FR
Acts 2001, Govt. of India.

Estimation of variability parameters. The ANOVA revealed that there is highly significant differences
existed among the breeding lines considering the agro-morphological traits (Supplementary Tables S1-S5). Traits
are comprising of plant height, flag leaf length, flag leaf width, panicle length, grain per panicle, grain length,
grain breadth, 1000 grain weight, maturity time (days), active tillering number, awn length and aroma. It was
observed in the present study that there were inherent genetic differences among the breeding lines (genotypes)
in respect to the morphological traits considered during the analysis. Existence of high variability in the breed-
ing lines will increase the probability of producing desirable recombinants in successive generations. Genetic
variability was analysed in all the breeding lines (Tables 1-5 and Supplementary Figs. S1-S5) and correlation
among the paired traits of the five different breeding populations are summarized (Supplementary Tables S6-
§$10). Variability parameters of different biometrical traits of the breeding lines are depicted in Table 1 for progeny
lines Fs¢ (Tulaipanji and IR64), in Table 2 for progeny lines of F, ; (Tulaipanji x IR64 x PB1460), in Table 3 for
cross (Badshabhog x Swarna Subl) of F, ; progeny lines. Results of the interspecific hybridization (pre-breeding)
were summarized in Table 4 for F,; progeny lines (Ranjit X O. rufipogon) and in Table 5 for F, ; progeny lines
(Badshabhog x O. rufipogon).

Estimation of heritability and genetic advance in rice breeding lines.  The estimation of GCV, PCV,
heritability, genetic advance and genetic advance as percent of mean (GAM) were analyzed in all the breeding
lines (Tables 1-5). The PCV were higher that of the corresponding GCV value indicated the little influence of
the environment in each trait (interacted with the environment to some extent). Agro-morphological traits were
studied (Table 1) in the present investigation for cross (Tulaipanji x IR64) considering plant height (cm), panicle
length (cm), grain per panicle, grain length (mm), grain breadth (mm), and 1000 grain weight (g). Phenotypic
coeflicient of variation (PCV %) was high (24.68%) in compare to genotypic coefficient of variation (GCV %) for
the trait grain number per panicle (24.65%), for grain weight PCV and GCV value was 25.99 and 25.90 respec-
tively. Heritability value was highest in the trait grain length (99.97%) followed by 99.77%, 98%, and 99.29% in
grain number per panicle, plant height, and grain weight respectively. Genetic advance (GA) was quite high
106.93 for the trait grain number per panicle with genetic advance as mean of percentage (GAM) 50.98.

High heritability was observed in the breeding lines of the cross (Tulaipanji x IR64 x PB1460) in the F,;
mapping populations (Table 2). The trait grain breadth showed very low heritability (14.00%) in this popula-
tion. High amount of genetic advance was observed in the traits pertaining to grain number per panicle (51.56)
with high value of genetic advance of percentage of mean (28.77). In case of the cross (Badshabhog x Swarna
Subl), some of the traits were showing high heritability such as plant height (90%), panicle length (78%), grain
length (90%), and grain weight (98%) (Table 3). Highest heritability was detected for the trait 1000 grain weight
(98%) with highest GAM value 37.64. Grain per panicle showed low heritability (40%). Pre-breeding interspecific
hybridization lines also showed tremendous genetic variability in the F, ; progeny lines while analyzed the eleven
morphological traits (Tables 4 and 5). Low heritability was observed in the trait of grain breadth only 25.92% in
the cross Ranjit x O. rufipogon (Table 4). Which is indicating that the trait is not heritable and that cannot be used
in further selection process. High heritability and high genetic advance was found in the trait grain per panicle in
this wide cross 82% and 73.16 respectively. Genetic advance as percentage of mean value was also high (60.65) in
this trait, which indicating that the trait is governed by additive gene action (Table 4). In the second wide hybrid-
ization (Badshabhog x O. rufipogon), heritability calculation was high for the traits plant height, panicle length,
grain length, grain breadth and 1000 grain weight but less in the trait for grain number per panicle (Table 5).

Histological ultrastructural architecture of rice caryopsis (in situ). Different ultrastructural layers
of the caryopsis were investigated based on SEM captured images at different magnification (30X, 700X, 1300X,
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Figure 3. Scanning electron microscopic (SEM) images (as one representative example) of wild rice (Oryza
rufipogon), uncooked, (a-k); cooked and retrograded (I-m): (a) Morphology of whole seed grain, (b). enlarged
glumes and upper surface of the seed, (¢). magnified view of hairs on the seed surface morphology, (d). awn
surface, (e). morphology of whole kernel upper surface (caryopsis), (f). embryo location on the caryopsis, (g).
reticulate network like microstructural architectures of caryopsis upper surface, (h). transverse cross section of
whole caryopsis showing histological characteristics, (i). histological ultrastructural architecture of pericarp,
testa, aleurone layer and starchy endosperm with starch granules (polyhedral to spherical in shape), microspore
pinholes and protein bodies at the peripheral side of the starch granule, (j,k). Magnified view of ultrastructural
morphology of starch granules, compound starch granule (CSG) and protein bodies (PB), (1). Retrograded
caryopsis with deformed pericarp, testa and aleurone layer after cooking, and (m). endosperm layer with CSG is
in degraded conditions in retrograded caryopsis.

2000X). Histological characteristics of the cooked retrograded caryopsis were studied at in situ condition by SEM
and morpho-histological changes were detected. Histological ultrastructural architecture of the outer most peri-
carp layer, then testa (seed coat), aleurone layer and endosperm layer in centripetal manner were clearly observed
in situ by SEM in different rice varieties and breeding lines before and after cooking (Figs. 3-6). Summary of the
comparative histological architectural characteristics observed distinctly in the 17 (seventeen) rice lines caryopsis
were represented to trace the inheritance pattern (Table 6). Physicochemical properties such as alkali spreading
value (ASV), aroma, gelatinization temperature (GT) and grain morphology were also studied (Table 7, Fig. 7).
Whole caryopsis and cross view was studied under SEM to reveal the detailed architecture of the grain under
in situ conditions (Figs. 3-6). Rice grain varies in weight 10-30 mg depending on the varietal characteristics.
Grain weight may distribute in different parts of the caryopsis ultrastructure which are as follows- pericarp
(1-2%), seed coat and aleurone (5-6%), embryo (2-3%) and starchy endosperm (89-94%)>*. Rice caryopsis
is consisting of pericarp, testa, aleurone, embryo and starchy endosperm centripetally. Starchy endosperm is
accounting for more than 90% of the caryopsis and contains parenchyma cells filled with storage starch com-
ponents representing a major source of food for humanity®?. In the present study under SEM, we have ana-
lyzed details histological ultrastructure of the caryopsis encompassing pericarp, testa, aleurone layer, and starchy
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Figure 4. Scanning electron microscopic (SEM) images of the parental and breeding lines: (a). IR64, (b). F5AN,
(c). F5AL, (d). F5AN with PB, (e). F5AL retrograded with single starch granule, (f). F5BIK, (g). FSMdG, (h).
Tulaipanji bran layer, and (i). Tulaipanji with protein impression, (j). Tulaipanji with PB (k). IR64 with PB, (1).
F5AL with PB, (m). F5Blk with PB, (n). FSMdG with PB, and (o). F5AN with enlarged view of aleurone layer
cell with aleurone grain (ag).

endosperm. As detected by SEM images, pericarp and testa remain fused in most of the cultivars and breeding
lines, aleurone and endosperm layer were morphologically distinct tissue systems of rice caryopsis. Mostly, all the
rice cultivars, wild rice and breeding lines have shown more or less similar tissue layers in the caryopsis. Closely
associated layer of tissue such as pericarp and testa remain fused together, and termed as cuticular layer (CL).
The outer most pericarp was thick and dense without any porous structure like pinhole porosity. Underneath
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Thickness Bran
Pericarp-testa | Size of the Aleurone Thickness Size AG Size CSG Size PB Abundance

Rice varieties (pm) layer cell (um) and area | (pm) (pm) (pum) (um) of PB
IR64 10.01 10.07 x 26.53=267.15 34.87 0.32-3.93 7.31-12.50 0.43-1.29 +
Tulaipanji 8.97 10.05 x 31.62=317.78 | 24.24 0.43-4.30 3.01-11.61 0.86-2.15 ++
F5AL 7.63 19.81 x 23.92=473.85 |61.71 0.65-3.93 5.05-12.90 0.43-1.72 +
F5AN 7.90 11.89 x 25.62 =304.62 79.52 0.32-3.54 8.60-12.90 0.43-1.72 +++
F5Blk 7.85 18.71 x 23.17=433.51 29.10 1.32-3.93 4.30-17.20 0.43-1.29 +
F5MdG 8.98 15.11 x 16.24 =245.38 25.33 0.65-3.94 5.16-12.90 0.86-1.92 +

O. rufipogon 6.83 9.25 x 35.25=326.06 37.35 0.70-4.23 5.64-16.50 1.40-4.30 +++
Ranjit 8.56 10.27 x 36.68 =376.70 40.53 2.62-5.24 6.45-23.65 0.65-1.96 +
RRF2 13.48 19.65 x 30.13=1592.05 33.17 1.31-3.93 3.87-19.35 0.86-1.29 ++
PB1460 7.07 21.02 x 21.15=444.57 30.12 0.70-4.93 5.17-18.80 0.47-1.41 +
F2i 6.73 19.38 x22.66 =439.15 2591 0.65-6.55 4.30-12.04 0.43-0.86 +++
F2ii 7.13 16.64 x 40.59 =675.41 23.33 1.31-5.24 5.16-22.36 0.43-2.15 +++
Badshabhog 8.66 9.77 x23.11=225.78 24.36 1.38-4.20 4.70-19.00 1.50-4.50 +++
BGRF2 14.19 12.28 x 25.64=314.85 41.88 0.70-5.65 5.60-18.80 0.47-1.41 ++
SSubl 5.98 13.75 x 16.10 =221.37 28.67 0.70-2.82 4.70-16.46 0.47-1.41 +
BGSF2A 4.27 14.10 x 28.39=400.29 | 45.02 0.70-2.82 4.70-18.80 1.41-3.52 +++
BGSF2B 9.59 10.00 x 18.37=183.70 45.59 2.82-7.00 3.76-11.75 1.41-3.52 +

Table 6. Summary of the caryopses ultrastructural characteristics studied under scanning electron microscope
(SEM) of the breeding lines. Note: F5 lines (Tulaipanji x IR64), F5AL (awnless); FSAN (Awn), F5Blk (black
husk), FSMdG (medium grain); RRF2 (Ranjit x O. rufipogon); F2i [F2 line of (Tulaipanji x IR64) x PB1460];
F2ii [F2 line of (Tulaipanji x IR64) x PB1460]; BGRF2 (F2 of Badshabhog x O. rufipogon); SSub1 (Swarna
Subl); BGSF2A- BGSF2B (Badshabhog x SSub1).

Grainlength | Grain breadth | 1000 Grain
Rice varieties | (mm) (mm) weight (g) Aroma | ASV | GT
IR64 9.64 247 24.23 0 1 7
Tulaipanji 7.85 1.87 15.12 3 4 3
F5AL 10.23 227 28.38 3 4 3
F5AN 10.06 2.40 27.86 3 3 5
F5Blk 8.22 2.33 19.40 2 4 3
F5MdG 8.65 237 22.00 1 3 5
O. rufipogon 8.52 2.11 17.00 1 4 3
Ranjit 7.84 221 19.27 0 1 7
RRF2 7.68 2.15 22.43 0 3 5
PB1460 10.60 1.94 24.60 1 7 1
F2i 10.55 2.14 26.44 2 4 3
F2ii 10.20 1.81 19.33 2 7 1
Badshabhog 6.13 1.98 10.60 2 7 1
BGRF2 6.86 2.19 14.10 2 3 5
SSubl 7.63 2.53 20.97 0 2 7
BGSF2A 7.20 2.58 17.20 0 2 7
BGSF2B 6.90 2.45 16.20 0 2 7

Table 7. Summary of the grain morphology with physicochemical properties (alkali spreading value,
gelatinization temperature, and aroma) in the rice breeding lines. Note: F5 lines (Tulaipanji x IR64), F5AL
(awnless); F5AN (Awn), F5BIk (black husk), FSMdG (medium grain); RRF2 (Ranjit x O. rufipogon); F2i
[F2 line of (Tulaipanji x IR64) x PB1460]; F2ii [F2 line of (Tulaipanji x IR64) x PB1460]; BGRF2 (F2 of
Badshabhog x O. rufipogon); SSubl (Swarna Sub1); BGSF2A- BGSF2B (Badshabhog x SSub1).

to the pericarp layer is a testa that is a seed coat. Immediately beneath the testa was the aleurone layer (AL), a
single layer of cuboidal aleurone cells, sometimes multi cell layer (Figs. 3-6). The thick cell walls of the aleurone
cell were clearly visible under SEM images (Figs. 3-6). The aleurone cell always contains loosely packed and
scattered aleurone grains (AG), lipid bodies and intracellular voids (Figs. 3-6). The innermost endosperm layer
(EL) was compact without intracellular voids. The EL was highly organized by polyhedral starch granule (SG)
and ellipsoidal/spherical protein bodies (PB) (Figs. 3-6). Starch granules tightly clustered into compound starch
granule (CSG). These CSG were surrounded by protein body (PB) if present in the rice varieties. Compound
starch granules (CSG) size varies from smallest (3.01 pm in Tulaipanji) to largest in Ranjit (23.65 pm) in the
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Figure 5. Scanning electron microscopic (SEM) images of the parental and breeding lines: (a). PB1460, (b).
F2i, (c). F2ii, (d). F2i with Protein body, (e). F2i with CSG, (f). F2ii with PB, (g). PB1460 with honey-comb like
structure in retrograded condition, (h). Ranjit, (i). RRF2 (Ranjit x O. rufipogon), (j). RRF2 with protein body,
(k). Wild rice (O. rufipogon) with PB, and (1). Wild rice (O. rufipogon), (m). Ranjit with PB, (n). PB1460 with
PB, and (o), O. rufipogon with PB.

present investigation (Figs. 4i and 5m). Shape and arrangement of the CSG in the endosperm amylopast plays
important role in grain quality. Generally starch granules are consisting of amylose (0-30%) and amylopectin
(70% or more than 70%). Thin cell wall contains very little amount of cell wall materials of the endosperm layer.
Shape of the CSG was polyhedral to spherical with different size (5.64 pm to 16.50 pm) with minimum angularity
in wild rice (O. rufipogon), surrounded by many numbers of small size protein bodies (PB) (1.40 pm to 4.30 pm)
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Figure 6. Scanning electron microscopic (SEM) images of the parental and breeding lines: (a). Swarna
subl (SSubl), (b). BGSF2A (Badshabhog x Swarna Sub1), (c). BGSF2B, (d). BGSF2A with PB, (e). BDbhog
(Badshabhog), (f). BDbhog with PB, (g). BGRF2 (Badshabhog x O. rufipogon), (h). BGRF2 with PB, and (i).
Wild rice (O. rufipogon), (j). Swarna Subl with PB, (k). BGSF2B with PB, and (1). O. rufipogon with PB.

more than that of Tulaipanji rice and also impression of PB in the marginal side (Fig. 3). Starch granule in IR64
is polyhedral in shape with 3.01 pm to 4.30 pm in size. Compound starch granule (CSG) ranges from 7.31 pm to
12.50 pm with high angularity and compact polyhedral structure in IR64 (Fig. 4). In Tulaipanji, CSG is compact
polyhedral structure with moderate or minimum angularity (3.01pum to 11.61 pm in size). Deformed aleurone
layer was detected in cooked grain and microspore-pinhole like structure also found (Fig. 4). CSG are various
shape and size, hexagonal to polyhedral with moderate angularity (5.05 pum to 12.90 pm in size) in F5AL line. PB
is moderately present with less impression of PB (0.43 pm to 1.72 pm in diameter) (like IR64) (Fig. 41). CSG are
very loosely arranged and distinctly separated in the cooked retrograded grains (Fig. 4e). It was a unique features
found in this line, hexagonal to polyhedral in shape (5.18 pm to 5.77 pm in size). CSG is polyhedral in shape with
moderate angularity (8.60 pm to 12.90) in F5AN line and retrograde grain showed features as like as Tulaipanji.
Starch granules exhibit less angular, polyhedral CSG, with moderate protein bodies (6.45 pm to 23.65 pm), less
impressions of PB in Ranyjit (Fig. 5m). The CSG ranges from 3.87 pm to 19.35 pm in wide cross line RRF2 (Ranjit
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Figure 7. Grain morphology of rice varieties and different breeding lines are summarized. (A) Tulaipanji, (B).
F5AN, (C). F5AL, (D). F5BIk, (E). F5MAG, (F). IR64 (G). PB1460, (H). F2i, (I). F2ii, (J). BGSF2A, (K). BGSF2B,
(L). Badshabhog, (M). Ranjit, (N). RRF2, (O). O. rufipogon (P). Swarna Subl, and (Q). BGRF2.

x O. rufipogon) (Fig. 5j). Starch granules are polyhedral in shape with moderate to less angularity. Channels were
present in the retrograded grain and less deformed CSG with degraded protein granules were detected. CSG was
polyhedral in shape with different in size variation with less or no angularity (5.17 pm to 18.80 pm) in PB1460
(Fig. 5n). Retrograded CSG showing hollow depression just like honeycomb structure or rose-flower like arrange-
ment without any PB or impression of PB in this cultivar PB1460 (Fig. 5g).

CSG are hexagonal to polyhedral in shape (4.30 to 12.04 pm) in F2i line (Tulaipanji x IR64 x PB1460) with
variation in size and less angularity. The CSG are mostly polyhedral in shape (5.16 pm to 22.36 pm) with less
angularity in F2ii line (Tulaipanji x IR64 x PB1460) (Fig. 5). In case of Badshabhog, CSG were in different shape
and size from polyhedral to spherical like (4.70 to 19.00 pm) with minimum angularity, which are surrounded by
huge number of small PB (1.5 pm to 4.50 pm) (like wild rice) and impression of PB also found in endosperm layer
(Fig. 6). CSG were spherical like to polyhedral in shape (5.60 pum to 18.8 pm) with less angularity of different sizes
surrounded by huge number of PB (0.47 pm to 1.41 pum) observed in BGRF2 line (Badshabhog x O. rufipogon)
and impression of PB in the marginal region but less than the O. rufipogon (Fig. 6). CSG was polyhedral in shape
with sharp angularity (4.70 pm to 16.45 pm) in Swarna Subl. CSG in case of breeding line BGSF2A (Badshabhog
x Swarna subl) were spherical like in shape (4.70 to 18.8 pm) and surround by large number of PB (1.41 pm to
3.52 pm, like O. rufipogon). Impression of PB with moderate pinholes was also observed in this BGSF2A line
(Fig. 6). Other line BGSF2B of the same cross showed polyhedral to spherical like CSG (3.76 pm to 11.75 pm) in
addition to small numbers of PB (like IR64) along with impression of PB (1.41pm —3.52 pm) and moderate pin-
holes in the endosperm layer. Protein bodies (PB) are the rich source of proteins, vitamins and other nutritional
properties. Abundance of protein bodies were varies from cultivar to cultivar and designated as low (+), medium
(4++) and high (+++). Highest amount of PB (+++) was detected in the rice lines F5AN, O. rufipogon, F2i, F2ii,
Badshabhog, and BGSF2A (Table 6).

From Table 6, it has been observed that the thickness of combined pericarp and testa lowest (4.27 pm) in
the breeding line BGSF2A (Badshabhog x Swarna subl), and highest (14.19 pm) in breeding line BGRF2
(Badshabhog x O. rufipogon). More than 10 pm thick layer was recorded in the following genotypes- IR64 and
RRF2. Aleurone cell layer area was recorded highest in F2ii line (675.41 pm) and lowest in the breeding line
BGSF2B (183.70 pm), followed by 592.05 um in RRF2. Bran thickness highest was observed in breeding line
F5AN (79.52 pm), then 62.71 pm in F5AL (Tulaipanji x IR64), minimum thickness was 24.24 pm in Tulaipanji,
24.36 pm in Badshabhog, and 23.33 um in F2ii line (lowest). Smallest AG was found in IR64 (0.32 um) (Table 6).
Compound starch granules (CSG) size varies from smallest (3.01 pm in Tulaipanji) to largest in Ranjit (23.65 pm).
Shape and arrangement of the CSG in the endosperm amylopast plays important role in grain quality. Generally
starch granules are consisting of amylose and amylopectin. Abundance of protein bodies can be of three catego-
ries, high abundance in six rice lines (BGSF2A, Badshabhog, F2ii, F2i, O. rufipogon, F5AN), medium abundance
in three rice lines (BGRF2, RRF2, Tulaipanji) and lowest abundance in eight rice lines (BGSF2B, Swarna subl,
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Figure 8. Breeding scheme has been outlined. (A) Cross-I between Tulaipanji and IR64, Cross-1I between
Tulaipanji x IR64 x PB1460, (B) Cross-III between Badshabhog x Swarna Subl, (C) Interspecific
hybridization, Cross-IV between Ranjit X O. rufipogon; Cross-V between Badshabhog x O. rufipogon [DP-
donor parent, RP-recurrent parent].

PB-1460, Ranjit, FSMdG, F5Blk, F5AL and IR64). Sensory based aroma content was measured in the varieties
with high, medium and low range index. Rice varieties such as —Tulaipanji, Badshabhog, PB1460, wild rice are
aromatic, but IR64, Ranjit, Swarna sub1 are non aromatic (Table 7). Some of the breeding lines were inherited fra-
grance alleles from their parental lines and showed aromatic traits such as F5AN, F5AL, F5Blk, F5MdG, received
fragrance allele from Tulaipanji, the F2 lines BGRF2 - has received fragrance allele from Badshabhog, breeding
line F2i and F2ii received fragrance allele from Tualiapanji and PB1460 (Table 7). Physicochemical properties of
the 17 rice lines were summarized (Table 7) along with their grain morphology (Fig. 7). Out of the 17 rice lines, 11
are aromatic, aroma index were varies from 1 to 3 (sensory based), and remaining 6 rice lines were nonaromatic.
Swarna subl, showed low ASV (2) with high GT (7). Badshabhog showed aroma index value 2, ASV result 7 with
low GT value 1 (Table 7).

Discussion

The present study showed that a wide range of variability was observed for the traits under investigation
(Supplementary Tables S1-S5). The presence of high heritability and genetic advance in most of the traits indicat-
ing that trait can be improved through direct selection. Estimation of PCV was higher than their corresponding
GCV, which signifies that environmental interaction influences the expression of traits (Tables 1-5). Differences
between the value of GCV and PCV more than 20%, is considered high, 10-20% is considered moderate and less
than 10% are considered low®. Higher estimates of GCV and PCV giving the information that the traits were
under the genetic control, and the information is helpful for identification of traits during selection (Tables 1-5).
Also signifies that these traits could be improved through hybridization and selection in rice breeding program
for better yield performance®-*’. Higher magnitude of GCV and PCV for grain number per panicle was estimated
in the cross Tulaipanji x IR64 (Table 1), which supports the view of earlier study>®. High heritability values were
observed in all the traits of all the breeding lines (Tables 1-5) and facilitate the selection process. Broad sense
heritability is considered as high if shows value >60%, medium >50-60% and as low if the value is <50%°%%.
The GAM was categorized into low (0-10%), medium (10.1-20%) and high (>20.1%)*. The heritability estimates
alone cannot furnish complete practical importance unless it is studied with genetic advance. Since heritability
do not always indicate genetic gain, therefore heritability estimation coupled with genetic advance is more effec-
tive for selection. High genetic advance with high heritability was observed in all the traits considered in the
present investigation which indicated that these traits were less influenced by the environmental fluctuations.
Instead these traits are governed by additive gene action and can easily be selected through phenotypic selection
(Tables 1-5). Traits of medium heritability and low genetic advance mean (GAM) character is totally governed
by non-additive gene action. In this situation heterosis breeding could be used to improve such kind of traits.
These traits could also be improved by selection®®-%. Observations suggest the possibility of improving these
characters by further selection in segregating generations. These findings are consistent with the previous report
of breeding program for plant height and other traits®*¢. The higher value of PCV in compare to GCV value
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indicates the influence of environment and this higher magnitude also specify the scope for selection of traits.
The GCV was found to be less than the PCV for all the traits under present study, indicating that the recorded
variation was not only controlled by genotype but also influenced by environmental effects on the expression of
the phenotypes. High heritability along with high genetic advance as percent of mean was obtained for grain per
panicle, 1000 grain weight, grain length which has signified the selection of these traits for further improvement
in these breeding lines. Therefore, we recommend for the selection of the traits like grain per panicle, 1000 grain
weight, and panicle length for further improvement in the present investigation (Tables 1-5). Heritability results
showed the high value for all the agronomically important traits studied. High heritability and genetic advance as
a percent of mean was recognized for grain number per panicle (99.77% and 50.98 respectively) and 1000 grain
weight (99.29% and 53.19), which showed that the presence of additive gene action for traits expression can be
improved by simple selection in the cross Tulaipanji x IR64 (Table 1). This finding is consistent to the views of
other investigators®~®°. On the other hand, moderate heritability and low genetic advance as a percent of the
mean was registered for grain number in cross Badshabhog x Swarna Sub1 (40%, 16.14 respectively), indicating
that the environment interacted to express the traits (Table 3). Hence, direct selection for the trait will be less
effective. In some results, low heritability and genetic advance suggests that non-additive gene action plays a
major effect. Two promising lines can be selected from the F5 breeding lines (Tulaipanji x IR64) which showed
enhanced yield and aroma. Grain length was 10.06-10.23 mm, breadth was 2.27-2.40 mm, 1000 grain weight was
27.86-28.38 g, which was just 27.09%, 34.63% and 87.69% improvement over Tulaipanji in respect to these traits.
Maturity time has been reduced to 135 days instead of 145-150 days in Tulaipanji. One progeny line F2i of the
triparental cross (Tulaipanji x IR64 x PB1460) had given enhanced yield potentiality and quality. Grain quality
was judged using standard physicochemical parameters (ASV, sensory based aroma and GT). These breeding
lines can be released after more field trail. Positive significant correlations were observed among the traits under
study for the five different breeding lines but in some traits it also showed negative correlation (Supplementary
Tables S6-S10). This correlation pattern indicated that agronomically important traits can be improved in the
breeding lines if a specific trait is improved.

Investigation was performed by imaging the morpho-histological characteristics of rice caryopsis through
scanning electron microscope (SEM) to reveal the histological ultrastructural architecture in the rice caryopsis
in different varieties and breeding lines in its original location and form (in situ). Comparison was done between
the uncooked and cooked (retrograded) rice caryopsis to judge the quality of rice grain in terms of cellular com-
ponents maintenance before and after cooking. Rice grain starches are two categories- hot water soluble and
insoluble. During cooking hot water soluble components leach out from the endosperm layer and may form
thin film covering around the caryopsis and giving cooked rice individuality. Endosperm cell wall was so thin
that it cannot be resolved clearly under SEM, it was consistent with those of earlier finding®. Inheritance pattern
of caryopsis histological ultrastructure components were investigated in this present study. It was observed that
one of the F5 progeny lines (Tulaipanji x IR64 = F5AN) with awn trait showed better parent value in respect to
bran thickness in the caryopsis, which was 79.52 um whereas in the parental lines Tulaipanji and IR64, these were
24.24 pm and 34.87 pm respectively. Other F5 lines of the same cross showed bran thickness below the paren-
tal value (Table 6). In this cross, other line F5AL giving the transgressive segregation pattern in respect to trait
bran thickness. Similar pattern of transgressive segregation was observed in the traits considering grain length,
grain breadth and 1000 grain weight in this progeny line F5AN (Supplementary Table S1, Fig. 7). 1000 Grain
weight was 28.37 g in F5AN line, whereas in parental lines value was 15.12 g and 24.23 g in Tulaipanji and IR64
respectively. Transgressive inheritance of the bran thickness largely contributed to the grain weight (28.37 g) and
consequently to the yield enhancement of the breeding line FSAN (Tulaipanji x IR64). The F5AN line not only
enhanced the yield traits also improved the grain quality due to the increase of the abundance of protein bodies
(PB) (Table 6). Same type of inheritance was also marked in F5AL line. The cuticular layer (fused pericarp and
testa) were intact after cooking condition but inner endosperm layer had been gelatinized completely (Fig. 4e)
and have shown deformed CSG and PB at different level. Histological architecture of AL upon cooking were
observed and showed more remarkable changes. The thick cell walls of aleurone cells were exposed probably
due to the dissolution of cytoplasmic components of aleurone cells. During cooking some channels were formed
in the aleurone cell layer and many aleurone grains (AG) were still morphologically visible after cooking under
SEM. Whole structural entity of endosperm cells was totally ruptured into a honeycomb-like matrix and other
retrograded forms, which indicates that starch granules and protein bodies were thermally unstable (Fig. 5g). Cell
walls of endosperm were completely disrupted upon cooking owing to their low thickness and weak mechanical
strength (Figs. 4-6). The present finding was consistent with the earlier report*!. It was noticed that in the ret-
rograded caryopsis, the CL and AL remained morphologically identifiable in spite of hot water boiling during
cooking (Figs. 4-6) in some cultivars and breeding lines.

In case of wide interspecific cross, Ranjit x O. rufipogon, transgressive inheritance pattern was observed in
trait related to cuticular layer (pericarp-testa), which was 13.48 pm thick in RRF2 breeding line, whereas parental
line with 6.83 pm (O. rufipogon) and 8.56 um in Ranyjit (Fig. 5, Table 6). This transgressive segregating trait may
lead to the yield enhancement by increasing the 1000 grain weight (22.43 g) in RRF2. Parental lines 1000 grain
weight was 17.00 g and 19.27 g in wild rice (O. rufipogon) and Ranyjit respectively (Table 6). In case of triparental
crossing (F2i - Tulaipanji x IR64 x PB1460) protein body (PB) has been transferred from the parental lines
into the progeny lines. The F2i line showed increased grain weight due to the presence of abundance of protein
bodies, which also improved the quality parameters (Fig. 5d, Table 6). In case of Badshabhog x O. rufipogon
cross, pericarp thickness has been enhanced (14.19 pm) compared to 8.66 pm in Badshabhog and 6.83 pm in
wild rice O. rufipogon (Fig. 6, Table 6). Bran thickness showed transgressive segregation pattern in the breeding
line BGRF2 (41.88 pum) whereas parental line showed thickness 24.36 pm in Badshabhog and 37.35 pm in wild
rice. Outer cuticular layer thickness (pericarp-testa) was increased in the breeding line BGSF2B (Badshabhog x
Swarna sub1) which showed 9.59 pm in thickness whereas 5.95 pm and 8.66 um thickness was found in Swarna
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subl and Badshabhog respectively (Fig. 6, Table 6). The trait of bran thickness showed inheritance of better parent
value (45.02 pm, 45.59 pm) in both the breeding line compared to parental lines, 28.67 pm in Swarna subl and
24.36 pm in Badshabhog. Grain weight in both the progeny lines were increased (17.20 g in BGSF2A, 16.20 g in
BGSF2B) compared to parental lines Badshabhog (10.60 g) and Swarna subl (17.00 g) (Fig. 6, Table 6).

Rice grain weight is one of the determining agronomic traits of crop yield and which is associated with the
structural development of the caryopsis®’. Our present results of caryopsis ultrastructural features also supporting
this finding. Grain weight was increased in the progeny F5 lines (Tulaipanji x IR64) such as F5AL (29.37 g) and
F5AN (28.37 g) compared to parental lines (Supplementary Table S1) Tulaipanji (15.12 g) and IR64 (24.23 g).
This increment was corresponding to the bran thickness of the caryopsis of F5AL (61.71pm) and F5AN (79.52
pm), which was more than that of the parental lines (Tulaipanji 24.24 pm and IR64 34.87 um). Grain weight
genetic traits (gene/QTLs) are inherited generation after generation with transgressive segregation properties
showing high heritability (99.29%), genetic advance (13.31) and high GAM (53.19) in this F5 lines (Tulaipanji x
IR64). The grain weight trait in these lines are not influenced by environmental factors because it showed high
heritability with high genetic advance which indicating the additive gene action (Table 1). Caryopsis ultrastruc-
tural differences under SEM analysis can be used as marker for yield improvement along with the other DNA
based marker to detect the phenotype (grain weight) directly. Rice quality is a combination of traits, consisting
of milling, appearance, cooking, tasting and nutrient qualities, which is closely related to structural development
of the caryopsis. Caryopsis morphology and histological ultrastructure depends on the genotypes of the rice
cultivars which are totally governed by the gene/QTLs. Rice quality is affected not only by genetic factors but
also by environment and cultivation system®. In the present investigation, SEM based caryopsis ultrastructural
characteristics were studied in the parental lines as well as progeny breeding lines. Main chemical components
of the rice caryopsis is starch (90% in w/w) and consisting of amylose and amylopectin molecules developed in
the amyloplast of the endosperm. Grains with well developed starch granule with angular polyhedral appearance
make grain transparent and non-chalky with good milling characteristics®®. But amyloplast spherical in shape
with large spaces between plastid, resulted in chalky grains of poor milling quality. Protein bodies were found
in the endosperm layer and vary in quantity. Some of the breeding lines (F5AN, F2i, F2ii, and BGSF2A) contain
high amount (+++) of PB in their endosperm which indicating that nutrient quality and medicinal property has
been improved by breeding and selection and confirmed through ultrastructural observation under SEM (Figs. 4
and 5, Table 6). Our result was consistent with the finding of other®. Protein bodies (PB) if accumulated in higher
numbers, leads to a higher nutrient value and medicinal property but taste is poor®®. The developmental status of
amyloplasts and protein bodies determines the quality and quantity of rice grains’®”!. High or low temperature
affects the sequence and pattern of enzyme changes during grain filling, resulting in increased rice chalkiness®*”2.
In a rice breeding program, gelatinization temperature (GT) may be measured by the alkali spreading value
(ASV) test based on standard protocol®', value ranges from 1 to 7. Rice cultivars with higher GT (value 7) must
be cooked a few minutes longer that those with lower values (value 1). Low gelatinization temperature rice tend
to start absorbing water and swell at lower temperature during cooking than those with starch of higher gelati-
nization temperature. Breeding lines F5AL showed ASV-4, aroma index-3 and medium GT value 3, but F5AN
showed aroma index 3, ASV-3, and GT value 5. Results of GT value are inversely proportional to the value of ASV
(Table 7). Aroma index ranged from 0 to 3. Aroma absent then index is 0, aroma highest means index is 3.

Conclusion

Two promising lines were selected from the cross Tulaipanji x IR64 and one line from triparental cross (Tulaipanji
x IR64 x PB1460) with high yield potentiality. Maturity duration has been reduced to 130 days instead of 150
days in parental line Tulaipanji. These breeding lines were photoinsensitive and may grow during summer season
as Boro rice. Farmers can cultivate these lines in both the season kharif as well as summer. These promising lines
showed high heritability with additive gene action of the phenotypic traits under study and showed immense
scopes to improve the varieties through selection. Selection could be effective for the traits grain number, panicle
length under present investigation. High heritability along with high genetic advance as percent of mean was
observed for grain number per panicle, 1000 grain weight which signifies the selection of these traits may helpful
for further crop improvement. Breeding lines of the cross Badshabhog x Swarna Subl was conducted to develop
high quality improved Swarna Subl by transferring aroma and nutritional quality genes from Badshabhog to fulfil
the SDG for nutritional security. Caryopsis ultrastructural features (SEM analysis) can be used as phenotypic
marker to observe the inheritance of grain traits directly (pericarp, testa, aleurone layer and starch endosperm).
SEM ultrastructural study has provided morpho-anatomical distinguishing features of caryopsis in situ condition
and can help the breeders to take right decision for the selection of the breeding lines to maintain high heritability,
genetic advance to continue the yield potentiality. Wide inter-specific hybridization was done between Ranjit x
O. rufipogon and Badshabhog x O. rufipogon. This pre-breeding was aimed to broaden the gene pool (genetic
base) of the rice cultivars (Oryza sativa) by introgressing agronomically important unadapted gene/QTLs from
their wild relatives (O. rufipogon) to develop climate ready crop varieties. This is the most demanding breeding
strategy in this climate change scenario. The back crossing was performed to develop chromosome segment
substitution lines (CSSL) for the generation of near isogenic lines (NIL) with unique specific trait to be used as
mapping population to identify gene/QTLs for the important traits.

Materials and methods

Plant material. Rice [Oryza sativa L.) cultivars such as Tulaipanji, Badshabhog, Ranjit, IR64, PB1460, Swarna
Subl and one wild rice genotype [Oryza rufipogon Griff.] were used for the present breeding program to improve
the agronomically important traits (Fig. 8). Intraspecific breeding lines were developed between [Tulaipanji x
IR64; Tulaipanji x IR64 x PB1460; Badshabhog x Swarna Subl] and two interspecific breeding lines were also
developed [Ranjit x O. rufipogon, and Badshabhog x O. rufipogon] in this present investigation. Breeding lines
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were harvested and conserved in the Plant Genetics & Molecular Breeding Laboratory, Department of Botany;
University of North Bengal, India.

Hybridization and artificial pollination. Breeding lines were developed by artificial pollination and
maintained for the present work. Hybridization was done in the year 2012 (October) based on standard protocol
of artificial pollination**~* for the development of breeding lines of different combinations. In brief- spikelet was
emasculated by cutting at about one-third of the floret in a slanting position to expose the anthers and remove the
anthers with the help of forceps. Emasculation was performed at 7 a.m. to 8 a.m. in the morning and covered with
butter paper bag and tagged properly. Next day paper bag was removed and pollination was done (in between 11
a.m. to 3 p.m.) using a bunch of 200 male panicles with mature extrusion anthers which was collected from the
field in the previous day and kept in water bucket. After pollination with this bunch of panicles to the emasculated
female flowers were bagged again with the paper bag and tagged properly. After 25 days of pollination F1 seeds
were collected from the parent plant (October 2012) and then subsequently maintained the lines for the develop-
ment of F5 populations.

Evaluation of agronomic traits. Morpho-agronomic traits were recorded according to DUS test protocol
(PPV&EFR Acts 2001, Govt. of India) for characteristics evaluation of the rice lines. The 21 days old seedlings of
each line were transplanted with spacing 20 cm x 20 cm in randomized complete block design (RCBD) with
3 replications (Fig. 2). Observations like plant height, flag leaf length, flag leaf width, panicle length, grain per
panicle, grain length, grain breadth, 1000 grain weight, maturity time (days), active tillering number, awn length
and aroma were recorded.

Scanning electron microscopy (SEM). Mature grains were manually de-husked to take out the caryopsis.
About % th portion of both ends of the caryopses were removed and then fractured by applying slight pressure
on the middle of the caryopsis with a razor blade for making solid round ring to get whole inner surface (in situ
condition) of the grain. Caryopsis with the fractured surface (solid round ring) facing upwards were mounted
on a specimen stub and coated with thin film of gold by means of a sputter coater (Jeol Model Smart Coater PF
18001006-2) about 2 minutes at high vacuum evaporator condition. Then ultra-structure was viewed with a scan-
ning electron microscope (SEM) (Jeol Model JSM-IT100, Japan) at various magnification with an accelerating
voltage of 10 kV3°-*2, The selected regions were then captured for further characterization of the morphological
and histological properties using software InTouchScope of microscope control (Jeol). Total seventeen (17) rice
caryopses of different breeding lines were used to reveal their morphological and histological characteristics at
the in situ position of the microstructural components through scanning electron microscope (SEM) before and
after cooking (retrograded).

Cooking and retrogradation. The optimum cooking time was determined according to standard proto-
col”. Unpolished rice grain (caryopsis) in boiling water were taken out at a specific time interval during cooking
and pressed between two glass slides until no opaque core or uncooked region was left. Then the cooked grain
caryopsis was kept on glass slide for naturally retrogradation for 24 hours before SEM observation.

Physicochemical properties and sensory based aroma test.  Alkali spreading value (ASV) (in a scale
of 1 to 7) was measured according to the standard method®!. A low ASV corresponds to a high gelatinization tem-
perature (GT), conversely, a high ASV indicates alow GT. Sensory based aroma (in a scale of 0 to 3) was evaluated
using standard procedure®.

Statistical data analysis and heritability measurement. The data were recorded in MS excel for the
kharif crop 2016, 2017 and 2018. The data recorded for all the agronomic characters were subjected to ANOVA
and then calculation for GCV (genotypic coeflicient of variation), PCV (phenotypic coefficient of variation),
heritability and genetic advance (GA) and genetic advance as percent of mean (GAM) analysis. Statistical analysis
was done by using SPSS v.16.0. Genotypic and phenotypic variance was calculated using the formula of Lush*’,
and GCV, PCV were calculated by the formula of Burton?® and heritability as suggested*”*8 and genetic advance
(GA) computation based on the formula of Johnson et al.*.

Received: 10 December 2019; Accepted: 3 April 2020;
Published online: 08 May 2020

References
1. Yang, J. C. & Zhang, ]. H. Grain filling problem in Super rice. J. Exp. Bot. 61, 1-5 (2010).
2. Hu, J. et al. A rare allele of GS2 enhances grain size and grain yield in rice. Mol. Plant. 8, 1455-1465 (2015).
3. Qian, Q,, Guo, L. B,, Smith, S. M. & Li, J. Y. Breeding high-yield superior-quality hybrid super rice by rational design. Natl. Sci. Rev.
3,283-294 (2016).
4. Muthayya, S. et al. An overview of global rice production, supply, trade, and consumption. Ann. NY. Acad. Sci. 1324, 7-14 (2014).
5. Juliano, B. O. Rice. In: Encyclopedia of grain science (eds. Wrigley, C., Croke, H. & Walker, C. E.) 41-48 (Elsevier Academic Press,
Amsterdam), https://doi.org/10.1016/B0-12-765490-9/00209-3 (2004).
6. Childs, N. W. Production and utilization of rice. In: Rice Chemistry and Technology. St. Paul (ed. Champagne ET), 1-25 (American
Association of Cereal Chemists Inc, 2004).
7. Vaughan, D. A. The wild relatives of rice. A genetic resources handbook. Manila: International Rice Research Institute (1994).
8. Godfray, H. C.]. et al. Food security: the challenge of feeding 9 billion people. Science 327, 812-818 (2010).
9. Tester, M. & Langridge, P. Breeding technologies to increase crop production in a changing world. Science 327, 818-822, https://doi.
org/10.1126/science.1183700 (2010).
10. Gill, B. S., Friebe, B. R. & White, E. E Alien introgression represents a rich source of genes for crop improvement. Procs. Natl. Acad.
Sci. USA 108, 7657-7658 (2011).

SCIENTIFIC REPORTS |

(2020) 10:7830 | https://doi.org/10.1038/s41598-020-63976-8


https://doi.org/10.1038/s41598-020-63976-8
https://doi.org/10.1016/B0-12-765490-9/00209-3
https://doi.org/10.1126/science.1183700
https://doi.org/10.1126/science.1183700

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

43.
44.
45.
46.
47.

48.
49.

50.

51.

52.

Kasem, S. et al. The endosperm morphology of rice and its wild relatives as observed by scanning electron microscopy. Rice 4, 12-20,
https://doi.org/10.1007/s12284-011-9060-4 (2011).

Ray, D. K., Mueller, N. D., West, P. C. & Foley, J. A. Yield Trends Are Insufficient to Double Global Crop Production by 2050. Plos
One 8, €66428 (2013).

Arbelaez, J. D. et al. Development and GBS-genotyping of introgression lines (ILs) using two wild species of rice, O. meridionalis and
O. rufipogon, in a common recurrent parent, O. sativa cv. Curinga. Mol. Breed. 35, 81 (2015).

Tanksley, S. D. & McCouch, S. R. Seed maps and molecular maps: unlocking genetic potential from the wild. Science 277,
1063-10666 (1997).

Tian, E et al. Construction of introgression lines carrying wild rice (Oryza rufipogon Griff.) segments in cultivated rice (Oryza sativa
L.) background and characterization of introgressed segments associated with yield-related traits. Theor. Appl. Genet. 112, 570-580
(2006).

McCouch, S. R. et al. Genomics of Gene Banks: A Case Study in Rice. Am. J. Bot. 99, 407-423, https://doi.org/10.3732/ajb.1100385
(2012).

Ahmad, E et al. Genetic divergence and heritability of 42 coloured upland rice genotypes (Oryza sativa) as revealed by microsatellites
marker and agro-morphological traits. Plos One 10, https://doi.org/10.1371/journal.pone.0138246 (2015).

Agarwal, P. et al. Rice Improvement through Genome-Based Functional Analysis and Molecular Breeding in India. Rice 9, 1-19,
https://doi.org/10.1186/s12284-015-0073-2 (2016).

Babu, N. N. et al. Marker Aided Incorporation of Saltol, a Major QTL Associated with Seedling Stage Salt Tolerance, into Oryza
sativa ‘Pusa Basmati 1121’ Front. Plant Sci. 8, 41, https://doi.org/10.3389/fpls.2017.00041 (2017).

Yadav, S. et al. Assessment of genetic diversity in Indian rice germplasm (Oryza sativa L.): use of random versus trait-linked
microsatellite markers. J. Genet. 92, 545-557 (2013).

Bandillo, N. et al. Multi-parent advanced generation inter-cross (MAGIC) populations in rice: progress and potential for genetics
research and breeding. Rice 6, 11, https://doi.org/10.1186/1939-8433-6-11 (2013).

. Leung, H. et al. Allele mining and enhanced genetic recombination for rice breeding. Rice 8, 34, https://doi.org/10.1186/s12284-015-

0069-y (2015).

Meng, X. et al. Construction of a Genome-Wide Mutant Library in Rice Using CRISPR/Cas9. Mol. Plant. 10(9), 1238-1241 (2017).
Laxuman, L., Salimath., P. & Shashidhar, H. Analysis of genetics variability in interspecific backcross inbred lines in rice (Oryza
sativa L.). Karnat. ]. Agril. Sci. 23, 563-565 (2010).

Kalyan, B., Radha Krishna, K. V. & Subba Rao, L. V. Studies on Variability, Heritability and Genetic Advance for Quantitative
Characters in Rice (Oryza sativa L.) Germplasm. Int. J. Pure. App. Biosci. 5(5), 1619-1624, https://doi.org/10.18782/2320-7051.5575
(2017).

Abebe, T., Alamerew, S. & Tulu, L. Genetic variability, heritability and genetic advance for yield and its related traits in rain fed
lowland rice (Oryza sativa L.) genotypes at Fogera and Pawe, Ethiopia. Adv. Crop. Sci. Tech. 5, 272, https://doi.org/10.4172/2329-
8863.1000272 (2017).

Sandeep, S., Sujatha., M., Subbarao., L. V. & Neeraja, C. N. Genetic variability, heritability and genetic advance studies in rice (Oryza
sativa L.). Int. J. Curr. Microbiol. App. Sci. 7, 3719-3727, https://doi.org/10.20546/ijcmas (2018).

Laxmi, S. & Prabha, R. Chaudhari. Genetic Studies of Yield Variation and Association Analysis in Rice (O. sativa L.) Genotype. Int.
J. Curr. Microbiol. App. Sci. 8, 2451-2457, https://doi.org/10.20546/ijcmas.2019.803.289 (2019).

Yoshida, H. & Nagato, Y. Flower development in rice. J. Exp. Bot. 62, 4719-4730 (2011).

Wu, X,, Liu, J., Li, D. & Liu, C. M. Rice caryopsis development I: Dynamic changes in different cell layers. J. Integr. Plant Biol. 58,
772-785 (2016).

Wu, X. B, Liu, J. X,, Li, D. Q. & Liu, C. M. Rice caryopsis development II: Dynamic changes in the endosperm. J. Integr. Plant Biol.
58, 786-798 (2016).

Yu, X.-run, Zhou, L., Xiong, F. & Wang, Z. Structural and histochemical characterization of developing rice caryopsis. Rice Sci. 21,
142-149 (2014).

Sellappan, K., Datta, K., Parkhi, V. & Datta, S. K. Rice caryopsis structure in relation to distribution of micronutrients (iron, zinc,
B-carotene) of rice cultivars including transgenic indica rice. Plant Sci. 177, 557-562 (2009).

Ebenezer, G. A. L, Krishnan, S. & Dayanandan, P. Structure of rice caryopsis in relation to strategies for enhancing yield. In: Rice
Research for Food Security and Poverty Alleviation (eds. Peng, S. & Hardy, B.), 109-117 (Metro Manila, Philippines: International
Rice Research Institute, 2001).

Wang, Z., Gu, Y. J., Zhang, Y. K. & Wang, H. H. Ultrastructure observation of rice endosperm cell development and its mineral
element analysis. China J. Rice Sci. 26, 639-705 (2012).

Rosli, W. I. W. & Ain, I. N. Morphological characterizations of selected brown rice commercially available in East Coast of Peninsular
Malaysia. Anna. Micros. 14, 1-17 (2014).

Bechtel, D. B. & Pomeranz, Y. Ultrastructure of the mature ungerminated rice (Oryza sativa L.) caryopsis: The caryopsis coat and the
aleurone cells. Am. J. Bot. 64(8), 966-973 (1977).

Bechtel, D. B. & Pomeranz, Y. Ultrastructure of the mature ungerminated rice (Oryza sativa L.) caryopsis: The starchy endosperm.
Am. J. Bot. 65, 684-691 (1978).

Roy, P, Takahiro, O., Hiroshi, O., Nakamura, N. & Takeo, S. Processing conditions, rice properties, Health and Environment. Int. J.
Envi. Res. Pub. Health. 8, 1957-1976 (2011).

Butsat, S. & Siriamornpun, S. Phenolic acids and antioxidant activities in husk of different Thai rice varieties. Food Sci. Technol. Int.
16, 329-36 (2010).

. Wu, J. et al. Effects of aleurone layer on rice cooking: A histological investigation. Food Chem. 191, 28-35 (2016).
42.

Sleper, D.A. & Poehlman, ].M. Breeding Rice. In: Breeding Field Crops (ed): 239-257 (Blackwell Publishing, 5th Edition, Iowa,
2007).

Roy, S. C. Molecular Breeding and Genetic Resources of Tulaipanji Rice (LamBert Academic Publishing, ISBN-9783330089785,
Germany 2017).

Roy, S. C. & Reddy, V. B. Assessment of SNP and InDel Variations Among the Rice Lines of Tulaipanji x Ranjit. Rice Sci. 24, 336-348
(2017).

Lush, J. L. Heritability of quantitative characters in farm animals. Proc. Intercrop. Cong. Genetica Heridita (Suppl). 356-357 (1949).
Burton, G.W. Quantitative inheritance in grasses. Proc. Int. Grassland Cong. 1,277-283 (1952).

Lush, J. L. Intrasine correlation and regression of offspring on dams as a method of estimating heritability of character. Proc. Am. Soc.
Anim. Nutr. 32,293-301 (1940).

Allard, R. W. Principles of Plant Breeding. 1st Edn, John Wiley and Sons Inc., New York (1960).

Johnson, H. W., Robinson, H. FE & Comstock, R. Estimates of Genetic and Environmental Variability in Soybeans. Agron. J. 47,
314-318 (1955).

Juliano, B. & D. Bechtel. The Rice Grain and Its Gross Composition, In: Rice Chemistry and Technology (ed. B, Juliano.) 17-58 (2nd
Edition, American Association of Cereal Chemists, St. Paul, 1985).

Little, Ruby R., Hilder, Grace B., Dawson. & Elsie H. Differential effect of dilute alkali on 25 varieties of milled white rice. Cereal
Chem. 35, 111 (1958).

Sood, B. C. & Siddiq, E. A. A rapid technique for scent determination in rice. Indian J. Genet. Plant Breed. 38, 268-271 (1978).

SCIENTIFIC REPORTS |

(2020) 10:7830 | https://doi.org/10.1038/s41598-020-63976-8


https://doi.org/10.1038/s41598-020-63976-8
https://doi.org/10.1007/s12284-011-9060-4
https://doi.org/10.3732/ajb.1100385
https://doi.org/10.1371/journal.pone.0138246
https://doi.org/10.1186/s12284-015-0073-2
https://doi.org/10.3389/fpls.2017.00041
https://doi.org/10.1186/1939-8433-6-11
https://doi.org/10.1186/s12284-015-0069-y
https://doi.org/10.1186/s12284-015-0069-y
https://doi.org/10.18782/2320-7051.5575
https://doi.org/10.4172/2329-8863.1000272
https://doi.org/10.4172/2329-8863.1000272
https://doi.org/10.20546/ijcmas
https://doi.org/10.20546/ijcmas.2019.803.289

www.nature.com/scientificreports/

53. Shin, Lu. & Bor, S. Luh. Properties of the rice caryopsis. In: Rice (ed. B,S, Luh,) 389-390 (Springer, NY, 1991).

54. Deshmukh, S. N., Basu, M. S. & Reddy, P. S. Genetic variability, character association and path coefficient analysis of quantitative
traits in Viginia bunch varieties of groundnut. Ind. J. Agric. Sci. 56, 515-518 (1986).

55. Bisne, R., Sarawgi, A.K. & Verulkar, B. Study of heritability, genetic advance, and variability for yield contributing characters in
rice. Bangladesh J. Agric. 34, 175-179 (2009).

56. Dutta, P, Partha, N. D. & Borua, P. K. Morphological traits as selection indices in rice: A statistical view. Uni. J. Agricul. Res.1, 85-96
(2013).

57. Girma, B. T, Kitil, M. A., Banje, D. G., Biru, H. M. & Serbessa, T. B. Genetic Variability Study of Yield and Yield Related Traits in Rice
(Oryza sativa L.) Genotypes. Adv. Crop Sci. Tech. 6, 381, https://doi.org/10.4172/2329-8863.1000381 (2018).

58. Babu, V.R,, Shreya, K., Dangi, K. S., Usharani, G. & Shankar, A. S. Correlation and path analysis studies in popular rice hybrids of
India. Int. J. Sci. Res. Pub. 2, 1-5 (2012).

59. Ashok, K. T., Singh, S. K., Amita, S. & Bhati, P. K. Appraisal of Genetic Variability for Yield and Its Component Characters in Rice
(Oryza sativa L.). Biolife. 1, 84-89 (2013).

60. Seedek, S. E. M., Hammoud, S. A. A., Ammar, M. H. & Metwally, T. F. Genetic variability, heritability, genetic advance and cluster
analysis for Ssomephysiological, traits, and grain yield and its components in rice (Oryza sativa L.). J. Agric. Res. 35, 858-877 (2009).

61. Subudhi, H. N. & Dikshit, N. Variability and character association of yield components in rainfed lowland rice. Ind. J. Plant Genet.
Resour. 22, 31-35 (2009).

62. Rai, S. K, Chandra, R., Suresh, B. G., Kumar, R. & Sandhya, R. Genetic diversity analysis of rice germplasm lines for yield attributing
traits. Int. J. Life Sci. Res. 4, 225-228 (2014).

63. Govintharaj, P, Shalini, T., Manonmani, S. & Robin, S. Estimates of Genetic Variability, Heritability and Genetic Advance for Blast
Resistance Gene Introgressed Segregating Population in Rice. Int. J. Curr. Microbiol. App. Sci. 5, 672-677 (2016).

64. Govintharaj, P. et al. Genetic Variability for Yield and Yield Components Characters in Bacterial Blight and Blast Resistance Genes
Introgressed Backcross Populations in Rice. Int. Curr. Microbiol. App. Sci. 6, 100-103 (2017).

65. Ameenal, M., Shalini, T., Govintharaj, P, Manonmani, S. & Robin, S. Assessment of parental genetic variability in rice. Int. J. Agril.
Sci. 8,2917-2919 (2016).

66. Vidal, V. et al. Cooking behaviour of rice in relation to kernel physicochemical and structural properties. J. Agril. Food Chem. 55,
336-346 (2007).

67. Takai, T, Fukuta, Y., Shiraiwa, T. & Horie, T. Time-related mapping of quantitative trait loci controlling grain-filling in rice. (Oryza
sativa L.). J. Exp. Bot. 56, 2107-2118 (2005).

68. Wang, Z., Gu, Y. J., Chen, G, Xiong, E. & Li, Y. Q. Rice quality and its affecting factors. Mol. Plant Breed. 1, 231-241 (2003).

69. Tamaki, M., Itani, T. & Suetsugu, M. Relationship between the starch properties of white-core tissue and polishing characteristics in
brewers’ rice kernels. Plant Prod. Sci. 12, 233-236 (2009).

70. Yamagata, H. & Tanaka, K. The site of synthesis and accumulation of rice storage proteins. Plant Cell Physiol. 27, 135-145 (1986).

71. Lopes, M. A. & Larkins, B. A. Endosperm origin, development and function. Plant Cell 5, 1383-1399 (1993).

72. Shen, B., Chen, N,, Li, T. G. & Luo, Y. K. Effects of temperature on rice chalkiness formation and changes of material in endosperm.
Chin. J. Rice Sci. 11, 183-186 (1997).

Acknowledgements
This study was supported by the University of North Bengal (Ref. No.1958/R-2019, dt 04.04.2019). SCR is
thankful to the university authority for giving him this financial support to complete the rice breeding program.

Author contributions

S.C.R. conceptualized and designed the breeding process and planned the study, established rice breeding lines,
wrote and reviewed the whole manuscript, produced all figures. P.S. processed breeding lines, tabulated data sheet
and excel analysis.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-63976-8.

Correspondence and requests for materials should be addressed to S.C.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

G | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:7830 | https://doi.org/10.1038/s41598-020-63976-8


https://doi.org/10.1038/s41598-020-63976-8
https://doi.org/10.4172/2329-8863.1000381
https://doi.org/10.1038/s41598-020-63976-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Assessment of Genetic Heritability in Rice Breeding Lines Based on Morphological Traits and Caryopsis Ultrastructure

	Results

	Breeding lines developed. 
	Estimation of variability parameters. 
	Estimation of heritability and genetic advance in rice breeding lines. 
	Histological ultrastructural architecture of rice caryopsis (in situ). 

	Discussion

	Conclusion

	Materials and methods

	Plant material. 
	Hybridization and artificial pollination. 
	Evaluation of agronomic traits. 
	Scanning electron microscopy (SEM). 
	Cooking and retrogradation. 
	Physicochemical properties and sensory based aroma test. 
	Statistical data analysis and heritability measurement. 

	Acknowledgements

	﻿Figure 1 Hybridization between Oryza sativa and Oryza rufipogon in Pre-breeding program.
	﻿Figure 2 Performance of the breeding lines in the field conditions (kharif 2018).
	﻿Figure 3 Scanning electron microscopic (SEM) images (as one representative example) of wild rice (Oryza rufipogon), uncooked, (a–k) cooked and retrograded (l-m): (a) Morphology of whole seed grain, (b).
	﻿Figure 4 Scanning electron microscopic (SEM) images of the parental and breeding lines: (a).
	﻿Figure 5 Scanning electron microscopic (SEM) images of the parental and breeding lines: (a).
	﻿Figure 6 Scanning electron microscopic (SEM) images of the parental and breeding lines: (a).
	﻿Figure 7 Grain morphology of rice varieties and different breeding lines are summarized.
	﻿Figure 8 Breeding scheme has been outlined.
	Table 1 Descriptive statistics variability parameters of different agro-morphological traits for population F5:6 (Tulaipanji × IR64) was analyzed.
	Table 2 Descriptive statistics variability parameters of different agro-morphological traits for population F2:3 (Tulaipanji × IR64 × PB1460) was analyzed.
	Table 3 Descriptive statistics variability parameters of different agro-morphological traits for population F2:3 (Badshabhog × Swarna Sub1) was analyzed.
	Table 4 Descriptive statistics variability parameters of different agro-morphological traits for population F2:3 (Ranjit × O.
	Table 5 Descriptive statistics variability parameters of different agro-morphological traits for population F2:3 (Badshabhog × O.
	Table 6 Summary of the caryopses ultrastructural characteristics studied under scanning electron microscope (SEM) of the breeding lines.
	Table 7 Summary of the grain morphology with physicochemical properties (alkali spreading value, gelatinization temperature, and aroma) in the rice breeding lines.




