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Abstract

Present investigation was carried out to assess the heterotic potential and combining ability of
immortal restorer lines [consisting of two recombinant inbred lines (RILs) and two doubled
haploid lines (DHLs)] developed from an elite rice hybrid, KRH-2 by crossing them with
three popular WA-CMS lines, IR58025A, CRMS32A and APMS6A through line x tester
analysis. The doubled haploid line 1 (DHL-1) was observed to be a good general combiner
for total grain yield per plant (YLD) and other yield component traits and among the CMS
lines, IRS8025A was observed to be the best combiner as it showed positive significant

values for the traits viz., total grain yield per plant, panicle length and spikelet fertility.
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Higher preponderance of the variance associated with specific combining ability (SCA) as
compared to general combining ability (GCA) variance was observed for most of the traits
indicated the predominant role of non-additive gene action in the expression of the traits. Out
of twelve novel crosses between the immortal restorer lines derived from KRH-2 and the
WA-CMS lines, 66.66% (eight crosses) showed significant and desirable SCA effects for the
traits viz., total grain yield per plant, days to fifty percent flowering, plant height, flag leaf
length, flag leaf width, number of filled grains per panicle and spikelet fertility. Two crosses
IR58025A/RIL-24 and CRMS32A/RIL-24 were observed to be the most promising cross
combinations showing standard heterosis of >50% for YLD trait (as compared with KRH-2)
with higher prevalence of GCA and SCA, respectively. Heterotic yield advantage of
IR58025A/RIL-24 and CRMS32A/RIL-24 was 77.05% and 54.74%, respectively over KRH-
2 and these can be utilized for developing commercial hybrids. The present study also
indicates the potentiality of RILs in providing useful parental lines for developing heterotic

hybrids which are hard to get from outside sources in the new intellectual property regime.

Keywords

Rice, KRH-2, hybrid rice, combining ability, gene action, line X tester analysis, heterosis,

RILs, DHLs

Introduction

Rice (Oryza sativa L.) is one of the world's largest food crop and Asian countries are
predominantly dependent on rice for their nutritional and calorific needs.It was predicted by
[1] that by 2030, the demand for rice will escalate to 852 million tons. Moreover, the rice

breeders have to face many challenges in increasing the rice production due to declining land
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area for rice cultivation, shortage of labor and water and imminent threats posed by biotic and
abiotic stresses [2]. Enhancement of rice productivity through innovative genetic approaches
such as hybrid rice technology offers a hope of lessening the gap between rice demand and its
production [3]. Hybrid rice breeding aims to break the yield barrier by exploiting the
phenomenon of heterosis in order to increase the yield potential beyond the level of high
yielding varieties. Being a staple food crop of India, rice is grown in about 44.15 million
hectares with annual production of 116.47 million tonnes and productivity of 2638 Kg ha-
114].A total of 107 hybrids have been released for commercial cultivation in India [5] but
hybrid rice occupies only 3 million hectares of the total rice in the country [6]. Though these
rice hybrids yielded 15-20% more than the semi-dwarf inbred varieties [7, 8], their adoption
is not up the expected level due to various reasons. Unattractive yield advantage of hybrids,
issues related to quality, non-diverse sources of restorers and CMS lines, lack of favorable
policies, pricing discrimination against hybrids are some of the reasons for lower adoption of
hybrids in India. [9]identified the lack of genetic diversity in the existing rice gene pool and
lower to moderate yield advantages in novel hybrids [10] as some of the prime reasons for
lesser adoption of hybrid rice for cultivation. As opined by [11], it is possible to overcome the
existing yield plateau by broadening the genetic base of rice gene pool through identification
of efficient-diverse restorer (R) lines and stable CMS (A) lines with higher out crossing
ability and by envisaging novel crosses between them using the three line hybrid system
popularly known as cytoplasmic genic male sterile (CGMS) line system. Traditionally, the
production of hybrid rice has been based on CMS 1i.e., the A line, maintainer (B) line and
restorer (R) line. This involved the crosses between CMS lines and R lines which produced
novel fertile F; offsprings. In hybrid rice breeding, there is need to develop an array of
diverse restorers as the available CMS lines will suffice to make several crosses. It was noted

that the fertility restoration in hybrids was as a consequence of dominant fertility restorer
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genes (Rf genes) from R lines [12-16]. Plant breeders face enormous challenge in the
development of heterotic hybrids due to lower diversity among parental lines. Promising
parental lines have to be identified based on their combining ability and superior hybrids
through their per se performance. Therefore, through line x tester (LxT) mating design, the
potential of individual parental line to transmit the genetic information to novel offsprings
can be quantified [17] enabling the assessment of general combining ability (GCA) and
specific combining ability (SCA) [3, 18]. GCA prominently associated with additive gene
action, evaluates mean performance of a line in various crosses and identifies superior
parental lines on the basis of mean value. This aids in the identification of promising parental
lines and there by producing heterotic hybrids [3]. The SCA on the other hand, is the result of
non-additive in gene action and manifests essentially from over dominance, dominance and
epistatic effects [19]. It primarily helps in the identification of promising hybrids by assessing
the positive or negative genetic value of the expected mean performance of the parental
crosses [20, 21]. The present study aimed at identification of potential restorers from DHL
and RIL population derived from an elite rice hybrid KRH-2, assessing per se performance of
novel hybrids for yield and its component traits, understanding the genetic basis of hybrid
improvement through GCA-SCA studies and identification of promising novel heterotic

hybrids for commercialization.

Materials and methods

Experimental material

A popular rice hybrid, Karnataka Rice Hybrid-2 (KRH-2) with following characteristics i.e.,
medium duration, long-bold grain type, suitable for irrigated ecology and developed by Zonal

Agricultural Research Station (ZARS), Mandya, Karnataka, India and with a high yield
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99  potential along with its parents, IR58025A (in this study we have used IR58025B line for
100  agro-morphological evaluation as IR58025A does not set seeds) and KMR-3R, was used as
101  the experimental material.

102

103 Development of KRH-2 doubled haploid lines (DHLs) and
104 recombinant inbred lines (RILs) population and their agro-

105 morphological evaluation

106  Genetically pure seeds of parents (IR58025A and KMR-3R) and the elite rice hybrid KRH-2
107  were grown in the research farm of ICAR-Indian Institute of Rice Research (ICAR-IIRR),
108  Hyderabad India, during the dry season of 2015, sowing on well-puddled, leveled and raised
109  nursery beds, 15-20 days old seedlings were transplanted in field with a spacing of 15x20cm
110 (6 rowsx20 hills) and the recommended package of practices were adopted for growing the
111 plants. A total of 125 regenerated true and highly stable doubled haploid lines (DHLs) (D)
112 were developed following the standardized protocol of [22]. Similarly, for the development
113 of RIL population, the F; hybrid seeds (produced from the crosses between IR58025A and
114  KMR-3R)were self-pollinated to produce F, progenies. The F, progenies were later advanced
115  to further generations in the field through single seed descent (SSD) method in subsequent
116  seasons [23]. A total of 105 individuals consisted of RIL population. Both the DHL and RIL
117  populations were grown for three consecutive seasons (dry season 2016, D, generation of
118 DHL population and F5 generation of RIL population; wet season 2016, D5 generation and F,
119  generation; dry season 2017, D, generation and Fs generation) for analyzing their genetic
120  variability with respect to key agro-morphological traits viz., days to fifty percent flowering
121 (DFF), total grain yield per plant (YLD), total number of grains per panicle (GP), filled

122 grains per panicle (FGP), test (1000 grains) weight (TGW), panicle weight (PW), plant height
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123 (PH), panicle length (PL), flag leaf length (FLL), flag leaf width (FLW), number of
124  productive tillers (NPT) and biomass (BM). Data was recorded from five healthy plants of
125  middle row of each line, as per the standard evaluation system recommended by [24].

126

127 Selection of restorers among KRH-2 derived DHL and RIL

128 population and their fertility restoration assessment

129 A total of 40 lines (among both the immortal populations) were selected based on the
130  presence of fertility restoration genes and performance of the lines for various traits. Of the
131 total 40 lines, 16 DHLs (Ds) which are high-yielding and semi-tall (plant height of 11045 cm)
132 to tall (plant height of 125+5 cm) and 24 RILs (F) i.e., 12 high and 12 low yielding, semi-tall
133 were selected. Molecular screening of selected RILs and DHLs for the presence of fertility
134  restoration genes using functional markers namely RMS-SF21-5 and RMS-PPR9-1, specific
135  for major fertility restorer genes, Rf3 locus and Rf4 locus, respectively, was undertaken as
136  described in [25]. For this genomic DNA was extracted from IR58025A, IR58025B, KMR-
137 3R along with the selected RILs and DHLs as described in [26] and allelic status was
138  observed. Further, the allelic status of these lines in terms of their amplification for Rf3-Rf4
139 loci was correlated with fertility restoration potential in novel hybrids derived from them
140  [25]. The lines were considered as complete restorers if their restoration potential in novel
141  hybrids was observed to be greater than or equal to 70% [15]. The selected lines were test
142 crossed with the WA-CMS line, IR58025A during the wet season of 2017-18 using
143  linextester mating design [18]. The novel hybrids produced from these crosses along with
144  their parents (Dg and F; generations), standard varietal checks namely Akshayadhan (AKD)
145 and Varadhan (VRD) were assessed for their agro-morphological trait performance and
146  heterosis studies in dry season of 2018-2019. Novel hybrids produced from two high yielding

147  DHLs namely DHL-1 and DHL-2 and those produced from highest yielding RIL-1 and low
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148  yielding RIL-24, were observed to be heterotic than KRH-2 and these four restorers were
149  further selected for test crossing with other CMS lines.

150

151 Test crossing of selected restorers with popular WA-CMS lines

152  In wet season of 2018, four selected parental lines viz., DHL-1 (D7), DHL-2 (D7), RIL-1 (Fg)
153  and RIL-24 (Fg) were test crossed with three popular CMS lines viz., IRS8025A, CRMS32A
154 and APMS6A to assess the general combining ability (GCA) of parents and specific
155  combining ability (SCA) of crosses using line x tester mating design [18].

156

157 Assessment of general combining ability (GCA) of parents and
158 specific combining ability (SCA) of crosses and estimation of

159 heterosis of the newly derived hybrids

160  In dry season of 2019-2020, 12 novel hybrids along with their parents including IR58025B,
161  CRMS32B and APMS6B (Maintainers of CMS lines IR58025A, CRMS32A and APMS6A);
162  four restorer lines DHL-1 (Dg), DHL-2 (Dg), RIL-1 (Fy), RIL-24 (Fy) and five hybrid checks,
163  viz.,, KRH-2, US312, US314, PA6444, HRI174 were evaluated for combining ability and
164  heterosis studies [27]. Following the randomized complete block design (RCBD) in the
165  experimental field, the data was recorded from ten healthy plants of middle row of each line
166  from two replications (five plants from each replication), as per the standard evaluation
167  system (IRRI, 2002) on 12 important yield attributing traits viz., days to fifty percent
168  flowering (DFF); plant height (PH); flag leaf length (FLL); flag leaf width (FLW); number
169 of productive tillers (NPT); panicle length (PL); total number of grains per panicle
170  (TNGPP); number of filled grains per panicle (NFGPP); number of unfilled grains per

171 panicle (NUFGPP); spikelet fertility in percentage (SFP); test (1,000 grains) weight (TGW)
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172 and total grain yield per plant (YLD). Estimates of GCA and SCA [28] were computed using
173 R language statistical software version Ri386 3.3.2.

174

175 Statistical analysis

176  Data of twelve agro-morphological and yield related traits were subjected to statistical
177  analysis viz., Analysis of variance (ANOVA), genotypic and phenotypic correlations, genetic
178  variability estimates were analyzed using SAS version 9.2 (SAS Institute Inc., Cary, NC,
179  USA). LxT mating design ANOVA, genetic variances and heritability estimates were
180 computed using R language statistical software version Ri386 3.3.2. Mean, standard
181  deviation (SD), standard error (SE) and coefficient of variation in percentage (CV %) were
182  computed using Microsoft Excel package. Heterobeltiosis, mid-parent heterosis [29] and
183  standard heterosis were estimated using standard formulae [30, 31].

184

185 Results

186 Selection of parents based on assessment of the novel hybrids

187  Based on the assessment of yield heterosis data (evaluated in dry season of 2018-2019; S1
188  Table and S2 Table) of the novel hybrids, it was observed that two crosses namely
189  IR58025A/DHL-1 and IR58025A/DHL-2 demonstrated very high positive standard heterosis
190 for total grain yield per plant (YLD) as compared to varietal checks (Akshayadhan [AKD]
191  andVaradhan[VRD]) and standard hybrid check(KRH-2). The standard YLD heterosis of the
192  hybrid IR58025A/DHL-1 was observed to be 63.04, 48.61 and 25.21% over the checks AKD,
193  VRD and KRH-2 respectively. While, the hybrid IR58025A/DHL-2 recorded 47.65, 34.58
194 and 10.20% over the checks AKD, VRD and KRH-2 respectively.Further, both DHL-1 and

195  DHL-2, showed the presence of both Rf3 and Rf4 (the major fertility restoration genes), when
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196  analyzed with functional markers specific for these genes. This was corroborated with the
197  fertility restoration data of both these lines, wherein high values of spikelet fertility were
198  observed in the derived hybrids (viz., 85.42% for DHL-1 and 81.36% for DHL-2). The
199  hybrids derived from the cross IR58025A and the highest yielding RIL-1, demonstrated a
200 yield advantage of 177.34% over AKD, 162.23% over VRD and 111.38% over KRH-2.
201  Another hybrid derived from the cross IRS8025A and one of the low yielding RILs, viz.,
202  RIL-24 registered a yield advantage of 38.35% over AKD, 46.32% over VRD and 11.52%
203 over KRH-2. Analysis of fertility restoration of these two lines with respect toRf3-Rf4
204  specific markers revealed the presence of both the loci in them and the results corresponded
205  to the spikelet fertility values of the hybrids derived from the two RILs (80.97% and 85.99%
206  with respect to RIL-1 and RIL-24, respectively).

207

208 Agro-morphological performance of novel hybrids

209  Novel hybrids that were developed between three popular CMS lines (IR58025A, CRMS32A
210 and APMS6A) and four selected restorers (DHL-1, DHL-2, RIL-1, RIL-24) were evaluated
211 for their agro-morphological performance in the dry season of 2019-2020 and the details of
212 which are described below.

213

214 Genetic variability estimates

215  As shown in S3 Table, in the novel hybrids, high phenotypic (Vp) and high genotypic
216  variance (Vg) was observed for two traits, viz., number of fertile grains per panicle (NFGPP,
217 Vp = 1603.84 and Vg = 1447.75) and total number of grains per panicle (TNGPP, Vp =
218  1556.64 and Vg = 1343.41). The trait flag leaf width (FLW, Vp = 0.04 and Vg = 0.02) was
219  observed to have the lowest phenotypic-genotypic variance. Collectively for all the traits, the

220  phenotypic variance was observed to be higher than the genotypic variance. Based on GCV-
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221 PCV values, the traits were classified into three categories, viz., low, moderate and high.
222 Higher (>20%) genotypic coefficient of variance (GCV)-phenotypic coefficient of variance
223 (PCV) values was observed for the traits, NPT, TNGPP, NFGPP, NUFGPP and YLD.
224  Moderate (10%-20%) of GCV-PCV values were observed for the traits DFF, PH, FLL, FLW
225 and SFP while low (0%-10%) of GCV-PCV values were observed for traits viz., PL and
226  TGW. All the traits under study recorded high broad sense heritability (H?) values except
227  FLW. Genetic advance (GA) was observed within the range of 0.25 (FLW) to 74.46
228  (NFGPP). High GAM values were observed for traits viz., DFF, PH, FLL, NPT, TNGPP,
229  NFGPP, SFP and YLD. High H?and high GAM values were observed for the traits DFF, PH,
230 FLL, NPT, TNGPP, NFGPP, SFP and YLD. Moderate H? with moderate GAM was observed
231 for FLW trait and high A? with moderate GAM was observed for PL trait.

232

233  Correlation between different traits

234 Positive correlation was observed between YLD and most of its component traits (S4 Table).
235  Significant positive correlation was observed between YLD and NPT (r = 0.23), FLL (r =
236 0.05), PL (r = 0.38), TNGPP (r = 0.14), SFP (r = 0.45) and TGW (0.24) at 1% level of
237  significance, while a positive correlation was observed between YLD and FLW (r = 0.10),
238  NFGPP (r = 0.28) at 5% level of significance. Negative correlation was noticed between
239 YLD and DFF (r = -0.34) and NUFGPP (r = -0.31) at 1% and 5% levels of significance,
240  respectively. Significant correlation was observed between the traits TNGPP and NPT (r =
241 0.26) and PL (r = 0.42) at 1% and 5%, levels of significance, respectively. A strong positive
242 correlation between SFP and TNGPP (r = 0.17) and negative correlation between NUFGPP (r
243 =-0.78) was observed at 1% level of significance, while significant positive correlation was
244  observed between TGW and TNGPP (r = 0.51) at 1%, NPT (r = 0.26), PL (r = 0.09), NFGPP

245  (r=0.19) and SFP (r = 0.10) at 5% level of significance.
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246

247 Estimation of genetic variances and heritability in novel crosses

248  Genetic parameters such as variance due to general combining ability (GCA), specific
249  combining ability (SCA), GCA variance ratio, additive genetic variance, dominance genetic
250 variance, degree of dominance and broad sense-narrow-sense heritability were estimated
251  among the hybrids. It was observed that for all traits under study, the variance due to SCA
252 (o?sca) was higher than GCA (c?gca). Also, the dominance genetic variance (8°D) was larger
253  than the additive genetic variance (3%A) for all the traits. These results are supported with
254  GCA variance ratio (o’gca / 6%sca) being less than 1 for all traits and degree of dominance
255  [(8%*D/ 8?A)"?] being less than 1 for trait viz., TNGPP, NUFGPP, PH, YLD, DFF, FLL and
256  for remaining traits viz., FLW, NPT, PL, NFGPP, SFP and TGW the value was greater than
257 1. Broad sense heritability (H? (%)) was observed in the range of 56.16% (FLW) to 99.78%
258  (DFF) whereas the narrow sense heritability (A’ (%)) was in the range 14.53% (PL) to
259  49.10% (DFF) (S5 Table).

260

261 Estimation of heterosis among the novel hybrids

262 Test crosses carried out between three popular, commonly deployed WA-CMS lines, viz.,
263 IR58025A, CRMS32A, APMS6A and the four selected restorers, viz., RIL-1, RIL-24, DHL-
264 1 and DHL-2 produced twelve novel hybrids, which were evaluated in wet season of 2018. In
265 the present study, variance analysis for all the characters revealed significant variation among
266  the genotypes studied (S6 Table).The coefficient of variation (CV %) values were observed
267 to be <20% for most of the traits except NPT, TNGPP, NFGPP and YLD. The agro-
268  morphological performance of the novel hybrids, parents along with standard hybrid checks
269  is presented in Table 1. The mean values for eleven yield component traitsin parents, standard

270  hybrid checks and in novel hybrids were as follows: DFF: 96 (range: 81-122), PH: 99.86 cm
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271 (range: 73.98-124.00 cm), FLL: 28.64 cm (range: 20.87-43.01 cm), FLW: 1.37 cm (range:
272 1.10-1.97 cm), NPT: 17 (range: 15-18), PL: 22.89 cm (range: 19-28.01 cm), TNGPP: 120
273 (range: 67-211), NFGPP: 83 (range: 39-173), NUFGPP: 30 (range: 6-81), SFP%: 73.76%
274 (range: 45.90%-93.88%), TGW: 20.17 g (range: 12.37-23.20 g) and YLD: 33.20 g (16.17-

275 50.23 g).
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Table 1: Agro-morphological data of novel hybrids derived from the test cross between selected DHL-RIL restorers with three popular WA-CMS lines along with
parents and checks

Mg;‘;:ﬁgg;ﬁss Generation | DFF+SE |  PH+SE FLL+SE | FLW+SE | NPT+SE | PL+SE | TNGPP+SE | NFGPP+SE | NUFGPP:SE | SFP+SE | TGW=SE | YLD+SE
APMS6A/RIL-1 107+0.00 | 121.37+£0.05 | 36.35+0.33 | 1.19+0.44 | 15+£0.52 | 25.40+0.22 126+0.36 64+0.66 62+0.25 50.98+0.33 | 21.02+0.28 | 20.10+0.48
APMS6A/RIL-24 89+0.00 | 103.82+0.25 | 29.60+0.47 | 1.48+0.92 | 16+0.23 | 23.15+0.48 123+0.56 90+0.35 33+0.22 73.38+0.23 | 20.28+0.63 | 29.20+0.36
APMS6A/DHL-2 91+0.00 73.98+0.45 | 43.01£0.41 | 1.13+£0.42 | 18+0.22 | 19.01+0.22 67+0.58 40+0.21 27+0.36 59.84+0.54 | 22.46+0.44 16.17+0.22
APMS6A/DHL-1 84+0.00 77.52+0.33 | 24.00+£0.35 | 1.31+0.66 | 18+0.42 | 20.33+0.41 132+0.74 119+0.36 13+0.21 90.16+0.63 | 19.66+0.32 | 42.21+0.63
IR58025A/RIL-1 111+0.00 | 97.37+0.68 | 28.54+0.68 | 1.36+0.42 | 16+0.47 | 26.48+0.85 116+0.36 95+0.84 21+0.52 81.84+0.45 | 18.87+0.45 | 28.68+0.33
IR58025A/RIL-24 Novel hybrid 122+0.00 | 97.16+£0.74 | 32.37+0.47 | 1.34+0.42 15£0.36 | 28.01+0.36 | 211+0.44 173+0.74 38+0.36 81.33+0.85 | 19.36+0.33 50.23+0.21
IR58025A/DHL-2 (F1) 81+0.00 92.00+0.55 | 20.87+£0.66 | 1.20+0.36 | 16+0.21 | 23.67+0.75 99+0.21 87+0.51 12+0.21 87.60+0.66 | 23.20+0.77 | 32.29+0.63
IR58025A/DHL-1 107+0.00 | 95.83+0.64 | 32.03+0.12 | 1.61+0.32 16+£0.33 | 24.73+£0.35 109+0.36 84+0.33 25+0.85 76.66+0.21 | 20.75+0.98 | 27.88+0.55
CRMS32A/RIL-1 96+0.00 86.77+0.41 | 29.44+0.47 | 1.10£0.45 | 16+0.54 | 23.86+0.88 103+0.88 64+0.14 39+0.66 62.32+0.96 | 20.51£0.66 | 21.00+0.45
CRMS32A/RIL-24 102+0.00 108+0.77 27.33+0.36 | 1.43+0.42 | 18+0.36 | 23.33+0.91 141+0.96 118+0.08 23+0.54 83.40+0.66 | 20.67+0.23 | 43.90+0.36
CRMS32A/DHL-2 106+0.00 | 90.26+0.45 | 28.33+0.11 | 1.40+0.44 | 16+0.33 | 23.30+0.45 139+0.31 109+0.55 30+0.36 78.54+0.36 | 22.92+0.33 | 40.93+0.21
CRMS32A/DHL-1 97+0.00 | 101.33£0.36 | 29.33+0.32 | 1.70+0.43 16+0.47 | 21.00+0.36 189+0.22 168+0.36 21+0.33 88.99+0.45 | 15.23+0.21 39.97+0.33
APMS6B Maintainer 94+0.00 | 105.67+0.84 | 25.67+£0.49 | 1.50+0.44 | 13+0.36 | 20.67+0.24 156+0.20 106+0.21 50+0.84 66.83+0.63 | 16.73+0.32 16.73+0.21
IR58025B Maintainer 88+0.00 85.00+0.33 | 26.00+0.52 | 1.13%0.53 17+0.44 | 21.83+0.47 84+0.19 39+0.25 45+0.78 45.90+0.32 | 19.40+0.44 12.86+0.95
CRMS32B Maintainer 92+0.00 87.93+0.48 | 26.60+0.34 | 1.17+0.85 14+0.47 | 21.00+0.36 112+0.88 75+0.77 37+£0.66 67.36+0.45 | 18.06+0.96 18.96+0.36
RIL-1 Tester (F,) 88+0.00 | 124.00+0.96 | 24.00+0.56 | 1.23+0.43 18+0.23 | 22.67+0.55 94+0.71 88+0.44 6+0.95 93.88+0.99 | 22.57+0.32 | 35.64+0.66
RIL-24 Tester (F7) 103+0.00 | 128.67+0.44 | 29.00+0.44 | 1.43+0.96 | 14+0.47 | 23.67+0.36 88+0.36 73+0.95 15+0.66 82.52+0.69 | 19.77+0.11 20.20+0.32
DHL-2 Tester (Dy) 91+£0.00 | 110.67+0.42 | 34.00+0.25 | 1.97+0.88 13+0.69 | 25.33+0.44 189+0.44 108+0.35 81+0.35 57.43+0.32 | 18.73+0.21 16.77+0.02
DHL-1 Tester (Dy) 85+0.00 94.33+0.36 | 25.33+0.54 | 1.37+0.43 14+0.35 | 21.33+0.96 91+0.36 85+0.24 6+0.45 93.31+0.65 | 21.87+0.32 | 25.90+0.22
HRI174 Hybrid check 1 | 97+0.00 | 100.00+0.45 | 29.00+0.77 | 1.50+0.44 | 10+£0.44 | 20.00+0.87 98+0.21 69+0.32 29+0.36 69.84+0.75 | 18.53+0.33 | 25.60+0.47
PA6444 Hybrid check2 | 97+0.00 | 103.67+0.48 | 28.00+0.36 | 1.23+0.21 1540.87 | 22.33+0.96 75+0.69 52+0.33 23+0.84 68.91+£0.36 | 20.59+0.56 19.68+0.65
US314 Hybrid check 3 | 87+0.00 92.00+0.37 | 27.33+0.42 | 1.37+0.31 14+0.56 | 20.83+0.55 80+0.22 45+0.25 35+0.36 56.91+0.44 | 20.47+0.96 17.3840.55
US312 Hybrid check 4 | 90+0.02 | 101.33+0.48 | 23.00+0.66 | 1.53+0.24 | 14+0.41 | 25.67+0.36 140+0.47 100+0.66 40+0.22 71.39+0.36 | 20.13£0.33 | 25.77+0.36
KRH-2 Hybrid check 5 | 97+0.00 | 118.00+0.71 | 29.00+0.45 | 1.13+0.63 13+0.36 | 22.33+0.31 128+0.66 104+0.21 24+0.32 80.97+0.84 | 21.20+0.32 | 28.73%0.55
Mean 97 99.05 28.91 1.40 15 23.23 137 107 30 75.64 20.26 27.08
SD 10.25 13.12 4.53 0.22 2.20 2.51 70.01 69.86 17.25 13.13 2.04 9.84
SE 2.05 2.62 0.91 0.04 0.44 0.50 14.00 13.97 345 2.63 0.41 1.97
CV% 10.57 13.25 15.67 15.36 14.28 10.82 51.07 65.49 56.80 17.36 10.05 36.32
276 DFF-Days to fifty percent flowering (in days); PH-Plant Height (cm), FLL-Flag Leaf Length (cm); FLW-Flag Leaf width (cm); NPT-Number of Productive Tillers; PL-Panicle Length (cm); TNGPP-
277 Total Number of Grains Per Panicle; NFGPP-Number of Filled Grains per Panicle; NUFGPP-Number of Unfilled Grains per Panicle; SFP-Spikelet Fertility in Percentage; TGW-Test (1,000) Grain Weight
278 (g); YLD-Total grain Yield per plant (g); SD-Standard deviation; SE-Standard error; CV%-Coefficient of variation in percentage
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279 Difference in the magnitude of three heterosis categories namely, mid-parent heterosis
280 (MPH), better parent heterosis (BPH) and standard heterosis (SH) for YLD and its allied
281  components was calculated at 1% and 5% level of significance. The average YLD of novel
282  hybrids (32.71 g) was higher than that of the average YLD of the isogenic counterpart of
283  CMS lines (i.e., maintainer lines) (17.56 g), of restorers (average YLD-24.02 g) and that of
284  the standard hybrid checks (average YLD-20.68 g). For YLD trait, seven crosses viz.,
285  IR58025A/RIL-24, CRMS32A/RIL-24, APMS6A/RIL-24, CRMS32A/DHL-1,
286  APMS6A/DHL-1, IR58025A/DHL-2 and CRMS32A/DHL-1 were observed to be positively
287  heterotic as compared to the standard hybrid checks, mid and better parents. The values for
288  standard heterosis ranged from 189.01% (IR58025A/RIL-24 vis-a-vis US314) to 1.09%
289  (IR58025A/RIL-1 vis-a-vis KRH-2) (S7 Table). The details of heterosis of the cross
290  combinations with respect to YLD trait is presented in S7 Table.

291 For NPT trait, novel hybrids from all crosses were observed to have more number of
292  productive tillers than all parents and checks. The magnitude of heterosis was observed in the
293  range of -16.67% (BPH) to 80% (HRI174). Range of NPT in these hybrids was 15-18. Out
294  of twelve novel hybrids, two hybrids derived from the crosses IR58025A/RIL-24 and
295  CRMS32A/DHL-1 were positively heterotic for all the categories of TNGPP heterosis. The
296 trait improvement in these hybrids was observed in the range of 40.58% (MPH) to 170.51%
297  (SH over PA6444). Test weight of three hybrids namely IR58025A/DHL-2 (23.20 g),
298 CRMS32A/DHL-2 (22.92 g) and APMS6A/DHL-2 (22.46 g) surpassed all parents and
299  checks whose heterosis was in the range of 9.99% (SH over PA6444) to 31.87% (MPH).
300 Heterotic details of all cross combinations for the traits other than YLD are presented in S8
301 Table.

302 Early flowering and high yielding hybrid is a desirable combination and in this study

303  four such novel hybrids were identified. IRS8025A/DHL-2, a high-yielding (32.29 g) and
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304 was an early flowering hybrid (DFF, 81 days) than US314 (early duration hybrid);
305 CRMS32A/DHL-1 with YLD of 39.97 g had DFF (97 days) similar to PA6444 and HRI174
306 (medium duration hybrids) but was late than KRH-2; CRMS32A/RIL-24 (YLD, 43.90 g;
307 DFF, 102 days) was early flowering than the better parent (CRMS32A) but was late than
308 medium duration hybrids (KRH-2, PA6444, HRI174); APMS6A/RIL-24 (YLD, 29.20 g;
309 DFF-89 days) was early flowering than medium duration hybrids (KRH-2, PA6444, HRI174)
310 (Table 1).

311
312 Combining Ability analysis

313 The Analysis of Variance of the parental lines and checks using LxT mating design is
314  presented in Table 2. The variances due to parents were significant for the following traits:
315 DFF, PH, FLW, NPT, PL, NFGPP, NUFGPP, TNGPP, TGW, SFP at P<0.001 and FLL,
316 YLD at P<0.05. Variances due to parents versus crosses were observed to be significant
317  (P<0.001) for traits namely DFF, PH, FLL, NPT and YLD. Variances due to crosses were
318  significant (P<0.001) for all traits except SFP. The L x T effect was significant (P<0.001) for
319 traits DFF, PH, FLL, NPT and TNGPP whereas the effect was significant (P<0.01) for traits
320 NFGPP, NUFGPP and TGW. Among the proportion of contribution of lines and testers, it
321  was observed that the lines had contributed (>40%) for traits namely NPT, PL, SFP whereas
322 the testers had contributed for traits namely FLW and TGW. A major proportion of trait
323 contribution was observed for traits namely DFF, PH, FLL, NFGPP, TNGPP, TGW and

324 YLD by LxT.
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Table 2: Analysis of variance (ANOVA) for yield and its associated traits

Source df| DFF PH FLL | FLW NPT PL | NFGPP | NUFGPP| TNGPP | SFP | TGW | YLD
Replication | 2 0 0.06 0.3 0.54 0.04 0.17 0.38 0.5 0.32 1.13 0.49 2.43
Genotype | 19| 59.50%** | 21.38%** | c.o8%** | g31%%* | 26.97++* | 4.05%+* | 526%++ | [1.12%%% | 535%%x | 704%%x [ 548%%x | 13 13%%%
Parents 7 | 16.83%%x | 2533+ | 287% |972%kx| goowkx 2 232 | 21.23%** | 528%** | [1.60%** | 5.46%** | 355
Pirreonst:ezs' 1| 153.99%%% | 4545%+% | 1370%** | 034 |160.66%** | 7.68% | 7.14* 4.59 2.6 5.07 2.05 | 125.28%**
Crosses | 11| 78.06%** | 16.68%** | 8.98%** | 4.68%%* | 26.70%** | 5.02%%* | 696*** | 527%%x | 564%%x | 4654 | 580%%* | 903%xx
Lines 2 1.06 0.03 0.62 0.84 12.26 721 2.44 0.44 1.22 6.08 0.34 0.67
Testers 3] 073 1.08 0.1 321 0.4 4.5 1.02 1.27 0.66 2.23 2.39 0.24
Line x testers | 6 | 83.14%%* | 19.70%+% | 13.04%%* | 2.97% | 925%+x | 163 | 548+ | 541%* | 505%+ | 205 | 4.60%* | 1228
Error R e e D e e e D e D e D
Contribution 20.62 0.64 16.46 | 9.77 7726 | 4252 | 35.06 8.35 2345 | 48.92 49 16.76
of lines (%)
Contribution 21.28 34.86 428 | 55.62 3.83 39.79 | 2197 | 3559 18.99 | 2696 | 51.83 9.11
of testers (%)
Contribution 58.09 64.48 7924 | 34.59 18.89 17.67 | 42.96 56.04 57.55 24.1 43.25 74.12

of L x T(%)

325 df-Degrees of freedom; DFF-Days to fifty percent flowering; PH-plant height (cm), FLL-Flag leaf length (cm); FLW-Flag leaf width (cm); NPT-Number of productive tillers; PL-panicle
326 length (cm); NFGPP-Number of filled grains per panicle; NUFGPP-Number of unfilled grains per panicle; TNGPP- Total number of grains per panicle; SFP-Spikelet fertility in percentage;
327 TGW-test (1,000) grain weight (g); YLD-Total grain yield per plant (g). *P< 0.05; **P<0.01; ***P<0.001
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328 General Combining Ability (GCA) analysis

329 A brief account of GCA effects of all CMS lines and restorers for various traits namely YLD,
330 NPT, TNGPP and TGW are presented (Table 3). Neither the lines nor the testers could
331  demonstrate positive GCA collectively for all the traits. For total grain yield per plant (YLD)
332 trait, CMS line IR58025A was observed to be the best combiner and DHL-1 (at P<
333 0.001)was the best combiner among the testers. For trait number of productive tillers (NPT),
334  APMS6A was observed to be the best combiner with GCA value of 6.22 (P< 0.001) followed
335 by DHL-2 (1.67, P< 0.01). For TNGPP trait, highest GCA effect was recorded with RIL-24
336 (GCA value: 21.43, P<0.01) followed by CRMS32A (GCA value: 16.2, P<0.05). For one of
337  the most crucial YLD contributing trait i.e., TGW, the following observation was made:
338  DHL-2 was the best combiner (GCA value: 2.10, P< 0.001) and APMS6A, the best combiner
339  among the lines (0.55, non-significant).

340

341 Specific Combining Ability (SCA) analysis

342 Similar to the results obtained in GCA analysis, none of the novel hybrid combination could
343  demonstrate a positive SCA effect for all traits under study (Table 4). For the traits NPT,
344 TGW and YLD, the highest SCA values of 3.68, 2.29 and 14.15 (P< 0.001), respectively,
345  was observed between to the hybrid derived from the cross, IR58025A and DHL-1. For all
346  cross combinations, the range of SCA values for NPT trait was observed to be -3.76 to 3.68
347 (P<0.01) and 58.33% (i.e., seven cross combinations) of hybrids demonstrated positive SCA
348  effect for this trait. For the trait TNGPP, the range of SCA values was observed to be
349  between -36.53 and 50.84. It was noted that, 41.66% of crosses (i.e., five crosses)
350  demonstrated positive SCA effect among which, the hybrid derived from IR58025A/RIL-24
351  recorded the highest SCA value of 50.84 (P< 0.01). For TGW trait, apart from the hybrid

352 derived from IR58025A/DHL-1 observed to have the highest SCA effect (2.29, P< 0.01),


https://doi.org/10.1101/2020.11.09.373985
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.09.373985; this version posted November 9, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

353  41.66% (i.e., five) of other crosses demonstrated a positive SCA value. Lastly for YLD trait,
354  apart from the cross combination IR58025A/DHL-1 (with highest SCA effect value, 14.15,
355  P<0.001), 33.33% (i.e., four) of remaining crosses showed a positive SCA value. The range
356  of SCA values of all crosses was in the range of -14.3 to 14.15 (P< 0.001). SCA effect of all

357  crosses for remaining traits is presented in the Table 4.

358

359 Trait wise per se performance of novel hybrids

360  As shown in S9-S10 Tables, all novel hybrids were observed to demonstrate heterosis at least
361  for one trait. The hybrid derived from cross, CRMS32A/DHL-1 (Fig 1, S9 Table) indicated
362  per se positive heterotic potential for 66.66% of traits under study (i.e., for eight traits).

363

364  Fig 1. Images of panicles of the novel Fihybrid derived from the cross CRMS32A (female
365 parent) and DHL-1 (male parent) along with panicles of the hybrids checks KRH-2, US312,
366  US314, PA6444 and HRI174.

367

368  This being an early flowering (DFF, 97 days), it displayed an improvement in six traits viz.,
369 YLD, FLW, NPT, TNGPP, NFGPP and SFP. It also recorded a lesser number of unfilled
370  grains than all standard hybrid checks by 37.50%. The percentage of trait improvement when
371  compared with the mean value of all standard checks observed to be as follows: 38.87%
372 (YLD), 25% (FLW), 18.75% (NPT), 82.69% (TNGPP), 115.18% (NFGPP) and 29.72%
373 (SFP). In 75% of the traits which demonstrated heterosis, SCA of the cross was observed to
374  be the causative effect. The hybrid derived from the cross combination CRMS32A/DHL-2
375 (S10 Table, S1 Fig) was observed to be heterotic for six traits. It was observed to surpass all
376  standard hybrid checks for the traits YLD (by 40.53%), FLL (by 7.09%), NPT (by 18.75%),

377  SFP (by 26.44%) and TGW (by 59.27%). Similar to CRMS32A/DHL-1, this hybrid was also
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378 observed to have less number of unfilled grains and exceeded the values of all standard
379  checks by 37.50%. Moreover, 33.33% of traits (i.e., four traits) that showed an improvement
380  were observed to have a higher prevalence of crosses SCA.

381 The hybrid derived from the cross, APMS6A/DHL-2 (S10 Table, S2 Fig), was an
382  early flowering hybrid (DFF, 90 days i.e. four days earlier than the mean DFF value of all
383  standard checks) along with improvement with respect to the traits FLL (58.78%), NPT
384  (27.77%) and had lesser percentage of unfilled grains as compared to all standard checks.
385  Equal preponderance of GCA-SCA effects were observed with respect to contribution
386  towards improvement of the traits in this hybrid. The hybrid derived from the cross
387 IR58025A/DHL-2 (S10 Table, S3 Fig) was an early flowering hybrid (DFF, 81 days i.e.,
388 earlier by 13 days in comparison with the mean value of standard checks) and demonstrated
389  improvement with respect to the traits viz., NPT (by 18.75%), PL (by 16.36%), SFP (by
390 26.44%) and TGW (14.39%). Higher preponderance of GCA of parents was contributing
391 towards the improved traits. The fifth hybrid derived from the cross combination
392 IR58025A/RIL-24 was observed to be positively heterotic than the mean values of all
393  standard checks for four traits namely YLD (by 51.54%), FLL (by 17.69%), TNGPP (by
394  50.71%) and NFGPP (by 56.72%). SCA of the cross combination was the causative effect for
395  heterosis in three traits namely FLL, TNGPP and NFGPP. The details of per se performance

396  of other novel hybrids are presented in S10 Table and S4-S8 Fig.

397
398
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Table 3: Estimation of general combining ability effects of parents for yield and its associated traits

Parents DFF PH FLL FLW NPT PL NFGPP NUFGPP TNGPP SFP TGW YLD
IR58025A 5.9]%** 0.13 -1.58 0.02 -5.28%** 2.1 1%%* 12.97 -3.31 9.65 6.16%** -0.09 6.13%**
CRMS32A 0.97]#** 1.14 -1.42 0.05 -0.93 -0.60 17.76%** -1.57 16.2* 3.96 -0.46 -1.45%**
APMS6A -6.83%** -1.27 3.01** -0.07 6.22%** -1.50%* -30.75%* 4.89 -25.85%* -10.0%** 0.55 -4.64*
S.E (line) 0.68 1.58 0.91 0.04 0.54 0.54 7.2 2.77 8.38 2.48 0.41 1.91
RIL-1 5.33%*x* 6.38*** 1.4 -0.13 -0.38 1.76%** -18.5%** 11.34** -7.17 o 0 e -0.16 1.66
DHL-1 -3.33%%* -3.89%** -1.58 0.18%** -1.23%* -1.45%* 14.18%* -5.6* 8.57 4. 2] %** -1.74%%* 4.6]%**
DHL-2 -6.80%** -10.0%** 0.42 -0.11* 1.67** -1.48** -15.73** -7.1 -22.84** 1.76 2.10%** | -3.6]1%**
RIL-24 5.08%*** 7.54%** -0.24 0.06 -0.05 1.17* 20.07** 1.36 21.43%* 3.13 -0.19(6) | -2.66***
S. E. (tester) 0.78 1.82 1.05 0.04 0.63 0.63 8.4 3.2 9.68 2.86 0.47 2.2
399 DFF-Days to fifty percent flowering; PH-plant height (cm), FLL-Flag leaf length (cm); FLW-Flag leaf width (cm); NPT-Number of productive tillers; PL-panicle length (cm); NFGPP-
400 Number of filled grains per panicle; NUFGPP-Number of unfilled grains per panicle TNGPP- Total number of grains per panicle; SFP-Spikelet fertility in percentage; TGW-test (1,000)
401 grain weight (g); YLD-Total grain yield per plant (g), S.E.-Standard Error; *P< 0.05; **P< 0.01; ***P<0.001, The significant GCA values (indicated by *) for each trait is presented.
402
Table 4: Estimation of specific combining ability effects of various crosses for yield and its associated traits
Entry DFF PH FLL FLW NPT PL NFGPP NUFGPP TNGPP SFP TGW YLD
IR58025A/DHL-1 5.08%** 4.12% 5.16%* 0.04 3.68%* 0.59 -38.3%%* 6.77 -31.57** -9.28%x* 2.29%%* 14.15%**
CRMS32A/DHL-1 0.08 8.63%** 2.30 0.10 0.07 -0.41 41.48* 0.18** 41.63* 4.98 -2.85%H* -8.22% %%
APMS6A/DHL-1 -5.16%** -12.7%%* -7.46%** -0.51 -3.76** -0.18 -3.12 -6.95 -10.08 12.55%%* 0.55 -5.92
IR58025A/DHL-2 -17.2%%* 6.44%** -8.70%** -0.06 1.17 -0.43 -5.67 -4.82 -10.49 3.79* -0.47 -0.87***
CRMS32A/DHL-2 12.7%%* 3.70%** -0.69 0.10 -3.17** 1.91 14.32 9.02 23.35 -1.49 0.98 12.68***
APMSO6A/DHL-2 4.52%%* -10.1%** 8.70%** -0.03 1.99 -1.47 -8.64 -4.2 -12.85 -2.3%* -0.5 =28 %
IR58025A/RIL-1 0.41* -4.60* -1.31 0.12 -2.26%* -0.88 5.81 -14.58* -8.77 9.09%** -1.16 10.57***
CRMS32A/RIL-1 -9.58%** -16.2%** -0.57 -0.16* 2.55% -0.78 -25.08* -3.39 28.48%* -3.38 0.83 -6.03%**
APMS6A/RIL-1 9.16%** 20.81*** 1.89 0.04 -0.28 1.66 19.27 17.98%* 37.25% -5.71* 0.32 -1.09%**
IR58025A/RIL-24 11.75%** -5.96%* 4.16* -0.1 -2.60* 0.71 38.21%* 12.63 50.84%%* -3.59 -0.65 =14 3%**
CRMS32A/RIL-24 -3.25%%* 3.86* -1.02 0.03 0.55 -0.71 -30.72 -5.81 -36.53* -0.11 1.02 4.53***
APMS6A/RIL-24 -8.50%*** 2.10 -3.11 0.14 2.05 -0.01 -7.49 -6.81 -14.31 3.71 -0.37 11.28***

403
404
405

DFF-Days to fifty percent flowering; PH-plant height (cm), FLL-Flag leaf length (cm); FLW-Flag leaf width (cm); NPT-Number of productive tillers; PL-panicle length (cm); NFGPP-
Number of filled grains per panicle; NUFGPP-Number of unfilled grains per panicle TNGPP- Total number of grains per panicle; SFP-Spikelet fertility in percentage; TGW-test (1,000)
grain weight (g); YLD-Total grain yield per plant (g), *P < 0.05; **P< 0.01; ***P<0.001, The significant SCA values (indicated by *) for each trait is presented.
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406 As shown in S11 Table, per se performance of cross combinations was assessed in view
407  of SCA effect contributions in hybrid improvement. For YLD trait, it was observed that the
408  highest yielding novel hybrid derived from the cross IR58025A/RIL-24 (50.23 g/plant) was
409  observed with high GCA effect (6.13, P< 0.001). The GCA nature of both the female parent
410 was observed to be high than its male counter-part. The lowest yielding hybrid
411  (APMS6A/DHL-2, 16.17 g/plant) was observed with negative SCA effect (-2.81) wherein the
412  nature of GCA of parents was observed to be low. For TNGPP trait, the hybrid,
413  IR58025A/RIL-24, with highest number of total number of grains per panicle (i.e., 211) was
414  observed with highest SCA effect value of 50.84, P<0.001. Both the parents demonstrated
415  high GCA effects. Also, the hybrid (APMS6A/DHL-2) recorded with lowest number of
416  TNGPP was observed to have a negative SCA effect where both the parents showed low
417  GCA. A similar kind of trend was observed for traits namely FLL, FLW, NFGPP, NUFGPP
418  and SFP.

419

220 Discussion

421  The primary objective of heterosis breeding programs in crops is to identify best performing
422  hybrids for commercialization along with identifying genetically diverse and better parental
423  lines which could be utilized for the development of promising hybrids in future crosses [32].
424  Selection of best performing hybrids for yield and other desired characters relies on
425  undertaking trials in multiple environments followed by a rigorous statistical analysis [33].
426  Trials which are based on various mating designs and which are accompanied by statistical
427  analysis not only differentiates between the effect of genetical and environmental factors but
428  also partitions genetic influences into additive and non-additive components [32, 34]. Such
429  statistical analyses are possible only when an in-depth scrutiny of the relationship between

430 combining ability of parental lines and per se heterosis of the novel hybrids is
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431  undertaken[35]. As opined by [36], combining ability is an estimate of the genotypic values
432  of lines and testers in relation with their offsprings performance using a definite mating
433 design, which is generally assessed through progeny testing. When the novel progeny
434  demonstrates heterosis, the parental lines are considered to have a good general combining
435  ability. Apart from the general combining ability (GCA) which is statistically main effect in
436  nature, specific combining ability (SCA) is also interactive in nature [37]. Both GCA and
437  SCA play a crucial role in novel hybrid development by influencing the evaluation of inbred
438  lines [38]. Moreover, manifestation of GCA is owed to genetic activities among the loci
439  which are largely additive effect in nature coupled with additive x additive interactions [39]
440 whereas SCA embodies when the genetic loci are under non-additive effects namely
441 dominance and epistatic variances. If epistasis predominates the genetic loci, interactive
442  components namely additivexdominance and dominancexdominance interactions come into
443  play [33]. Considering these points, the present study was undertaken with an objective of
444  assessingthe heterotic potential and combining ability of immortal restorer lines derived from
445  an elite rice hybrid, KRH-2 and identification of promising hybrids with a potential for
446  commercialization.

447 Evaluation of novel hybrids produced from the test crosses made between popular CMS
448  line, IR58025A and 40 immortal restorers (16 selected DHLs and 24 selected RILs)derived
449  from an elite hybrid KRH-2 demonstrated that four hybrids from restorers namely RIL-1,
450  RIL-24, DHL-1 and DHL-2 out-yielded KRH-2 for YLD trait. Molecular analysis of these
451  four restorers with fertility restoration specific markers for Rf3 and Rf4 loci showed the
452  presence of both the genes in them. Also, the fertility restoration analysis of test crosses
453  validated the results of markers analysis and indicated that the DHLs/RILs have complete

454  fertility restoration ability. Our results are in accordance with the reports of [25] and [40],
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455  who concluded that that fertility restoration trait is largely controlled by Rf4 and Rf3 genes
456  and Rf4 has a major effect on the trait.

457 The CV % of the traits DFF, PH, FLL, FLW, PL, SFP and TGW (of parents, novel
458  hybrids and standard hybrid checks) were observed to be below 20%, which indicates that the
459  experiments were, conducted properly [41]. Few traits viz., NPT, TNGPP, NFGPP and YLD
460  recorded higher CV% of > 20%, demonstrating higher genotypic variation between the
461  parental lines, their hybrids and standard checks [42]. Higher phenotypic variance (Vp) and
462  phenotypic coefficient variance (PCV) than their equivalent genotypic variance (Vg) and
463  genotypic coefficient variance (GCV) for all the characters was observed in this study,
464  demonstrating a significant influence of environment on all the traits [43-45]. Though the
465  environmental influence was observed to be higher than genetic preponderance, it was
466  interesting to note that the magnitude of difference between the two kinds of influences was
467  low for all the traits [42]. Therefore, for future breeding programs, selection of genotypes
468  could be based on these traits as pointed out by [44, 46]. Further, [29, 47] indicated that
469  heritability plays an important role in studying quantitative characters by indicating
470  genetically, the reliability of a phenotype for enhancing its breeding value. High heritability
471  estimates for all the traits except FLW demonstrate the traits’ higher response during
472  selection. These results are in accordance with the reports of [43, 47, 48]. As opined by [49],
473  the magnitude of genotypic trait improvement in novel population vis-a-vis parental
474  population at certain selection intensity less than one selection cycle is revealed through an
475  assessment of genetic advance (GA). In our study the GA value for YLD trait was observed
476  to be 24.48. This indicates that if better performing hybrids identified in this study are used as
477  restorers in future crossing programs, then they can significantly contribute towards
478  development of better novel hybrids [42]. Further, as pointed out by [50], prediction of

479  genetic gain under selection is more reliable when high heritability (H?) estimates are
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480  combined with high genetic advance as percent of the mean (GAM). It is because GAM helps
481  in understanding the type of gene action for various polygenic traits and therefore combined
482  estimates of high H?-high GAM is an important selection parameter. In this study, the traits
483  DFF, PH, FLL, NPT, TNGPP, NFGPP, SFP and YLD demonstrated high H?-high GAM and
484  high H’ with moderate GAM noticed for PL trait. These observations imply the
485  predominance of additive gene action and selection of the above mentioned traits could be
486  possible if done in early generations [49, 51]. However, moderate H? with moderate GAM
487 was observed with FLW trait indicating non-additive gene action implying that the
488  improvement of FLW trait is only possible through deployment of recurrent selection method
489  [42,51].

490 Correlation analysis is used as an important tool for indirect selection as it aids the plant
491  breeder in getting a better understanding of the various traits, which may influence yield. As
492  pointed out by [52], improvement in the desired character (such as grain yield) on the basis of
493 its allied traits selection would be evident in successive generations of segregating
494  population. Keeping these points in view, in this study, the correlation analysis between the
495  various component traits of yield were assessed in the different rice hybrids and the analysis
496 revealed a strong and positive correlation between YLD and its important allied parameters
497 namely NPT, PL, FLL, TNGPP, SFP, FLW and NFGPP at both 1% and 5% levels of
498  significance [53, 54]. This observation indicates that selection of these traits in parental lines
499  will be helpful for development of hybrids with better yield heterosis. A negative correlation
500 was observed between YLD and PH trait in this study and this is in accordance with the
501 earlier reports [55,56]. A positive but insignificant correlation was observed between PH and
502  SFP which is in accordance with the study of [57-59]. Negative correlation between DFF and

503 PH, PT, NFGPP, TGW, YLD was observed in our study. These results are in accordance
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504  with [60] (for DFF and YLD), with [61] (for DFF and NPT), with [42] (for DFF and NFGPP,
505 TGW) and is not in accordance with [2, 61] (for DFF and PH).

506 All the novel hybrids were observed to be positively heterotic for any of the three
507 categories of heterosis, for at least one important trait related to productivity. However, none
508  of the hybrids showed positive heterosis for all the traits under study and they out yielded the
509 parents and standard hybrid checks for YLD and its allied trait components in various degrees
510 except for PH. For five traits namely, YLD, FLL, FLW, TNGPP and NFGPP, average
511  standard heterosis (SH) for all cross combinations was the highest and the values were in the
512  range of 1.31% (FLW) to 189.01% (YLD). For six traits namely, NPT, PL, NUFGPP, SFP,
513 TGW and DFF, average mid-parent heterosis (MPH) value was highest among the three
514  categories for all cross combinations and it was in the range of 7.52% (NUFGPP) to 46.08%
515  (NPT). The trait PH demonstrated negative heterosis in the novel hybrids. Different values
516  for variance with respect to mid-parent heterosis (MPH), better parent heterosis (BPH) and
517 standard heterosis (SH) was observed among the novel hybrids. These observations are in
518 accordance with earlier observations those previously reported by [3, 62, 63].

519 Estimates of GCA have been used in various crop breeding systems as an index of
520 breeding value of a particular genotype [38]. A higher value for GCA demonstrates the
521  predominance of parental mean over than the general mean. As per [64], high GCA values
522  are not only indicative of the flow of useful genes from parents to offspring at a higher rate
523  but are also an indicator of additive gene action in play. Therefore, from the breeding point of
524  view, an estimate of higher GCA also indicates higher heritability and reduced environmental
525  effects [33] and higher gene interactions [34, 65]. As observed by [36, 66], a parent that is
526  good in per se performance, when used in hybridization may not produce a superior hybrid.
527  In such cases, a superior hybrid can be produced when there would be a proper selection of

528  other parent for hybridization with a poor GCA [67]. In the present study for determining the
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529  best combiner among the lines and testers, positive and significant values were considered for
530 all the traits except DFF, PH and NUFGPP. Among the CMS lines under study, IR58025A
531 demonstrated best combining ability for traits viz., PL (2.11%**), SFP (6.16***) and YLD
532  (6.13***), CRMS32A was observed to show positive and significant GCA for traits namely
533  NFGPP (17.76***) and TNGPP (16.2*). APMS6A was observed to show best combining
534  ability for the traits namely DFF (-6.83***), FLL (3.01**) and NPT (6.22**%*). Since,
535 IR58025A showed higher GCA values for YLD trait and for its two crucial trait components;
536 it was considered to be the best combiner among the lines. Among the testers, DHL-1 was
537  observed to have positive and significant GCA values for the traits namely FLW (0.18**%*),
538 NFGPP (14.18%*), SFP (4.21***) and YLD (4.61***). Tester DHL-2 showed positive and
539  significant GCA values for traits NPT (1.67***) and TGW (2.10***) and desirable negative
540  GCA values for the traits DFF (-6.80***) and PH (-10***). RIL-24 was observed to have the
541  higher GCA values for traits PL (1.17*), NFGPP (20.07**) and TNGPP (21.43**). Lastly,
542  RIL-1 showed positive and significant GCA value for trait PL (1.76***). Therefore, DHL-1
543 was identified to be the best combiner among the testers.These observations are in
544  accordance with reports of [3, 68, 69], wherein no single parent was identified to have a good
545  GCA for all the traits in their studies. [2]demonstrated that the most promising and high
546  yielding hybrids in their study were produced from two of the parents which showed the best
547  GCA for grain yield. In our study, the most promising hybrid (CRMS32A/DHL-1) which
548 showed heterosis for eight traits, an equal predominance of SCA and GCA effects was
549  observed which translated into higher percentages of heterosis than all the standard varietal
550 and hybrid checks. Highest yielding hybrid (IR58025A/RIL-24) was produced from those
551  parents who showed the best and poor GCA for YLD trait. Therefore, our observations are

552  partly in accordance with the report of [2].
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553 If the potential of a parental line to combine well in a particular cross combination is
554  observed then they are supposed to have a good SCA [33]. Based on the GCA of parents,
555  various types of gene actions have been reported for the manifestation of SCA (in cross
556  combinations) among the various crop systems. As observed by [70, 71], both the parents
557  with a good GCA may produce a high SCA effect attributing to additive x additive gene
558 action whereas desirable additive effects of a good combiner and favorable epistatic
559 interactive effects of poor combiner parent comes into play when good and poor GCA parents
560 results in a high SCA effect [72]. Lastly, both the parents having low GCA effects, if
561 observed to bring about high SCA effect, it may be due to over dominance, non-allelic gene
562 interaction i.e., of dominance X dominance type [73]. In our study for two traits namely
563 FLW and PL, no significant SCA effects were observed, indicating that the trait values are in
564  the range of parental averages [2].

565 The SCA estimates of cross combinations and GCA effects of the parents are described
566 in S9-S10 Tables. For the YLD trait, the highest yielding hybrid (50.23 g /plant) derived from
567 IR58025A/RIL-24 resulted from good-by-poor general combiners, which implies that
568 additive x additive gene action, was the causative effect of heterosis in this cross. In the
569 lowest yielding novel hybrid (16.17 g/plant) derived from the cross combination,
570 APMS6A/DHL-2, both the parents were poor combiners for yield. For NPT trait, four cross
571  combinations, APMS6A/DHL-2, APMS6A/DHL-1, IR58025A/DHL-2 and CRMS32A/RIL-
572 24 produced the hybrid with highest number of productive tillers (i.e.,18). Higher
573  predominance of GCA effect on the above mentioned four crosses, additive x additive gene
574  action of parents brought about heterosis in the NPT trait. Though the hybrid from cross
575 combination APMS6A/DHL-2 had more number of NPT, the least number of TNGPP and
576 ~ NFGPP might be attributed to its least yield. The hybrid produced from the cross

577  combination, IR58025A/RIL-1, was observed to have a negative SCA effect with least
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578 number of productive tillers, this demonstrates an occurrence of bad combination of alleles
579  from the parents responsible for negative SCA effect in the hybrid [2]. For TNGPP trait, the
580  hybrid IR58025A/RIL-24 recorded highest number of total grains per panicle (i.e., 211). An
581  exceptionally high SCA value was observed in this hybrid, which validated the SCA's
582 predominance. The nature of GCA effect of one of the parents was high which indicated
583  towards additive x additive gene action for SCA's prevalence. The least number of total
584  grains per panicle was observed in the hybrid APMS6A/DHL-2. The nature of GCA of
585  parents was poor-by-poor that might have resulted in lesser trait expression. Dominance X
586 dominance gene interaction promoted the SCA's dominance on the hybrid but the
587  combination of bad parental alleles contributed for a negative SCA value. For TGW trait, the
588  hybrid IR58025A/DHL-2 with the highest TGW (23.20 g) was observed to have a higher
589  GCA effect than SCA as the nature of GCA effect of one of the parents was high. For the
590 cross combination, CRMS32A/DHL-1 the lowest TGW value of 15.23 g might be due to
591 unfavorable allelic combination from parents resulted in negative SCA value. These results
592 are partly in accordance with [2, 3, 62, 63], who reported that in the crosses analyzed in their
593  studies, despite both the parents being good general combiners, they could not produce
594  hybrids with positive SCA values. In our study, in those cross combinations with higher and
595  positive SCA values (due to high GCA values of parents), good combination of alleles from
596 the parents might have resulted in positive SCA [2]. Also, those cross combinations that
597 showed negative SCA effect value in our study, witnessed low to average GCA parental
598 effects which is not in accordance with [68, 69]. The predicted genetic mechanisms of the
599  SCA delineated in this study were in accordance with the report of [33].

600 In our study, the SCA variance was observed to be higher than the GCA variance.
601  Higher values of dominance genetic variance (6°D) were observed for all the traits except

602 FLW and PL. With respect to traits viz., TNGPP, NUFGPP, PH, YLD, DFF and FLL,these
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603  were under partial dominance, whereas the traits FLW, NPT, PL, NFGPP, SFP and TGW
604  were a consequence of dominance and also the GCA variance ratio for all the traits was
605  below 1. All these observations indicate a predominance of non-additive gene action which is
606  partly in accordance with the report of [2], wherein few traits were observed to be under
607  preponderance of additive gene action. Also, the narrow sense heritability (4°) values were
608  greater than 10 for all the traits with values being lower than broad sense heritability (H?). It
609 is surprising to note that trait PL recorded lower values of both 4#° and H?. This might be due
610  to lower phenotypic variation among the novel hybrids for this trait as explained by [2]. Our
611  observation of non-additive gene action underlying the genetic variance of all the traits under
612 study are in accordance with earlier observations by [74, 75], thus highlighting the
613  importance of non-additive gene action in heterosis breeding.

614 Improvement in the quantitative traits is dependent on factors such as proportionate
615  contribution of GCA and SCA to the crosses along with the type of breeding method to be
616  used for augmenting the trait value and whether early or late generations of breeding material
617  are to be used for the same. These factors help a plant breeder to make crucial decisions in
618  the course of plant breeding. As demonstrated by [76, 77] in other crops such as maize, if the
619  GCA variances exceed the SCA variances, the prediction of GCA effects is based on an
620  assessment of genotypes during early generations which aids in identification of promising
621  hybrids. This is because if a line with good GCA is identified during early generations, this
622  early selection aids in the transfer of favorable and heritable genetic material from parents to
623  offsprings [78]. Early testing of such promising lines with high GCA values not only aids in
624  improvement of parental lines but also reduces the cost and time for its development during
625  breeding programs. When high SCA effect indicates the preponderance of non-additive
626  genetic variance, selection of such lines should be undertaken in later generations when such

627  variances are known to get fixed in homozygous lines [79, 80].
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628 As suggested by [81], a standard heterosis percentage of 20%-30% in a hybrid is
629  considered optimum to mitigate the higher seed cost and bring profit to farmers in self-
630  pollinated crops such as rice. In our study, the promising heterotic combinations (for YLD
631  trait) were assessed for standard heterosis percentages, for trait per se performance and GCA-
632  SCA effects. In our investigation, 58.33% (i.e., seven) of the novel cross combinations had
633  heterosis percentages more than 20% for YLD trait when analyzed for all categories of yield
634  heterosis. Among them, two hybrids namely IR58025A/RIL-24 (50.23 g/plant),
635 CRMS32/RIL-24 (43.90 g/plant) were observed to have standard heterosis of more than 50%
636  when assessed with five standard checks. Also, among the seven novel crosses which were
637  positively heterotic for all categories of YLD trait heterosis, three crosses (42.85%), namely
638 CRMS32A/RIL-24, APMS6A/RIL-24 and CRMS32A/DHL-2 demonstrated high SCA
639  effect. It was interesting to note that, these three cross combinations demonstrated high SCA
640 effects and low GCA value for both the parents. Higher SCA values may be due to over
641  dominance, non-allelic gene interaction i.e., of dominance X dominance type as delineated by
642  [73]. Therefore, as suggested by [3], in order to produce heterotic F;s, selection of parents
643  with diverse GCA effects i.e. high-low and low-low may be undertaken to realize better
644  levels of high heterosis. For TNGPP trait, IRS8025A/RIL-24 cross observed to demonstrate
645  standard heterosis more than 50% with desirable SCA effects. Therefore, the seven cross
646  combinations,  Viz., IR58025A/RIL-24, CRMS32A/RIL-24,  APMS6A/RIL-24,
647 CRMS32A/DHL-1, APMS6A/DHL-1, IR58025A/DHL-2 and CRMS32A/DHL-2 which
648  demonstrated positive heterosis for all the categories of YLD heterosis could be considered
649  for commercial exploitation. The extra-ordinarily higher levels of heterosis (as high as
650  189.01% of standard heterosis in IR58025A/RIL-24as compared to check US314) observed

651 in this study were previously reported by [82, 83]. The identified promising novel hybrids in
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652  this study needs to be evaluated in multi-location trials to assess their consistency with
653  respect to yield heterosis and after validation; they can be released for cultivation.

654

655  Conclusion

656  In the present study, combining abilities of three popular CMS lines (IR58025A, CRMS32A
657 and APMS6A)and four novel restorers (DHL-1, DHL-2, RIL-1 and RIL-24) through line X
658  tester analyses were assessed for their utility in hybrid breeding. CMS line IR58025A was
659 identified as best combiner as it showed positive significant values for total grain yield per
660  plant, panicle length and spikelet fertility. Distinct parents that produced heterotic hybrids
661 and possessing varying levels of SCA effects were identified and they could be utilized for
662  heterosis breeding. Seven cross combinations (IR58025A/RIL-24, CRMS32A/RIL-24,
663 APMS6A/RIL-24, CRMS32A/DHL-1, APMS6A/DHL-1, IR58025A/DHL-2  and
664 CRMS32A/DHL-2) which demonstrated positive heterosis for all the categories of yield
665  heterosis were identified for commercialization. These hybrids could be considered for large-

666  scale cultivation after their validation in multi-location trials.
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903  S1 Fig. Images of panicles of the novel F; hybrid derived from the cross CRMS32A (female
904 parent) and DHL-2 (male parent) along with panicles of hybrid checks, KRH-2, US312,
905 US314, PA6444 and HRI174. CRMS32A/DHL-2 was used as heading of the image. (TIF).
906

907 S2 Fig. Images of panicles of the novel F; hybrid derived from the cross APMS6A (female
908 parent) and DHL-2 (male parent) along with panicles of hybrid checks, KRH-2, US312,
909 US314, PA6444 and HRI174. APMS6A/DHL-2 was used as heading of the image. (TIF).

910

911  S3 Fig. Images of panicles of the novel F; hybrid derived from the cross IR58025A (female
912  parent) and DHL-2 (male parent) along with panicles of hybrid checks, KRH-2, US312,
913  US314, PA6444 and HRI174. IR58025A/DHL-2 was used as heading of the image. (TIF).
914

915  S4 Fig. Images of panicles of the novel F; hybrid derived from the cross CRMS32A (female
916  parent) and RIL-24 (male parent) along with panicles of hybrid checks, KRH-2, US312,

917 US314, PA6444 and HRI174. CRMS32A/RIL-24 was used as heading of the image. (TIF).
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919 S5 Fig. Images of panicles of the novel F; hybrid derived from the cross APMS6A (female
920 parent) and RIL-24 (male parent) along with panicles of hybrid checks, KRH-2, US312,
921  US314, PA6444 and HRI174. APMS6A/RIL-24 was used as heading of the image. (TIF).

922

923  S6 Fig. Images of panicles of the novel F; hybrid derived from the cross CRMS32A (female
924  parent) and RIL-1 (male parent) along with panicles of hybrid checks, KRH-2, US312,
925  US314, PA6444 and HRI174. CRMS32A/RIL-1 was used as heading of the image. (TIF).

926

927  S7 Fig. Images of panicles of the novel F; hybrid derived from the cross APMS6A (female
928  parent) and DHL-1 (male parent) along with panicles of hybrid checks, KRH-2, US312,
929 US314, PA6444 and HRI174. APMS6A/DHL-1 was used as heading of the image. (TIF).

930

931 S8 Fig. Images of panicles of the novel F; hybrid derived from the cross APMS6A (female
932  parent) and RIL-1 (male parent) along with panicles of hybrid checks, KRH-2, US312,
933  US314, PA6444 and HRI174. APMS6A/RIL-1 was used as heading of the image. (TIF).

934

935  SI Table: Estimation of standard YLD heterosis in novel F; hybrids derived from test crosses
936  of selected 16 DHLs with IR58025A assessed in the dry season of 2018-2019 (DOCX).

937

938  S2 Table: Estimation of standard YLD heterosis in novel F; hybrids derived from test crosses
939  of selected 24 RILs (12 high and 12 low yielding) with IR58025A assessed in the dry season
940 0f2018-2019 (DOCX). Footnote common to S1 Table, S2 Table: Rf3/Rf4-fertility restoration
941  major loci, DHL-doubled haploid line, RIL-recombinant inbred line, AKD-Akshayadhan,

942  VRD-Varadhan, KRH-2-Karnataka Rice Hybrid-2. Gist of S1-S2 Tables: Promising cross
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943  combinations are indicated in bold. Four crosses namely IR58025A/DHL-1, IR58025A/DHL-
944 2, IR58025A/RIL-1 and IR58025A/RIL-24 demonstrated positive standard total grain yield
945  per plant (YLD) heterosis when Akshayadhan (AKD) and Varadhan (VRD) were used as
946  standard varietal checks and KRH-2 as standard hybrid check. Molecular assessment of four
947  donors, DHL-1, DHL-2, RIL-1 and RIL-24 with functional markers specific for Rf3-Rf4 loci
948  showed the presence of both the loci. Fertility restoration potential of these donors indicated
949  them to be complete restorers. Therefore, these four donors were chosen for test cross with
950  popular CMS lines, IR58025A, CRMS32A and APMS6A in the wet season 2018 (DOCX).
951

952  S3 Table: Genetic variability estimation for 12 agro-morphological traits in novel hybrids
953  derived from the cross between IR58025A, CRMS32A, APMS6A and DHL-1, DHL-2, RIL-
954 1 and RIL-24. Footnote of the S3 Table: Vg-Genotypic variance and Vp-phenotypic variance,
955  GCV-genotypic coefficient of variance and PCV-phenotypic coefficient of variance, H2,
956  broad-sense heritability, GA-genetic advance and GAM-genetic advance as percent of mean,
957 DFF-Days to fifty percent flowering; PH-Plant Height (cm), FLL-Flag leaf length (cm);
958 FLW-Flag Leaf Width (cm); NPT-Number of Productive Tillers; PL-Panicle Length (cm);
959  TNGPP- Total number of grains per panicle; NFGPP-Number of filled grains per panicle;
960 NUFGPP-Number of unfilled grains per panicle; SFP-Spikelet fertility in percentage; TGW-
961  Test (1,000) grain weight (g); YLD-Total grain yield per plant (g) (DOCX).

962

963  S4 Table: Correlation among the agro-morphological traits studied in novel hybrids derived
964  from the cross between IR58025A, CRMS32A, APMS6A and DHL-1, DHL-2, RIL-1 and
965 RIL-24. Footnote of S4 Table: DFF-Days to fifty percent flowering; PH-Plant Height (cm),
966 FLL-Flag Leaf Length (cm); FLW-Flag Leaf width (cm); NPT-Number of Productive

967  Tillers; PL-Panicle Length (cm); TNGPP- Total Number of Grains Per Panicle; NFGPP-
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968  Number of Filled Grains per Panicle; NUFGPP-Number of Unfilled Grains per Panicle; SFP-
969  Spikelet Fertility in Percentage; TGW-Test (1,000) Grain Weight (g); YLD-Total grain Yield
970  per plant (g); *P < 0.05, **P < 0.01 (DOCX)

971

972 S5 Table: Genetic variances and heritability estimation for total grain yield per plant (YLD)
973 and its allied traits in novel hybrids derived from the cross between IRS8025A, CRMS32A,
974  APMS6A and DHL-1, DHL-2, RIL-1 and RIL-24. Footnote of S5 Table: 6%gca, variance due
975  to general combining ability (GCA); o?sca, variance due to specific combining ability (SCA);
976  ogca / o?sca, GCA variance ratio; 6’A, additive genetic variance; 3*D, dominance genetic
977  variance; (8°D/ 824)1/2, degree of dominance; H?, broad-sense heritability; /#°, narrow-sense
978 heritability; DFF-Days to fifty percent flowering; PH-plant height (cm), FLL-Flag leaf length
979  (cm); FLW-Flag leaf width (cm); NPT-Number of productive tillers; PL-panicle length (cm);
980  NFGPP-Number of filled grains per panicle; NUFGPP-Number of unfilled grains per panicle
981  TNGPP- Total number of grains per panicle; SFP-Spikelet fertility in percentage; TGW-test
982  (1,000) grain weight (g); YLD-Total grain yield per plant (g) (DOCX).

983

984  S6 Table: ANOVA for agro-morphological traits in novel hybrids derived from the cross
985  between IR58025A, CRMS32A, APMS6A and DHL-1, DHL-2, RIL-1 and RIL-24. Footnote
986 of S6 Table: df-degrees of freedom, SS-Sum of Squares, MSS-Mean Sum of Squares, F
987  value-F values statistic, prob-probability value, DFF-Days to fifty percent flowering; PH-
988  Plant Height (cm), FLL-Flag leaf length (cm); FLW-Flag Leaf Width (cm); NPT-Number of
989  Productive Tillers; PL-Panicle Length (cm); TNGPP- Total number of grains per panicle;
990 NFGPP-Number of filled grains per panicle; NUFGPP-Number of unfilled grains per
991 panicle; SFP-Spikelet fertility in percentage; TGW-Test (1,000) grain weight (g); YLD-Total

992  grain yield per plant (g) (DOCX).
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993

994  S7 Table: Estimation of standard heterosis (SH), mid-parent heterosis (MPH) and better
995  parent heterosis (BPH) for total grain yield (YLD) of the novel hybrids derived from the
996 cross between IR58025A, CRMS32A, APMS6A and DHL-1, DHL-2, RIL-1 and RIL-24.
997  Footnote of S7 Table: SH(HRI174) (%)-Standard heterosis in percentage when HRI174 is
998 used as varietal check; SH(PA6444) (%)-Standard heterosis in percentage when PA6444 is
999  used as varietal check; SH(US314)(%)-Standard heterosis in percentage when US314 is used
1000 as varietal check; SH (US312)-Standard heterosis in percentage when US312 is used as
1001  varietal check (%); SH(KRH-2)(%)-Standard heterosis in percentage when US314 is used as
1002  varietal check; MPH (%)-Mid parent heterosis; BPH (%)-Better parent heterosis, RIL-1-
1003  highest yielding RIL, RIL-24-low yielding RIL, DHL-1-Highest yielding doubled haploid
1004  line, DHL-2, Second highest yielding doubled haploid line; *P< 0.05, **P< 0.01 (DOCX).
1005

1006 S8 Table: Estimation of standard heterosis, mid-parent heterosis and better parent heterosis
1007  for yield related components in novel hybrids. Footnote of S8 Table: SH(HRI174) (%)-
1008  Standard heterosis in percentage when HRI174 is used as varietal check; SH (PA6444) (%)-
1009  Standard heterosis in percentage when PA6444 is used as varietal check; SH (US314)(%)-
1010  Standard heterosis in percentage when US314 is used as varietal check; SH (US312)-
1011  Standard heterosis in percentage when US312 is used as varietal check (%); SH (KRH-2)(%)-
1012  Standard heterosis in percentage when US314 is used as varietal check; MPH (%)-Mid parent
1013 heterosis; BPH (%)-Better parent heterosis, RIL-1-highest yielding RIL, RIL-24-low yielding
1014  RIL, DHL-1-Highest yielding doubled haploid line, DHL-2, Second highest yielding doubled
1015  haploid line; *P < 0.05, **P < 0.01 (DOCX).

1016
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1017 SO Table: Trait-wise per se performance, SCA-GCA effects in most promising novel hybrid.
1018  Foot note of S9 Table: YLD-Total grain yield per plant (g), DFF-Days to fifty percent
1019  flowering; PH-Plant Height (cm), FLL-Flag leaf length (cm); FLW-Flag Leaf Width (cm);
1020  NPT-Number of Productive Tillers; PL-Panicle Length (cm); NFGPP-Number of filled
1021  grains per panicle; NUFGPP-Number of unfilled grains per panicle TNGPP- Total number of
1022  grains per panicle; SFP-Spikelet fertility in percentage; TGW-Test (1,000) grain weight (g);
1023 *P < 0.05; **P < 0.01; ***P < 0.001; t-early flowering hybrid than HRI174, 1- denotes
1024  hybrids heterotic than controls namely HRI174, PA6444, US314, US312, KRH-2, Y-denotes
1025 less number of unfertile grains than standard hybrid checks. Gist of S9 Table: The novel
1026  hybrid was observed to be heterotic than the standard checks for eight crucial yield related
1027  viz., YLD, DFF (early flowering hybrid), NPT, TNGPP, NFGPP, NUFGPP, SFP% traits due
1028  to higher prevalence of specific combining ability (SCA) making it the best performing
1029  hybrid (DOCX).

1030

1031  S10 Table: Trait-wise per se performance, SCA-GCA effects in novel hybrids. Foot note of
1032 S10 Table: YLD-Total grain yield per plant (g), DFF-Days to fifty percent flowering; PH-
1033  Plant Height (cm), FLL-Flag leaf length (cm); FLW-Flag Leaf Width (cm); NPT-Number of
1034  Productive Tillers; PL-Panicle Length (cm); NFGPP-Number of filled grains per panicle;
1035  NUFGPP-Number of unfilled grains per panicle TNGPP- Total number of grains per panicle;
1036  SFP-Spikelet fertility in percentage; TGW-Test (1,000) grain weight (g); *P < 0.05; **P <
1037  0.01; ***P < 0.001, SCA-Specific Combining Ability, GCA-General Combining Ability; 1-
1038  denotes hybrids heterotic than controls namely HRI174, PA6444, US314, US312, KRH-2; -
1039  denotes less number of unfertile grains than checks; f-early flowering hybrid than all checks;

1040  -early flowering hybrid than HRI174, KRH-2 only; l-early flowering hybrid than donor
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1041  parent, RIL-24, only; e-early flowering hybrid than all checks except US312; O-early
1042  flowering hybrid than all checks except US314 (DOCX).

1043

1044  S11 Table: Per se performance of cross combinations and SCA effects in hybrid
1045  improvement. Footnote of S11 Table: *P < 0.05; **P < 0.01; ***P < 0.001. As opined by
1046  Gramaje et al. (2020) selection of cross combinations with high SCA does not lead to the
1047  direct improvement in self-pollinated crops such as rice but we have demonstrated that
1048  crosses with high SCA have considerably improved the traits namely YLD, TNGPP, DFF
1049  (early flowering), PH, FLL, FLW, NFGPP, SFP and NUFGPP. Therefore, from our study, it
1050 can be concluded that the selection of crosses with high SCA did automatically transfer the
1051  SCA effects to better hybrid performance which is contrary to that of Gramaje et al. (2020).
1052  Cross combinations in this study with improved traits due to high SCA are ideal for heterosis
1053  breeding (DOCX).

1054

1055
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