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INTRODUCTION

Rice, which has been documented as a source of food as far back as
2500 BC in history books, has fed more people over longer period of time than any
other crop in the world. It is the main source of food for approximately half of the
world’s population and hence, may be the most important plant on the earth
(Shimamoto, 1995; Goff, 1999). Rice is one of the most important cereals produced
annually at worldwide levels of approximately half a billion tons. However, unlike
other major cereals, more than 90% of the rice is milled almost exclusively as food
for human consumption (Goff, 1999) and forms three fourths of the total diét of
millions of people. This member of the grass family (Gramineae) is abundant in

carbohydrates and is a major source of protein for the masses of Asia (Chang, 1984).

In Asia alone, 90% of the world’s rice is produced and consumed. Most of the
consumers, who depend on rice as their primary food, live in less developed
countries. It is foreseen that the world’s population may exceed 8 billion by 2025 and
will need about 765 m tons of rice, 70% more than what is consumed today. This
increase in rice production must be achieved through utilization of less land, less
water, fewer agrochemical and other inputs. It is thus imperative to find ways and
means to lift the present yield level, optimize the use of various inputs such as water
and fertilizer in order to make the rice production efficient, cost effective, suitable for

resource-poor farmers, sustainable and environment friendly (Riveros, 2000).

Rice will continue to occupy a pivotal place in global food and livelihood
security systems. Accounting for 42% of India's food grain production, sustained
self-sufficiency of rice is vital for the country’s food security. With practically no scope

for expansion of net area under rice, limited opportunities for bringing more area
T fxgq



CHAPTER 1 Introduction 2

under irrigated crop and the lack of ideal high yielding varieties to cater the needs of
the vast rainfed ecosystem, increase in rice production has to come from alternative
technological options. With Green Revolution, a series of high yielding rice varieties
became available and most of the rice growing countries in Asia, where almost 90%
of the world’s rice is grown, became self-sufficient in rice production (Lampe, 1991).
However, a fear of food shortage looms again as the yields of the high yielding
varieties has reached a plateau and now the major challenge faced by today’s

breeders is breaking the yield barrier.

Nonetheless, opportunities do exist to meet the future production demands.
They broadly include: consolidation of untapped yield potential of the currently
available high yielding varieties, maximization of yield level of rainfed ecologies and
raising the genetic ceiling of yield. For raising the yield potential, three major
strategies are being contemplated. They are (i) exploitation of hybrid vigor, (ii) plant
type improvement with more efficient physio-morphological frame and
(iii) engineering the starch biosynthetic pathway. Of the three, the first one is readily
an adoptable technology since identification of the strong and stable source of
cytoplasmic hale sterility in the early seventies and development of commercially
viable hybrid rice technology by late seventies in China (Yuan, 1987; Lin and Yuan,

1980).

Conviction of its more than one ton yield advantage over the best high
yielding varieties promp;[ed Chinese farmers to adopt the hybrid rice technology
extensively. More than 55% of the total rice area is planted presently to hybrid rice in
China accounting for about 66% of rice production. The impact of 25-30 m tons of
rice added annually through adoption of this technology has led China, a chronically

food deficient country, to become self-sufficient and to have surplus enough to divert
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over 3 m ha. of prime rice land for non-food crops of commercial value (Yuan, 1996).
If the success story of hybrid rice technology is replicated anywhere outside China, it
is in India. Hybrid rice breeding research was augmented in India in 1990; taking
advantage of IRRI developed CMS lines, well suited to tropical environment; which
enabled India to come out with as many as one dozen hybrids for commercial
planting by 1995 (Siddig, 2000). The hybrids, largely of medium early maturity
combining fine grains with yield advantages comparable to that in China, have been

planted over 2 lakh ha. during the wet season of 2000.

Nevertheless, the techn-ology is yet to catch imagination of the growers, given
the slow pace of adoption. Early maturity as against widely preferred varieties of
medium to medium-late maturity, aroma and unacceptable cooking quality in the
traditional rice-eating regions and high vulnerability to diseases and pests,
characteristics of the first and second generation hybrids, are some of the major
factors attributable to the slow pace of adoption. Envisaged spread of the technology
crossing 10 m ha. mark by 2010 and its sustainability would however depend on hdw
successful we would be in shaping the future hybrids with progressively higher yields,
better grain quality to meet the changing socio-economic needs and enhanced level

of tolerance to major biotic and abiotic stresses (Siddiq, 1997).

Exploitation of hybrid vigor is one of the means to raise the genetic yield
ceiling in crop plants. In open pollinated crops like maize and pearl millet and often
cross-pollinated crops like sorghum, the phenomenon of heterosis is being exploited
since decades. For commercial hybrid seed production in any crop, male sterility is
important, which is achieved through various approaches that include manual,
chemical and genetic means. In rice, which is a strictly self-pollinated crop,

identification of a stable and strong source of cytoplasmic male sterility (wild abortive,
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WA) has helped develop commercially viable three line hybrids since late seventies

in China (Yuan, 1996).

Hence a breakthrough in breaching the existing yield barrier in rice seems
possible through exploitation of heterosis for which a critical understanding of
morpho-physiological and biochemical characters affecting heterosis is essential in
order to enhance the present level of heterosis (Singh et al., 1996). The lack of
information on these characters appears to be a major hindrance in enhancing the
yield potential of hybrid rice. The physiological and biochemical explanation for
phenotypic expression of the characters in heterotic hybrids Iike‘ higher biomass
yield, higher harvest index, higher photosynthetic efficiency, lower photorespiration,
greater vigor in growth, leaf area, early flowering, etc. and the knowledge of
interrelationship among these components and their direct and indirect effects on
grain yield will be useful for plant breeders for better selection of parents (Akita,

1988). This approach should help to develop superior hybrids.

Heterosis or hybrid vigor is the evident superiority of a hybrid over its parents
with respect to any measurable attribute. Since growth and yield are the results of a
series of physiological processes, which are ultimately governed by biochemical
reactions, heterosis may be manifested either in increased rates of metabolic
reactions or in a more efficiently organized metabolic system, or both (Hongde,
1988). It is thus evident that a suitable approach to study the phenomenon of
heterosis is to analyze the biochemical and physiological processes that control

growth and development (Kim and Rutger, 1988; Banga, 1998).

Faster leaf area development at early vegetative stage, due to increase in leaf

number and high tillering, has been reported to be highly correlated with shoot dry
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matter and thus vigorous growth rate (Ponnuthurai et al,, 1984). Hybrid rice has
higher leaf area and better light distribution in the canopy, which favors
photosynthesis, resulting in yield heterosis at later stages (Zhende, 1988). In
addition, high heterosis for amylase and a-amylase activities has beén reported to be
the major factors for early germination and vigorous growth of seedlings (Hongde,
1988). Ramesha et al. (1999) found that yield heterosis in hybrids results mainly due

to heterosis for biomass yield coupled with heterosis for panicle dry weight.

The physiological and biochemical characters are very important in
determining grain yield, biological yield and harvest index. However, the nature and
pathway of their influence is yet to be fully understood. Grain yield is the product of
biological yield and harvest index. It can therefore be increased by increasing either

-biological yield or harvest index, or both (Akita, 1988). Biological yield is the product
of the rate of dry matter aécumulation and the duration of growth. Net photosynthesis
assumes an important role in determining the biological yield. Hence, to improve the
grain yield substantially, various physiological and biochemical characters influencing
photosynthetic efficiency and the rate of dry matter accumulation such as crop
growth rate (CGR), net assimilation rate (NAR), leaf area index (LAl), nitrate

reductase activity, a-amylase activity etc. need to be taken into account.

Further, since heterosis is a phenomenon of superior growth, development,
_ differentiation and maturation caused by the interaction of genes, metabolism and
environment, a simple explanation of heterosis based solely on the nuclear genome
heterozygosity appears untenable (Shrivastava, 1981). Therefore, a logical approach
to explain heterosis would be to take into account the nuclear genome heterozygosity
as well as the effect of cytoplasm. Similarly, the differences observed in reciprocal

crosses should also be taken into account.
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The knowledge of genetics of various morpho-physiological and biochemical
characters influencing grain yield is also essential to select parents for hybridization
to produce highly heterotic hybrids. There is a need to analyse the physiological and
biochemical bases of heterosis and to understand the genetic bases of these

characters influencing biomass, harvest index and yield in rice.

Keeping the foregoing problems in view, present investigations were

undertaken with the following objectives:

1) To study heterosis for various morpho-physiological and biochemical parameters
influencing yield components and their association with grain yield,

2) Genetic analysis of selected morpho-physiological and biochemical characters,

3) To study the reciprocal differences in relation to heterosis for yield and yield
components.



REVIEW OF LITERATURE

The term ‘heterosis’ was coined by Shull (1914) and may be defined as the
superiority of Fy over its parents with respect to yield, growth rate, vigor etc. and
‘hybrid vigor' as the manifest effect of heterosis. East and Hays (1912) first
suggested exploitation of heterosis as an alternative strategy for crop improvement.
This concept was put to practical use by Jones (1917) who proposed the scheme for
development of double cross hybrids and by Davis (1927), who demonstrated
development of top cross hybrids in maize. Amazingly, by the year 1940, half of the
world’s maize acreage was under hybrids. The superiority of F; over mid-parent is
known as ‘mid-parent heterosis’ or ‘relative heterosis’ while ‘heterobeltiosis’ refers to
the superiority of F, over its ‘better parent’. However, better parent of a hybrid may
not always be better or even equal in performance to the commercial or standard
variety. Therefore, from a Breeder's point of view, the superiority of F, over a
‘commercial check’ or ‘standard variety’, known as ‘standard heterosis’, has more

significance (Mukherijee, 1995).

2.1 Genetic basis of heterosis

The genetic basis of heterosis has been debated for more than 80 years and
is still not resolved (Xiao et al., 1995). It is sought to find explanations for inbreeding
~ depression in cross-pollinated crops and vigor expressed in hybrids in self-pollinated
crops. Attempts have been made to explain these phenomena by three main
hypotheses: i) dominance hypothesis, ii) overdominance hypothesis and iii) epistasis

hypothesis.
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According to the dominance hypothesis, proposed by Davenport in 1908,
heterosis is due to cancellation of the deleterious effects of recessive alleles
contributed by one parent, by favorable effects of the dominant alleles contributed by
the other parent in the heterozygous F,. If such an explanation holds true to account
for heterosis in hybrids, it should be possible to accumulate all the favorable
dominant alleles in inbreds, which should be able to perform as good as the hybrid.
However, the large number of genes involved in governing quantitative characters
like grain yield and linkage of deleterious recessive genes with favorable dominant
genes preclude the possibility of recovering homozygous lines as vigorous as the

hybrid.

The overdominance hypothesis, proposed independently by Shull and East in
- 1908, assumes that heterozygous combination of the alleles at a single locus is
superior to either of the hohozygotes for that locus. Hence, according to
overdominance hypothesis, no homozygote can be obtained that equals in
performance the overdominant heterozygote. Overdominance has been
demonstrated in several characters that are controlled by single genes and hence it
is argued that the hypothesis may not hold good for quantitative characters, which

are governed by polygenes.

The epistasis hypothesis takes into account the non-allelic interactions to
explain heterosis in F;. Jinks and Jones (1958) observed a significant association
between epistasis and heterosis in 80% of heterotic crosses in Nicotiana rustica.
However, they pointed out that not all heterotic crosses showed significant non-allelic
interactions and conversely, not all the crosses showing significant non-allelic
interactions were heterotic. Multiplicative interaction between some loci has also

been reported. Jinks (1983) observed inadequate evidence of genuine
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overdominance for quantitative characters and opined that apparent dominance due
to epistasis and linkage disequilibrium were common contributors to heterosis.
Schnell and Cockerham (1992) found that additive x additive epistasis resulting from
multiplicatively acting gene effects could lead to heterosis. Zhang et al. (2001) also
demonstrated epistasis underlying the genetic basis of quantitative characters and

heterosis in rice.

These observations have important implications for genetic interpretation of
mid-parent heterosis observed in self-pollinated crops that show little or no
inbreeding depression. The heterosis observed might be primarily due to additive x
additive epistasis, which does not contribute to inbreeding depression (Lamkey and

Edwards, 1999).

2.2 Physiological basis of heterosis

Hybrid vigor is a product of many physiological and biochemical processes.
Ashby (1930) proposed that heterosis resulted from a greater initial weight of the
hybrid embryo (initial capital) resulting from some processes between fertilization and
maturation of seeds and maintenance of this initial advantage throughout the growth
period. Thus, according to him, hybrids did not differ from their parents in relative
growth rate. Hybrids usually show a higher growth rate immediately after germination
and maintenance of this initial advantage throughout the growth period to ultimately
result in quantitative differences in size and yield (Singh et al., 2000). They generally
produce more grain yield per day per hectare, indicating their higher physiological

efficiency (Yuan and Virmani, 1988).

Heterosis in early seedling growth is associated with better absorption and

assimilation of several nutrients. Hybrids usually absorb and utilize much more
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amount of nitrogen and phosphorus than their inbred parents. The dominant
inheritance of greater branched root system in hybrids leads to higher nutrient
absorption (Singh et al, 2000). Since root growth depends on shoot growth,
enhanced photosynthesis in hybrid resulting mainly due to greater leaf area index,
leads to enhanced root growth. This in turn results in heterosis for nutrient absorption

and mobilization, culminating in overall heterosis.

2.3 Biochemical basis of heterosis

Heterosis for growth and yield is a product of many physiological and
biochemical processes, each of which is controlled by one or more specific enzymes,
which are ultimately under genetic control. According to the ‘bottlen_eck concept of
heterosis’, the inbred parents lack either of the favorable dominant genes that control

‘a synthetic pathway and hence cannot synthesize the final product. However, both
these dominant genes come together in the hybrid between them, which is capable
of synthesizing the final product and subsequently expressing heterosis (Mukherjee,

1995).

Robbins (1952) supported this hypothesis based on his experiments with
growth rates of excised tomato roots. The variety Red currant had a ‘bottleneck’ for
pyridoxine production, while the variety Johannesfeuer had a ‘bottleneck’ for vitamin
nicotinamide production. Hence, the roots of these two varieties needed artificial
supply of the corresponding metabolite for growth. However, the hybrid between
them was able to produce both the metabolites, by virtue of having the dominant
active alleles for synthesis of the metabolites and did not need external supply of

these for rapid root growth.
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In maize, it was observed that hybrids had higher endogenous levels of GA;
than their parents, which resulted in heterosis for shoot growth. On the contrary, low

endogenous GA; content in the inbreds limited their growth (Mukherjee, 1995).

2.4 Molecular basis of heterosis

Heterotic expression of various characteristics can be traced to the genetic
apparatus of the cell. Therefore, the nature of heterosis can be better understood by
studying its expression at the cellular and genomic levels. Heterosis at the molecular
level has a direct bearing on the physiological advantages in the hybrid through

regulation of metabolism (Singh et al., 2000).

Kostyshin and Masikevich (1984) showed that highly heterotic hybrids had
significantly higher content of nuclear DNA than their parents. They suggested that
inbreeding leads to reorganization and smoothening of the intra-molecular
heterogeneity of the genome and decrease of nuclear DNA content in inbreds.
Crossing of the inbreds leads to complementation of the parental genomes and
recovery of the lost segments in the genome of the hybrid, thus reestablishing
intra-molecular heterogeneity of nuclear DNA for expression of heterosis. Romagnoli
et al. (1990) studied the relationship between gene expression and hybrid vigor in
primary root tips of young maize plantlets and observed that there are sets of
proteins and mRNAs that are differentially synthesized and expressed in the F,
primary root tips in comparison to the parental lines. Similar observations were made

by Qixin et al. (1999) in wheat.

Molecular marker based investigations have revealed that dominance is the
major genetic basis of heterosis in rice (Xiao et al., 1995), while overdominance plays
an important role in heterosis in maize (Stuber et al., 1992). In fact, the later identified

heterotic QTLs in maize inbreds (TX 303 and Oh 43) and mobilized them using
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marker-assisted selection to improve the inbred parents (B 73 and MO 17) of a
commercial hybrid. The inbred B 73 was improved with the QTLs from TX 303 and
MO 17 was improved with the QTLs from Oh 43. When the improved inbreds were

crossed, significant gain in yield of the existing commercial hybrid was obtained.
2.5 Biometrical basis of heterosis

Combining ability analysis has been useful in identifying potential parents to
produce heterotic hybrids. Generally, the probability of getting heterotic hybrids is
high in parental lines having high GCA effects. Studies conducted at IRRI indicate
that the heterotic hybrids had at least one of the parents with high GCA effects,
though sometimes, heterotic hybrids were observed among parents having low GCA
effects. In addition, occasionally parents showing high GCA did not result in heterotic
- hybrids. Apparently, the prediction of heterotic combinations of parents cannot be
made accurately based of combining ability studies alone (Nanda and Virmani,
2000). Studies on gene action and combining ability indicate that both GCA and SCA

effects are important.

Biometrical studies carried out at Birmingham School, UK, provided a highly
convincing proof in favor of dominance hypothesis. The biometrical aspects of

heterosis can be briefly explained as follows:

Considering the joint effect of all loci, in which the two populations differ, the

expression of heterosis can be illustrated as follows (Falconer, 1982):

HF1 =3 dy2

Where, HF; = heterosis obtained in F, hybrid,
d = degree of dominance and,
y = differences in gene frequencies between the two populations.
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Therefore, heterosis can be maximized by maximizing i) d, the degree of

dominance, ii) y, the difference in gene frequency, or iif) both d and h.

Gallis (1988), however, opined that although biometrical analysis gives some
insight into the relative importance of dominance and overdominance, such analyses
are not powerful enough to elucidate the role of overdominance, if it exists only for a
part of a set of loci involved in governing the quantitative characters of interest. It is
difficult to establish conclusive proof for the genetic basis of heterosis for either the
dominance or overdominance hypotheses because of the compilexity of inheritance
of quantitative characters such as yield. All types of gene interactions, both inter- and
intra-allelic are probably involved. Heterozygosity for regulatory genes may lead to
greater homeostasis in a variable environment and heterosis might be the result of
genotype x environment interaction and such mechanism will be a fundamental

property of the hybrid at the diploid level.

2.6 Maternal effects and heterosis

If = dy? is the sole cause of heterosis, all reciprocal hybrids should be equally
heterotic as direct hybrids, as the degree of dominance and differences ih gene
frequencies will not change by making reciprocal crosses. However, in practice it has
been observed that in majority of the cases, reciprocal hybrids were not equally
heterotic, indicating the role of organelle genome and its interaction with nuclear

genome in manifestation of heterosis (Singh et al., 2000).

Maternal effects are present if the mean performance of reciprocal crosses
differ. Mather and Jinks (1971) symbolized the maternal effects as [d.] for P,
maternal parent and -[d,] for P, mother. Therefore, performance of the parents, F,

and reciprocal F, (RF,) can be expressed as follows (Banga, 1998):
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P, =m+[d]+[dn]
P,  =m-[d]- [dn]

Fi =m+[h]+[dn] (P, mother)
RF,  =m+ [h] - [dn] (P, mother)

The positive or negative sign of the maternal component [d,,] will depend on
whether the P; mother contributes more or less than the P, mother. The maternal

component can be calculated as:

Fi-RFy  =(m+[h] +[dn]) - (m + [h] - [dn] )
F1 - RF1 =2 [dm]

Therefore, [dm] = ¥2 [F1 - RF4]
2.7 Heterosis in rice

Ever since heterosis in rice was first reported by Jones (1926), the presence
of significant standard heterosis for yield, yield components and several other
characters has been reported by numerous rice researchers. The available literature
with respect to various physiological, biochemical, biometrical and molecular biology

aspects affecting yield components and grain yield in rice are presented below.

2.7.1 Yield and Yield components

Positive standard heterosis in grain yield reported in rice hybrids is attributed
to the increased biomass yield, resulting due to increased leaf area index and higher
crop growth rate and harvest index, resulting due to high spikelet number and
increased grain weight (Ponnuthurai et al., 1984). Heterosis in number of panicles
per plant, spikelets per panicle and spikelet fertility varies highly among the crosses

due to compensation of yield components and cultivation practices (Akita, 1988).
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2.7.1.1 Plant height: Dwarfness may be one of the most important agronomic
characters, because it is often accompanied by lodging resistance and thereby
adapts well to heavy fertilizer application (Futsuhara and Kikuchi, 1984). Pillai (1961)
and Singh and Singh (1978) repdrted negative heterosis for plant height, while
Virmani et al. (1982) observed that the hybrids were almost equal to or slightly taller
than the parents. However, most studies have reported higher mid-parent heterosis
in plant height and some have reported heterobeltiosis and standard heterosis (Kim
and Rutger, 1988). Because plant height is negatively correlated with lodging
resistance, positive heterosis for plant height in hybrids would not be desirable,

particularly with high nitrogen fertilization.

2.7.1.2 Days to flowering: Most data have indicated negative heterosis for days to
- flowering in rice (Chang et al., 1973: Singh et al., 1980; Fujimaki and Yoshida, 1984).
However, some studies have reported both positive and negative heterosis for this
character. Vijayakumar et al. (1 997) found that hybrids outyielded their parents when
their days to 50% flowering were similar or more than their respective restorers. They
“concluded that superior hybrids could be identified early by comparing their tiller
number, plant height and days to 50% flowering with those of their respective

restorers.

2.7.1.3 Days to maturity: Lin and Yuan (1980) observed that most hybrids had
longer growth duration, however, Xu and Wang (1980) reported that days to maturity
depended on the restorer. Conversely, Ponnuthurai et al. (1984) reported hybrid
growth duration similar to that of the shorter growth duration parent. Alternatively,
- Virmani (1999) noted that growth duration did not correlate with expression of
heterosis and hence heterotic hybrids could be developed with a range of desired

growth duration.
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2.7.1.4 Number of panicles: Virmani et al. (1981) reported heterobeltiosis to range
from -45% to 505% for number of panicles per plant in rice. While, Kumar et al.
(1994) reported heterobeltiosis for panicles per plant to range from 1% to 41% in
their studies. Kim (1985) found no heterosis in panicles per sq. meter and stated that
usually panicles per sq. meter did not contribute significantly to yield heterosis.
Zhende (1988), however, reported a hybrid, Gang-Hua 2 having 20% more panicles

per sq. meter than its parents.

2.7.1.5 Panicle characters: Hybrid rice has bigger panicles and more spikelets per
panicle than conventional rice. Zhende (1988) reported that the hybrid Gang-Hua 2
had 20% more panicles per sq. meter, 12% more filled spikelets per panicle, 43%
more total spikelets per sq. meter and 34% more filled spikelets than its better

parent.

2.7.1.6 Grains per panicle: Virmani et al. (1981) reported heterobeltiosis for grains
per panicle to range from -70% to 55%. Similarly, Virmani et al. (1982), Nijaguna and
Mahadevappa (1983) and Kim (1985) reported that heterosis in yield was mainly due

to more grains per panicle and heavier 1000-grain weight.

2717 Tbtal number of spikelets: Kim (1985) reported significant positive
heterosis, heterobeltiosis and standard heterosis for number of spikelets per plant
and 1000-grain weight. Blanco et al. (1986) observed high heterosis in spikelet
number per sq. meter and slight positive heterosis in grain weight. Heterosis in other
yield components such as panicles per plant, spikelets per panicle and spikelet
fertility varied highly among crosses and cultivation conditions due to yield
component compensation. They reported a higher harvest index in some hybrids,

which was chiefly due to higher heterosis in spikelets per sq. meter and grain filling.
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Additionally, the higher harvest index also resulted due to short duration of the
hybrids (Akita, 1988). These results indicate that hybrids grow faster in vegetative

stage and maintain this advantage till heading.

2.7.1.8 Spikelet fertility: Kim (1985) did not find significant heterosis in spikelet
fertility and stated that spikelet fertility did not contribute significantly to heterosis.
However, Kim and Rutger (1988) reported that in_some studies, increased yield in
most heterotic hybrids was due to heterosis in spikelet fertility and panicle number;
heterosis in 1000-grain weight did not contribute much towards yield. Conversely,
Ramesha et al. (1999) found negative heterosis for spikelet fertility. With respect to
gene action in governing this character, Siddiq et al. (1994) reported non-additive

- gene action to be predominant.

Performance of any cross is normally estimated on the basis of the final grain
yield, which in turn is affected by several characters contributing to vyield. For
example, Joshi (2001) observed high positive heterosis in several yield components:
however, the grain yield was low. On further analysis, it was revealed that high
negative heterosis for spikelet fertility masked the positive and significant

performance of the other yield components, resulting in poor grain yield.

2719 1000-grain weight: The yield advantage of hybrids is primarily due to higher
grain weight and more number of spikelets. Virmani ef gl (1981) reported
heterobeltiosis to range from -31% to 14% for 1000-grain weight. Kim and Rutger
(1988) observed positive heterosis predominantly in 1000-grain weight and number
of spikelets per plant. They also observed high correlation between 1000-grain
weight and grain yield. Kumar et al. (1994), however, found that heterobeltiosis for

grain weight and filled grain ratio were not significant. They noted that grain weight
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was highly correlated to grain size, which is a product of grain length and width that
are inherited independently and this independent inheritance lead to variation in F,
grain weights. They also observed that heterosis in grain weight differed according to

cross combination.

2.7.1.10 Biomass yield: Heterosis in grain yield is well demonstrated in rice (Virmani
and Edwards, 1983). Grain yield is the product of dry matter accumulation and
harvest index. High heterosis for biomass yield has been demonstrated in rice
hybrids. However, heterosis for harvest index although reported (Blanco et al., 1990),
was less frequent than for biomass yield. Thus, heterosis for grain yield in rice is

mainly due to increased dry matter accumulation (Yamauchi, 1994).

Hybrid superiority to conventional varieties in biomass yield has been
reported widely. High vyielding hybrids also showed significant heterosis and
heterobeltiosis for total dry matter and harvest index (Ponnuthurai et al., 1984: Kim,
1985). Kim and Rutger (1988) noted that hybrids that gave high grain yields also
produced high biomass. However, too much vegetative growth of hybrid during early
developmental stages resulted in excessive shading and produced no heterosis in
yield. Hence, promoting high dry matter through excess vegetative vigor in the
hybrids may not be useful in increasing yield. Certain hybrids that showed too much
of vegetative growth had lower harvest index. In addition, biomass yield at different
growth stages showed different patterns for hybrid rice and conventional rice. Hybrid
rice has more dry matter accumulation in the early and middle growth stages
whereas, conventional rice has more in late growth stages. Hybrid rice also

accumulates more total dry matter than conventional rice (Zhende, 1988).
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Ramesha et al. (1999) found that yield heterosis in hybrids resuits because of
heterosis for total dry matter at different growth stages, coupled with heterosis for

panicle dry weight, without much change in harvest index.

2.7.1.11 Harvest index: Sitaramaiah et al. (1998) observed that the high yielding
hybrids also recorded higher biomass yield and harvest index. It was found that the
hybrids showed a superior performance because of more grains per panicle, which

was indicated by higher harvest index.

2.7.1.12 Grain yield: Several workers have reported pfesence of significant
heterobeltiosis and standard heterosis for rice grain yield. Wei (1980) found that the
best hybrids outyielded check varieties by 24-55%. Virmani et al. (1981) presented
data on the large variation in heterosis and heterobeltiosis for yield and yield
éomponents. They reported heterobeltiosis to range from -91% to 369% for yield;
however, most of the data showed the range of about 20-40%. Virmani et al. (1982)
reported up to 73% heterosis, 57% heterobeltiosis and 34% standard heterosis in
grain yield. Reddy etal. (1984) reported a hybrid with 68% heterosis, 33%
heterobeltiosis and 24% standard heterosis in grain yield. Kim (1985) reported four
hybrids, which showed up to 92% heterosis, up to 48% heterobeltiosis and up to 43%
standard heterosis in grain yield under 3 different N levels (120, 180 and 240 Kg
N/ha.). Moon et al. (1994) observed standard heterosis for grain yield ranging from
9-42%, with an average of 21%. They observed maximum positive heterosis in
experimental plots ranging from 29-92% and standard heterosis ranging from
25-85%. Virmani et al. (1994) found that the yield advantage of hybrids over check

varieties was higher in high yielding environments than in low yielding environments.
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Phenotypic expression of growth and yield are the results of a series of
genetically controlled biochemical and physiological reactions. Heterosis can
increase the size of source as well as of sink in the rice plant. To understand sink
and source relationship, study of physiological and biochemical characters such as
photosynthetic area, photosynthetic efficiency, chlorophyil content, soluble proteins,
enzyme activities, etc. is essential. For high yields in hybrid rice, sink is not the
limiting factor that is in conventional rice. Thus, hybrid rice yields can be increased by
_breeding for enhanced relation between source and sink; improved canopy structure

and by improving nutrient status of the soil at late growth stage (Zhende, 1988).

2.7.2 Physiological aspects

Heterosis in rice has been reported in several agronomic characters that
influence yield. These include biomass vyield, harvest index, leaf area index, crop
growth rate, chlorophyil content, grains per panicle and Per sq. meter and 1000-grain
weight. it has also been reported for early maturity, root length, root weight and other
characters. Hybrids generally produce more grain yield per day per hectare,

indicating their higher physiological efficiency (Yuan and Virmani, 1988).

Qingquan et al. (1988) noted that hybrids had higher photosynthetic
efficiency, lower respiration intensity, stronger root system and shorter growth
duration than conventional varieties. They found that LAl in hybrids was 17-34%,
higher than that of conventional varieties at flowering and photosynthetic potential of
21-26% higher from tillering to flowering. Thus hybrids could absorb more solar
energy because of higher LAl Hybrid rootability was 21-34% higher than
conventional varieties at seedling stage. Hence, hybrids have wider and deeper root
distribution and more ability to absorb water and fertilizers. However, they pointed out

that larger sink size and insufficient source in new hybrids resulted in more unfilled
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spikelets per panicle. They concluded that better crop management in later growth
stages and higher photosynthetic activity maintained in functional leaves would

correct the imbalance between sink and source.

Singh et al. (1996) studied ten physiological characters in thirteen hybrids,
their parents and a local check. They observed that magnitude of heterosis differed
from character to character depending on the hybrid combination. Majority of the
hybrids exhibited significant positive heterosis, heterobeltiosis and standard heterosis
for flag leaf area, chlorophyll content, stomatal conductance, peroxidase activity and
seed protein. Some hybrids, which exhibited high heterosis for grain yield, also
showed strong heterosis for above characters, suggesting a positive relationship of
these characters and grain yield. However, most of the hybrids exhibited low
heterosis for soluble protein and chlorophyil ratio. They. did not observe a specific

relationship between photosynthetic rate and grain yield.

2.7.2.1 Leaf area: Leaf area of hybrids is larger because there are more leaves at
the seedling stage and individual leaves are longer and wider. Blanco et al. (1986)
found heterosis in leaf area development and shoot dry weight and a high correlation
between them at early vegetative growth stage. This indicates that heterosis in leaf
area development during seedling stage would be the key to vigorous growth after
transplanting. During vegetative growth, the LAl of hybrid rice increases rapidly and
the leaf area duration is significantly longer than it is in conventional rice. The rapid
increase in LAI of hybrid rice at early and middle growth stages favors production of
more carbohydrates from photosynthesis in hybrid pl_ants. Thus, photosynthetic rate
per leaf does not increase significantly (Zhende, 1988). Hybrid rice has higher LAl

and higher ratio of upper to middie layer leaf area, as well as better light intensity
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distribution in the canopy. The increase in upper to middle layer leaf area ratio favors

photosynthesis (Zhende, 1988), resuiting in yield heterosis at later stages.

The increase in leaf area is chiefly due to increase in leaf number, which may
be associated with high tillering at the seedling stage. High tillering of the hybrids was
shown by appearance of a primary tiller from the axil of the first leaf, which is
normally dormant in pureline varieties (Yamauchi, 1994). Khanna-Chopra and Sinha
(1995) found that leaf area at anthesis and the rate of leaf senescence during grain
development are the important components influencing post-anthesis dry matter
accumulation. Post-anthesis assimilation makes important contribution to grain yield.
When the parents differed in leaf senescence rate, the hybrid either followed the slow

senescence parent, or showed an intermediate behavior.

Kwak and Sohn (1996) observed significant positive heterosis and
heterobeltiosis for leaf area index in their study on 15 crosses from a partial diallel of
6 japonica varieties. The GCA and SCA effects were highly significant for leaf area

index, specific leaf weight, crop growth rate and net assimilation rate.

2.7.2.3 Growth parameters: Ponnuthurai et al. (1984) comparedrgrowth and yield of
four hybrids and found that the hybrids significantly out-yielded their better parents,
attributed to their greater plant weight and increased LAI. A significantly higher CGR
was observed in the hybrids at late vegetative and reproductive stages. After heading
however, little heterosis in CGR was observed. When hybrids showed higher
heterosis in plant weight, CGR at the initial stage was constantly higher than the
better parent, but this heterosis in CGR decreased with growth. A similar trend was
observed for heterosis in LAl However, NAR and RGR of the hybrids after

transplanting did not differ significantly from those of the parents.
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Sitaramaiah et al. (1998) observed that CGR increased up to 45 days after
planting (DAP) and decreased later in all the six hybrids and two checks they studied.
The LAI, however, consistently increased from 15 to 60 DAP and hybrids recorded a
higher LAl from 30 DAP onward compared with the checks. However, the high initial

CGR was not maintained in the later growth stages or translated into higher yields.

2.7.2.3.1 Vegetative growth phase: Heterosis for yield in hybrid rice comes mainly
from vegetative growth. Hybrid rice accumulates more dry matter during vegetative
growth, which results in more spikelets per panicle. Conventional rice however, does
not have such heterosis and essentially depends on accumulation of assimilates after

heading (Zhende, 1988).

Lin and Yuan (1980) noted that hybrids show higher vegetative growth rates
than parents and larger green leaf area at earlier growth stages, which contributed to
higher photosynthetic efficiency. High CGR at the vegetative stage originates from
high LAl while the CGR at reproductive and ripening stages is controlled by NAR.
Jennings (1967) reported that excess vegetative growth of some hybrids lowers light
transmission rate, because of mutual shading of leaves, which reduces net
photosynthetic rate and increases the consumption of stored carbohydrates by
respiration, thus lowering NAR. Yamauchi and Yoshida (1985) reported high
heterosis for leaf development and low heterosis for photosynthetic rate at the
vegetative stage, while Murayama et al. (1982) reported heterosis for photosynthetic
rate at the ripening stage. The recovery of heterosis during ripening stage could be

due to increase in NAR.

2.7.2.3.3 Reproductive phase: Sinha and Khanna (1975) explained that heterosis in

yield is the result of complementarity between growth and yield characteristics.
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Heterotic hybrids have higher bibmass production and yield as compared to their
parents. They found that grain number per panicle makes major contribution towards
heterotic yields. Using component analysis approach, Gibson and Schettz (1977)
expressed grain yield as the product of grain filling duration, average CGR and
conversion percentage (the percentage of dry matter produced during post-anthesis
period, which is stored in the grain). The hybrid yielded higher by combining high
CGR of one parent and high conversion percentage of the other. Khanna-Chopra
et al. (1993) analyzed grain number per panicle in terms of its components; number
of branches per panicle and number of grains per branch and revealed that hybrid
followed the better parent in both the characters and exhibited higher grain number

per panicle due to muitiplicative interaction of the components.

Yamauchi (1994) reported that heterosis for dry matter accumulation was
highest during vegetative and reproductive stages and lowest at flowering stage,
increasing again during the ripening stage. Hence, the lower heterosis at heading
decreased potential heterosis for grain yield. Because heterosis for grain yield is
mostly determined by dry matter accumulation, high heterosis for grain yield could be

obtained if the hybrids did not lose heterosis at flowering.

Understanding the mechanism by which heterosis for dry matter accumulation
at heading is depressed is important. If the depression is eliminated and the
heterosis for dry matter accumulation is maintained at the level of vegetative stage,
heterosis for grain yield could be increased substantially (Yamauchi, 1994). It was
observed that the decrease in heterosis in CGR before heading is due to decrease in
heterosis in NAR. The decrease in NAR, in turn, might be caused by decrease in

photosynthetic rate or by increase in respiration. Studies on plant nutritional status
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and plant canopy structure in terms of spacing might help to explain the decrease in

NAR (Yamauchi, 1994).

2.7.3 Biochemical aspects

2.7.31 a-Amylase activity: Hybrid rice has higher initial growth rate than
conventional varieties. This growth advantage is expressed as .early as in seed
germination. a-Amylase is an amylolytic enzyme synthesized de novo in rice.
a-Amylase synthesis in germinating rice seeds parallels the disappearance of
endosperm starch and the appearance of reducing sugars (Williams and Paterson,
1973). Thus, a-amylase is a primary enzyme in cereals in conversion of starch to
simple sugars that provide energy for the growing seedlings.'Germination studies
show that, of the various genetic and environmental factors that contribute to

seedling vigor, a-amylase enzyme activity is a primary factor (Karrer et al., 1993).

Li et al. (1982) observed that germination speed of the hybrid, Nan-You 2 and
its three parental lines was in the order of ‘hybrid > R line > B line > A line’. A similar
order was found in the activity of their a-amylases. The activity of the enzyme was
found to be 20% higher in the hybrid than the mean value of the three parental lines.
During initial germination (0-3 days), the hybrid showed 433% heterobeltiosis in
a-amylase activity. The higher a-amylase reserve in seeds and its higher activity
make it possible to rapidly hydrolyze starch in endosperm, providing energy and

assimilates for rapid germination.

Karrer et al. (1993) investigated the relationship between seedling vigor,
a-amylase activity and a-amylase mRNA accumulation in ten rice varieties. They
found significant positive correlation among seedling vigor, a-amylase activity and

accumulation of mRNA from a rice a-amylase gene (RAmy1A). Their study thus
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supports findings, which have correlated a-amylase enzyme activity with seedling

vigor.

2.7.3.2 Nitrate reductase activity (NRA): Rao et al. (1979) observed that in vivo
NRA was high during early growth, declined sharply after transp!anting, then
increased gradually and was highest at the pre-harvest stage. In contrast to this,
Yuan and Shien (1980) reported, that NRA showed two peaks, one at tillering and
the other at flowering, with a low at boot stage. Pal and Pal (1986) studied NRA in
whole plants and leaves at 25-90 days after sowing. They found that in vivo NRA
increased up to 50 days after sowing and decreased thereafter. Leaf nitrate content
followed the similar pattern. Leaf and stem total N content decreased with age,

whereas panicle N content increased.

Manonmani et al. (1993) measured NRA at 5 stages of growth (15, 30, 50, 70
and 90 days after sowing) for 4 early (105-120 days duration) and 5 very early (86-95
days duration) ricé cultivars and their 20 hybrids. They found that NRA increased
from seedling to flowering stage (up to 70 days after sowing) and declined thereafter.
Most hybrids with very early parents also matured early and showed high NRA
activity at flowering. They inter-correlated NRA at different times after sowing and
found significant positive correlations, which indicated that estimation of NRA could

be used for selecting early maturing types at the initial growth stages.

2.7.4 Genetic analysis of yield and yield components

Siddig et al. (1994) noted that yield and yield components are predominantly
controlled by non-additive gene action. Hence, heterosis breeding is the most

appropriate approach for improving rice yields.
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2.7.4.1 Plant height: Several workers reported positive correlation between plant
height and grain yield (Chauhan et al., 1986; Yang, 1986; Gomathinayagam et al.,
1988 and Vijayakumar et al., 1997) while in contrast, negative assbciation between
plant height and grain yield has been reported by Amirthadevarathinam (1983) and
Sukanya and Rathinum (1986). Krishnakumari (1983) found curvilinear association
between plant height and yield in rice and suggested that a plant height of 84.20 cm
was optimum for realizing high grain yield. Path analysis revealed high direct positive
effect of plant height on grain yield (Sukanya and Rathinum, 1986; Gomathinayagam
etal., 1988 and Reuben and Katuli, 1989), while Kumar and Rangaswamy (1986)
reported indirect effect of plant height on grain yield. Genetic analysis of plant'height
by Tripathy and Mishra (1986) and Siddiq et al, (1994) revealed that it was under the

control of additive gene action.

2.7.4.2 Number of productive tillers: Significant positive correlation between tiller
number and grain yield was reported by several workers (Amirthadevarathinam,
1983; Chauhan etal., 1986: Sukanya and Rathinum, 1986: Ganesan and
Subramaniam, 1990). Path analysis by a number of workers revealed a strong direct
effect of tiller number on grain yield (Amirthadevarathinam, 1983; Yang, 1986;
Hegde, 1987 and Sinha and Banerjee, 1987). Sivasubramaniam and Madhav Menon
(1973) and Murai et al. (1987) reported preponderance of additive gene effects for
tiller number, while preponderance of non-additive gene effects was suggested by

Kalaimani and Sundaram (1987) and Siddiq et al. (1994).

2.7.4.3 Days to 50% flowering: Positive direct effect of days to 50% flowering on
grain yield was observed by Amirthadevarathinam (1983). Richharia and Singh
(1983) reported that heterosis in grain yield was due to heterosis for early flowering in

hybrids; therefore selection for early flowering genotypes would be important.
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Genetic analysis of days to 50% flowering by Tripathy and Mishra (1987) and Siddiq
et al. (1994) indicated predominance of additive gene action, while, Kalaimani and
Sundaram (1987) reported predominance of non-additive components. Alternatively,
Sardana and Borthakur (1987) reported that both additive and non-additive gene
effects are involved in controlling days to 50% flowering in rice. Whereas, Mao and
Virmani (1994) observed significant dominance and epistatic effects on days to 50%

flowering.

2,744 Days to maturity: Gomathinayagam et al. (1988) reported positive
association of days to maturity with grain yield in rice and positive direct effect of this
character on grain yield, while negative association between days to maturity and

grain yield was reported by Amirthadevarathinam (1983).

2.7.4.5 Grain-filling duration: Kato (1989) found that the rate of grain-filing was
positively correlated with characters related to grain size and was negatively
correlated with those related to grain number. Senadhira and Li (1989) observed
significant correlation between grain-filling duration and days to 50% flowering (r =
0.70), indicating that late flowering genotypes had, in general, longer grain-filling

duration.

2.7.4.6 Panicle length: Sukanya and Rathinum (1986) reported negative association
between panicle length and grain yield, while positive association of this character
with grain yield was reported by Chauhan et al. (1986) and Rao and Jagdish (1987).
Kaushik and Sharma (1988) found that additive gene effect was important for this

character.

2.7.4.7 Number of spikelets per panicle: Positive correlation between grain number

per panicle and grain yield was reported by several workers (Chauhan et al., 1986;
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Raj and Siddiq, 1986 and Kalaimani and Kadambavansundaram, 1988). Path
analysis by Sinha and Banerjee (1987), Panwar et al. (1989) and Reuben and Katuli
(1989) indicated positive direct effect of this character on grain yield. Genetic
analysis of the character indicated predominance of additive component (Murai et al.,
1987), non-additive component (Kalaimani and Sundaram, 1987 and Siddiq et al.,

1994) and both additive and non-additive components.

Kim and Rutger (1988) observed high correlation between spikelets per plant
and grain yield. They suggested that highest grain yield should result from hybrids of
parents, which contribute increased spikelet numbers and higher grain weight
respectively. Kumar et al. (1994) stated that heterosis in hybrid rice is mainly due to
more spikelets per panicle and number of panicles per plant, rather than higher grain

-weight and filled grain ratio. They found that, in general, the number of spikelets per
panicle showed the greatest expression of yield heterosis ranging from 20% to 81%.
With respect to the genetic analysis, Mao and Virmani (1994) observed significant

dominance and non-additive effects for spikelet number per panicle.

2.7.4.8 1000-grain weight: Positive direct effect of 1000-grain weight on grain yield
was reported by Sukanya and Rathinam (1986) and Vijayakumar et al. (1997).
Genetic analysis of the character revealed that it is predominantly under the control
of non-additive gene effects (Murai et al., 1987; Kaushik and Sharma, 1988 and
Siddiq et al., 1994). However, some workers have reported that 1000-grain weight is
controlled by additive gene effects (Tripathy and Mishra, 1987) and by both additive
and non-additive gene effects (Sardana and Borthakur, 1987; Mao and Virmani,

1994),



CHAPTER 2 Review of Literature ' 30

2.7.4.9 Biomass yield: Positive and significant correlation between biomass yield
and grain yield has been reported by a number of workers (Sahu and Murty, 1976:
Vinaya Rai and Murty, 1979; Siddiq and Reddy, 1984; Burondkar etal. 1988 and
Ganesan and Subramaniam, 1990). Vinaya Rai and Murty (1979) reported that
biomass yield was positively correlated with LAl and nitrogen uptake, while path
analysis for biomass yield by Siddiq and Reddy (1984) indicated that nitrogen uptake
ability and CGR for whole crop growth duration contributed maximum towards
biomass yield both directly and indirectly through LAI. With respect to genetics of
biomass yield, pronounced non-additive gene effect was reported by Yadav and
Singh (1987) and Siddiq et al. (1994), while, Sharma etal. (1988) reported
predominance of additive gene effects in governing this character. Murty (1994)
found preponderance of dominance gene action for biomass yield, whereas, Mao
ahd Virmani (1994) observed significant additive, dominance as well as epistatic

effects on this character.

2.7.4.10 Grain yield: Genetic analysis of grain yield in rice and other crops by
several workers (Mohapatra and Mohanty, 1985; Sinha et al.,, 1985; Kuo and Liu,
1986 and Sharma et al., 1988) revealed the importance of additive gene effects in
controlling the character. On the contrary, several workers have reported
predominance of non-additive gene effects for grain yield (Li, 1975; Sharma et al.,
1986; Bakshi Ram et al., 1987; Kaushik and Sharma, 1988 and Siddiq et al., 1994).
While, Murty (1994) found preponderance of dominance gene action for grain yield.
Alternatively, the role of both additive and non-additive components in controlling
grain yield was reported by other workers (Nancharaiah et al., 1974; Kim and Rutger,
1988; Sardana and Borthakur, 1987 and Kalaimani and Kadambavansundaram,

1988). Sasmal and Banerjee (1986) observed significance of both additive and
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non-additive components for grain yield and noted that crosses with high SCA
generally involved high x low general combiners. Similarly, Mao and Virmani (1994)

observed significant additive, dominance as well as epistatic effects for grain yield.

2.7.4.11 Harvest index (HI): Harvest index is the ratio of economic yield (grain yield)
to biomass yield (total dry matter production). Significant positive correlation between
HI and grain yield has been reported by several workers (Sahu and Murty, 1976;
Vinaya Rai and Murty, 1979 and Sukanya and Rathinam, 1986). Lin and Wu (1981)
also reported that Hi has strong positive direct effect on grain yield. On the basis of
path analysis, HI was found to be a major yield determinant contributing both directly
and indirectly through characters like nitrogen uptake ability, CGR and LAl at

flowering (Siddiq and Reddy, 1984),

With respect to geneﬁcs of Hl, Donald and Hamblin (1976) suggested that HI
is heritable to a considerable degree like grain yield; however, its genetic makeup is
expected to be polygenic. Some workers have reported predominance of additive
gene effects in controlling HI (Rosielle and Frey, 1977; Yadav and Singh, 1987 and
Sharma et al., 1988), while others have reported both additive and non-additive gene
effects to be important in controlling HI (Sethi et al., 1987 and Yadav et al., 1987).
Still, other workers (Mohapatra and Mohanty, 1985 and Sharma et al., 1986) have

reported predominance of dominance component in genetic control of HI.

2.7.5 Genetic analysis of physiological and biochemical characters

Although there are several reports on correlation, path analysis and genetics
of yield and yield components, such reports are in scanty with respect to the

physiological and biochemical parameters.
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Nguyen and Bui (1993) studied combining ability and heterosis for some
physiological characters in rice. They found highly significant mean squares for both
GCA and SCA indicating the importance of additive and non-additive gene action.
However, the non-additive gene action was more prevalent for all the characters

except LAL

2.7.5.1 Leaf area: Genetics of leaf area was studied by a number of workers in
different crops. Phul et al. (1974) found that it was controlled by both additive and
non-additive gene actions, in pearl millet, whereas, Sharma et al. (1977) reported
that in barley, leaf area was predominantly controlled by additive gene action. Mason
and Zuber (1976) reported that GCA effects were relatively more important than SCA
effects for leaf area in maize. Murty (1994) found preponderance of dominant gene
- action for leaf area at 45 days after sowing, 60 days after sowing and at flowering in
rice. For leaf area at harvest, leaf area duration, leaf photosynthetic rate and stomatal
conductance, he reported both additive and dominance gene actions. However,
dominant gene action appeared to have a greater role in inheritance of these
characters. Narrow sense heritability was low for all the characters except leaf area
at harvest. Positive correlation between LAl and grain yield in rice has been reported

by Vinaya Rai and Murty (1979). LAl was positively associated with NAR.

2.7.5.2 Flag leaf area: Wan and Zhong (1981) found a highly significant correlation
between flag leaf area and panicle weight. Daskalov et al. (1986) also found that flag
leaf area was correlated with grain yield per panicle and grain number per panicle
(r=0.33 and 0.34). They suggested that flag leaf area would be a useful indirect
character for use in selection for high grain yield. Regression analysis by Bashar
etal. (1991) showed that flag leaf area has a significant effect on grain yield through

grains per panicle and panicle length. Rao (1992) observed that flag leaf area was
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positively correlated with several yield components such as high-density grains,
numbers of spikelets and grains per sq. meter and panicle length. He also suggested
that flag leaf area might be considered as a selection criterion for further exploitation

of potential yields in rice.

‘2.7.5.3 Growth parameters: Weng and Chen (1988) studied the relation between
CGR and LAl in two seasons of rice crop and found a linear regression between
CGR and LAl in the first season. However, in the second season, the slope of the
regression line decreased at higher LAl and CGR reached a maximum at the LAI of
2.5-3.0. In the first season, the slope of the regression line was positively correlated
with biomass yield at heading, while in the second season; CGR was partially
correlated with biomass yield. In the first season, the slope of the regression line was
highest in cultivars with higher photosynthetic rate, greater plant height and fewer
panicles per plant. In the second season, CGR was greatest in taller cuitivars with

erect leaves and more panicles per plant.

Burondkar et al. (1988) found that NAR was positively correlated with yield
and negatively associated with number of tillers, number of spikelets and LAl (Kim,
1985). Large variation in NAR and its positive correlation with RGR, total dry weight
and negative association with leaf area ratio (LAR) was reported by Murty et al.

(1986) and Murty and Sahu (1987).

2.7.5.4 Nitrate reductase activity (NRA): Yang and Sung (1980) found that the NRA
was positively correlated with both grain weight and dry weight of 10-day-old
seedlings. They concluded that NRA could be used as a measure of seedling vigor if

nitrate N was provided.
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2.7.5.5 Amylose content: Dwivedi and Nanda (1979) found that both additive and
dominance effects conditioned high amylose content, while Chang et al. (1981) found
that high amylose content was controlled by a single incompletely dominant gene.
McKenzie and Rutger (1983) found high amylose content to be controlled by two
dominant complementary genes. It was also influenced by modifying genes of minor
effect. Similarly, Heda and Reddy (1986) also found that amylose content was
controlled by two genes, with high content dominant over low. Shubash Kanti and
Mosina (1984) noted that depending on the cross, the inheritance of amylose content
was incompletely dominant, dominant or overdominant. For most crosses the
coefficient of heritability was high, indicating the possibility of selection in those

Ccrosses.

Kuo et al. (1995) studied heterosis and combining ability for amylose content
in 6 parents and their 30 hybrids. For amylose content, mid-parent heterosis was
usually in the positive direction, while, heterobeltiosis was in the negative direction.
Matsue and Ogata (1999) found that amylose content of spikelets was related to
grain weight. They concluded that variations in amylose content in rice panicles were
caused by differences in grain weight, which were closely related to earliness or

lateness of flowering.

-2.7.6 Molecular basis of heterosis

Kato et al. (1994) studied the relationship between heterosis for biomass yield
and polymorphism of isozymes and RFLP markers using 14 rice cultivars and 90
hybrids. They found that dominance effects were larger than additive effects;
Supporting the findings by Xiao et al. (1995), that heterosis was due to accumulation

of dominant genes. They reported that more than 10 genes were involved in
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heterosis for biomass yield and heterosis was greatest in hybrids of crosses between

indica and japonica cultivars.

Zhang et al. (2001) identified several QTLs for yield and other characters.
They found that overdominance was evident at six of the ten QTLs detected for yield,
whereas partial dominance was prevalent among other QTLs detected for other
characters. In addition, the additive effects of the QTLs indicated that, for all the
characters, alleles from the parent of higher value contributed to the increase in trait
scores at some QTLs, whereas, at other QTLs, alleles from the parent of lower value

contributed to the increase in performance.

2.7.8 Effects of male sterility inducing cytoplasm on heterosis

In hybrid rice breeding program based on cytoplasmic male sterility, the effect
of sterility inducing cytoplasm on agronomic characters is of much importance.
Anonymous (1982) found that the male sterility inducing cytoplasm positively
influenced number of spikelets per plant, negatively influenced seed-setting
percentage and 1000-grain weight and did not influence height or growth period.
Likewise, several studies in rice have demonstrated the positive and negative effects
of the wild abortive (WA) cytoplasm on agronomic as well as physiological characters

(Maruyama et al., 1985; Sasahara et al., 1986 and Chen et al., 1987).

Ronggian (1988) studied cytoplasmic effects on agronomic characters by
developing several CMS lines by nuclear substitution, with identical nuclei but
different cytoplasms and crossed them with some restorers. He observed that
Cytoplasmic effects were manifested on several characters such as 1000-grain
weight, days to heading, net photosynthetic rate and peroxidase zymograms. This

indicates the potential of cytoplasmic effects on many characters at a time. He also
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found that nucleo-cytoplasmic interactions were exhibited in panicle length and

percentage of filled spikelets, among other characters.

Xiaobang and Zebing (1988) studied the influence of 8 male sterility inducing
cytoplasms on 12 agronomic characters of hybrid rice. They found that all the
cytoplasms had negative effects on plant height, panicle neck length, panicles per
plant, number of productive tillers, number of filled spikeleté per panicle, spikelet
fertility, 1000-grain weight and grain yield per plant. The decrease in yield of hybrid
rice derived from the male sterile lines (AF;) was due to degradation of all yield
components; the number of productive tillers had the greatest direct negative effect
on grain yield per plant, followed by total spikelets per panicle, filled spikelets per

panicle, spikelet fertility and 1000-grain weight.

However, most AF; combinations showed heterobeltiosis in grain yield per
planf, despite negative influence of the sterility inducing cytoplasm. They found that
negative effects of the cytoplasm on heterosis were only relative; and if the restorers
had high combining and restoring ability, the negative effects were not strong enough
to change the direction and degree of heterosis. They concluded that genetic effects
of sterility inducing cytoplasms vary with cytoplasmic sources and combinations.
Therefore, it was necessary to evaluate the degree of influence and its direction with
the cytoplasm in question. They suggested ‘cytoplasmic effect’ or ‘cytoplasmic

heterosis’ and expressed it as follows:
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Ramesha et al. (1999) found that in all the CMS based hybrids, sink was the
major limitation rather than the source because of high spikelet sterility, which may

be related to restoration ability of the male parent.

2.7.9 Influence of reciprocal cross differences on heterosis

Heterosis in crops is the result of intra-nuclear interactions and
nucleo-cytoplasmic interactions. The genetic mechanisms of cytoplasmic and
nucleo-cytoplasmic gene action affecting heterosis are not yet clear. It is suggested
that nucleo-cytoplasmic heterosis in crops is created by the mutual superiority of
cytoplasmic and nuclear genes and that heterosis is the result of interactions of

cytoplasmic and nuclear superior genes (Wang and Liang, 1995).

Ashby (1932) found significant difference between the embryo weights of the
repiprocal crosses, though these had the same genotypic constitution. This difference
was clearly due to maternal effect during development of the embryo. School in 1974
examined the inheritance of isocitrate lyase in germinating cottonseeds using
reciprocal crosses and found that it was maternally inherited. He found this to be

associated with seedling vigor.

Young and Virmani (1990) studied heterosis and combining ability for days to
flowering, plant height and grain yield in 140 hybrids (70 ‘BxR’ and 70 ‘R x B’
crosses) and 17 parental lines (10 B + 7 R). Reciprocal cross effects (‘B x R’ vs.
‘RxB’) were highly significant for all the three traits. In addition, the interaction‘
between reciprocal cross differences and the environment was highly significant for
vield and days to flowering. Wang and Liang (1995) suggested that
nucleo-cytoplasmic heterosis is created by the mutual superiority and interaction of

Cytoplasmic and nuclear genes.
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Tsaftaris et al. (1999) studied DNA methylation pattern in maize inbreds and
hybrids and found that the maize inbreds bred for high yield had decreased
methylation, which indicated that selection could change the level of methylation.
They noted that less favorable, stressful conditions result in more methylated (and,
hence, less expressed) DNA and, in general, heterotic hybrids were more resistant to
such density induced genomic DNA methylation. They proposed that this resistance
of the hybrid genome to methylation and, consequently, suppression of many genes
in inbreds under different stresses could be central to the high and stable yield in
hybrids in different environmental conditions. They also noted that in response to
different environmental conditions, the hybrids show superior performance over their
parental homozygous lines. Thus DNA methylation could redefine the concept of

genetic-phenotypic variation and the way the genotype and environment interact.

DNA methylation also results in genomic or parental imprinting (Gilbert,
1994), which causes the expression of only one of the two alleles of a gene
depending on its parental origin. Some of the imprinted genes express only after
paternal inheritance, while others are expressed only when maternally inherited. Haig
and Westoby (1991) reported that, because of imprinting seed development comes
to depend on the 2:1 ratio of maternal and paternal genomes in endosperm. In
cereals, the endosperm’s strength as a nutrient sink during grain filling is primarily
determined by the number of endosperm cells. Therefore, paternally expressed
genes might act to increase the final number of endosperm cells and maternally
expressed genes might counteract this tendency. Thus, this phenomenon may also

account for the reciprocal cross differences observed in reciprocal hybrids.

From the above, it can be concluded that dominance, overdominance due to

allelic interaction and epistasis due to non-allelic interaction at cellular and enzymatic
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level, nucleo-cytoplasmic interactions and reciprocal cross effects, all contributed to

heterosis in rice.

After a critical review of literature available on various aspects related to the
study, following points become quite obvious: (i) The genetic basis of heterosis has
been debated for more than 80 years and is still not resolved. (ii) Heterosis for growth
and yield is the product of many physiological and biochemical processes, which are
not yet fully understood. (iii) There is limited information available on genetic nature
of physiological and biochemical characters influencing yield in rice. (iv) Enough work
has been done on genetic nature of yield and its components, but reports are
conflicting and vary from material to material. (v) Heterosis is affected by the

nucleo-cytoplasmic interactions and also shows reciprocal differences.



MATERIALS AND METHODS

The experimental site, climate and materials and methods used in the present
investigation on “Studies on heterosis and genetic analysis of morpho-physiological

and biochemical characters in rice” are described as follows:

3.1 Experimental site

The field trials were conducted during kharif seasons of 1998, 1999 and 2000
on the research farm of Indian Agricultural Research Institute (IARI), New Delhi,
which is situated at 28° 40’ N latitude and 77° 12’ E longitude and is 228.6 m above
the mean sea level. The off-season crop was grown at ‘Rice Breeding and Genetics
Research Center’ (RBGRC) of IARI at Aduthurai (Tamil Nadu) to affect crosses and

advancing generations during the rabi seasons of 1998 and 1999.

3.2 Climate

The climate of New Delhi is semi-arid and sub-tropical with hot dry summer
and cold winter. The mean annual precipitation is around 710 mm, most of which is

received between July and September.

3.3 Materials

The present investigation consisted of two sets of experiments. The materials

used for each of them are described as follows:

Experiment — |

This experiment was conducted in order to study (i) the nature and magnitude
of heterosis, (ii) genetic analysis of various characters through correlation studies
and F, segregation patterns, and (iii) effects of male sterility inducing cytoplasm and

reciprocal cross differences on various characters influencing grain yield.
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The material for this study was derived from ‘Hybrid Observation Trial’
conducted at IARI during kharif 1998. From the trial having 65 hybrids, three hybrids
were selected based on their overall performance. The parents (A, B and R lines) of
these hybrids were grown at RBGRC, Aduthurai during rabi season of 1998 and
crosses were affected to produce three sets of hybrids, AF;s (AxR), BF;s (BxR) and
RF;s (RxB) by hand emasculation and pollination (Table 1). In kharif 1999, parts of
seed of the three sets of hybrids were sown at IARI, New Delhi to produce respective

F, populations. Rest of the F, seed was saved for the following year’s experiment.

In kharif 2000, the parents (A, B and R lines), the nine F;s (3 AF;s, 3 BF;s
and 3 RF;s) and their F, populations were grown at IARI, New Delhi. The parents
and hybrids were grown in a randomized block design with two replications. Each
genotype was represented by four rows of 3.5 m at a spacing of 20 x 15 cm? in both
the replications. While the nine F, populations were grown separately in 10 rows of
3.5 m at a spacing of 20 x 15 cm?. Standard and uniform agronomic practices were
followed throughout the growing season to raise a healthy crop. Data were recorded
on physiological and biochemical characters and yield components for parents and
hybrids on five randomly selected plants from the middle two rows in each
replication. Observations for yield and yield components were recorded at maturity
while growth parameters and certain other characters were recorded at different
stages of growth viz. seedling, tillering, flowering and maturity. For recording
observations at different growth stages, five plants were taken from each genotype in
each replication. Mean of observations of the five plants was used for further
analysis. However, for the F, populations, data were recorded on 200 plants drawn

from middle of the plot for yield components only.



Table 1: Hybrids along with their parentage involved in study of Expt. 1

Set  Sr.No. ybrid Parentage
(Designation)
A Fq-1 PMS 2A X Pusa 1127
I B F,-1 PMS 2B X Pusa 1127
R F;-1 Pusa 1127  x PMS 2B
AFq-2 Pusa 5A X Pusa 1124
i B Fq-2 Pusa 5B X Pusa 1124
R F,-2 Pusa 1124 X Pusa 5B
AF;-3 IR 58025A X PRR 78
m B F,-3 IR 58025B  x PRR 78
R F4-3 PRR 78 X IR 58025B

Table 2: Hybrids involved in study of Expt. 2 and their parentage

Sr. No. Hybrid Parentage

1 PRH 2 IR 58025A X PRR 22

2 PRH 3 Pusa 5A X PRR 72

3 PRH § Pusa 5A X PRR 24
-4 PRH 6 Pusa 5A X PRR 80

5 PRH 7 Pusa 5A X PRR 22

6 PRH 15 Pusa 5A X PRR 75

7 PRH 16 Pusa 5A X PRR 76

8 PRH 17 Pusa 5A X PRR 77

9 PRH 21 PMS 2A X PRR 72
10 PRH 26 Pusa 5A X TCP 97-24
11 PRH 27 Pusa 5A X TCP 97-25
12 PRH 28 Pusa 5A X TCP 97-33
13 PRH 33 IR 58025A X PRR 72
14 (Pusa 44) Check variety
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Experiment — ||

This experiment was conducted in order to study the nature and magnitude of
heterosis and association of various yield components with grain yield separately in

parents and hybrids.

Thirteen hybrids (AxR) and their parents (Table 2) were grown in randomized
block design with two replications in kharif 1999 at IARI, New Delhi. Four rows of 3.5
m length with a spacing of 20 x 15 cm? were grown and standard and uniform
agronomic practices were followed to raise a healthy crop. Data on yield components

were recorded from 10 randomly selected plants from the middie two rows.

3.4 Methods

The characters studied and the methods used for recording the data are
described below.

'Plant height (cm): Plant height was measured from ground level to the tip of the main

panicle.

Number of productive tillers: The number of panicle bearing tillers in each plant was

counted.

Days to 50% flowering: The period from the date of sowing to the date of 50% plants

in panicle emergence stage was calculated.

Days to maturity: The period from the date of sowing to the date of maturity was

recorded.

Grain filling duration (days): Grain filling duration was calculated as the difference

between the number of days to 50% flowering and number of days to maturity.

Flag leaf area (cm?): Flag leaf area of the main tiller was calculated as per the

following formula given by Bhavan and Pande (1966).

Flag leaf area (cm?) = length (cm) x breadth (cm) x 0.802
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Length of main panicle (cm): Length of the main panicle in each plant was measured.

Weight of panicles (g): Weight of the main panicle as well as that of all panicles of the

plant was recorded. Weight per panicle was also calculated by dividing the weight of
all panicles with the number of panicles of the plant.

Number of filled and unfilled spikelets: Filled and unfilled spikelets of the main panicle

of each plant were separated and counted separately. Total number of spikelets in
the main panicle was calculated by adding up the two numbers.

Panicle density: It was calculated as the number of filled spikelets per unit length of

main panicle.

Spikelet fertility (%): Proportion of filled spikelets to the total number of spikelets in

the main panicle of each plant was expressed in percentage to calculate spikelet
fertility.

1000-grain weight (g): One thousand filled grains were counted from the harvest of

“each plant and weighed to record the test weight.

Biomass vield (qg): Five plants were uprooted at random at each growth stages viz.,
seedling, tillering, flowering and maturity. They were oven-dried at 80 °C for 48
hours. Biomass yield per plant was recorded.

Grain yield (g): At maturity, each plant was threshed and cleaned separately and the
grain yield was recorded.

Straw yield (g): Straw yield was calculated as the difference between biomass yield
at maturity and grain yield.

Harvest index: Harvest index was calculated as the ratio of grain yield to the total

biomass yield.

Grain yield
Harvest index (%) = x 100
Biomass yield

Growth parameters like CGR, RGR, NAR and LAR: Crop growth rate (CGR,

mg/plant/day), relative growth rate (RGR, mg/g/plant/day), net assimilation rate
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(NAR, mg/dm?/day) and leaf area ratio (LAR, cm?/g) were calculated for following
stages: a) seedling to tillering, b) tillering to flowering and c) flowering to maturity.
CGR was also calculated for whole growth duration ie. seedling to maturity.

Following formulae were used to calculate these parameters (Radford, 1967).

W, - W,
CGR =
t, - t4
loge W - loge W4
RGR =
t; - t
(W2 - Wy) (loge Az - loge A1)
NAR =
(t2 - t1) (A2 - A1)
(Az - Aq) (loge W3 - loge W+)
LAR =

(loge Az - loge A1) (W2 - Wy)

where, W,, W, and A,, A, are the plant dry weight and leaf area at times t; and t,

respectively.

Leaf area (cm?): Three leaves were taken at random from each plant at different

growth stages and their area was measured in an automatic leaf area meter (Model
3100, Li-cor). The average leaf area was multiplied with number of leaves of the plant

to get leaf area per plant.

Leaf area index (LAI): The leaf area index was calculated using the following formula

at different stages of crop growth viz. tillering, flowering and maturity:

Leaf area (dm?)

LAl =
Land area covered by plant (dm?)
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Leaf area duration (LAD): The leaf area duration was computed at two growth stages

viz. from tillering to flowering and from flowering to maturity by multiplying the mean

LAI with number of days under each growth period (Mandal and Chatterjee, 1973).

LAl, + LA,
LAD = e X(t-t)
2

where, LAl; and LAI; are the leaf area indices at time t; and t, respectively.

Estimation of a-amylase activity: Estimation of a-amylase was done in germinating

seeds of rice. The extraction of a-amylase was done with 10 mi of 10 mM ice-cold
calcium chloride solution using 1 g of sample overnight at 4 °C. The extract was
centrifuged at 54000 g at 4 °C for 20 min. The supernatant was saved and 0.2 ml of it
was diluted to 1.0 ml with water. To this 1.0 ml of starch solution was added and the
test tubes were incubated at 27 °C for 15 min. 2.0 mi of DNS (dinitrosalicylic acid)
was added to stop the reaction. The tubes were heated for 5 min on a boiling water
bath and 1.0 ml of potassium sodium tartarate was added to them. After cooling,
volume was made up to 10 ml and the absorbance was read at 560 nm. Standard
graph was prepared using 0-100 pg maltose. The activity of the enzyme was
expressed as mg of maltose produced per seed per minute.

Estimation of nitrate reductase activity: /n vivo assay of NRA involves incubation of

plant material into the incubation medium consisting of a buffer and substrate
(nitrate) under dark and anaerobic conditions. Anaerobic conditions are necessary for
making sufficient NADH available for NO;™ reduction. Nitrate thus formed is estimated
colorimetrically using sulphanilamide and N (1-naphthyl) ethylene diamine
dihydrochloride (NEDD).

Fresh leaves of rice were sliced (8-10 mm in diameter) and after thorough
mixing a representative sample of 0.5 g was transferred to 30 ml tubes containing

ice-cold incubation medium consisting of 3 ml each of phosphate buffer (0.2M, pH
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7.5) and 0.2M potassium nitrate solution. To this, 0.2 mi of 5% propanol and 2 drops
of chloramphenicol (0.5 mg/ml) were added to facilitate penetration of the substrate
into the plant tissue. The tubes were removed from the ice bath and evacuated with
the help of a vacuum pump for 2-5 minutes, until all the cut materials sank below the
surface of the incubation medium. After infiltration, the tubes were incubated in
metabolic water-bath maintained at 30° C for 30 minutes in dark. The reaction was
terminated by keeping the tubes in boiling water for 2 minutes. This helps in leaching
out of the nitrite formed in the plant tissue into the incubation medium. The tubes
were cooled at room temperature and the supernatant was collected in a separate
tube. 1.0 ml of the aliquot was taken and to it 1.0 ml of sulphanilamide (1.0%) and 1.0
ml of NEDD (0.02%) and 2.0 m| water was added. The tubes were incubated at room
temperature for 20 min and the absorbance of the pink color developed was read at
540 nm. The NRA was calculated from KNO, standard curve.

Estimation of nitrogen: Nitrogen content in the grains of rice was estimated by using

an autoanalyzer (Technicon, USA). Rice grains of the parents and hybrids were
crushed and samples of 100 mg were used for analysis. The samples and a check
were transferred to digestion tubes and were digested on a ‘Tecator’ digestion unit.
To each digestion tube, 4 mi of digestion solution, 1.5 g K.SO, and 0.0075 g Se were
addedr Digestion solution was a mixture of conc. H,SO, and phosphoric acid (100:5
viv). To this 1.5 ml of 30% H,Os was added and then the samples were digested at
350 °C. After digestion, the volume was made up to 75 ml. The nitrogen content was
measured using the autoanalyzer. The color reaction is as follows: The ammonia
liberated by the digested sample is reacted with alkaline hypochlorite to form
chloromine, which is combined with phenol to give a blue indophenol dye. The

intensity of the color was measured at 660 nm.

Nitrogen content was then read from a calibration curve of standard

ammonium chloride solution. The percentage of nitrogen was calculated as follows:
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N (mg)
Nitrogen (%) = x 100
Sample weight (mg)

Crude protein content (%): The percent crude protein was calculated as follows:

Protein (%) = Nitrogen (%) x 5.95

Estimation of amylose: The grains were ground to powder and 100 mg of it was

taken for amylose estimation. 1 ml of distilled ethanol and 10 ml of 1N NaOH were
added to the sample and it was heated for 10 min on a boiling water bath. The
volume was made to 100 ml with water. 2.5 ml of this extract was taken and to it 20
ml of water and 3 drops of phenolphthalein was added. 0.1 N HCI was added drop-
be-drop until the pink color just disappeared. 1 mi of iodine was added and the
volume was made to 50 ml. The absorbance was read at 590 nm. The amount of
_amylose in the sample was calculated from a standard curve prepared from amylose

(0.2 to 1.0 ml) against the blank.

Estimation of starch: Starch content was estimated by anthrone reagent. 0.5 g of

grain sample was homogenized in hot 80% ethanol to remove sugars. It was
centrifuged and the residue was retained. The procedure was repeated il the
washings did not give color with anthrone reagent. The residue was dried over a
water bath and to the residue, 5 ml of water and 6.5 mi of 52% perchloric acid was
added. Extraction was done at 0°C for 20 min. It was centrifuged and the
supernatant was saved. Extraction was repeated and the supernatants were pooled
and the final volume was made to 100 ml. 0.2 ml of the supernatant was pipetted out
and volume was made up to 1.0 ml. Standards were prepared by taking 0.2, 0.4, 0.6,
0.8 and 1.0 ml of the working standard and making the volume to 1.0 mi with water.
4.0 ml of anthrone was added to each tube and heated for 8 min. in water bath. The

samples were rapidly cooled and the intensity of the green color was read at 630 nm
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on Spectronic-20. Using the standard curve, glucose content in the samples was

found out. The value was multiplied by 0.9 to get the starch content.

3.5 Statistical analysis
Means over replications for each genotype and character were calculated and

used for statistical analysis. The statistical procedures are described experiment

wise.

Estimation of heterosis: The magnitude of heterosis was expressed as heterosis over

mid parent (MP) and better parent (BP). Heterosis was calculated as percentage
increase or decrease of F;'s mean performance over the mean performance of MP or

BP. Significance of heterosis was tested by the ‘' test.

i) Heterosis (Ha) over mid parent (MP)
Ha (%) [(Fi-MP)/MP]x100

(3 Me / 2r)"?

SEF1-wp)

t

(Fy - MP) / SEF+1.wp)

ii) Heterosis (Hb) over better parent (BP) (Heterobeltiosis)
Hb (%) = [(F1-BP)/BP]x100

SE(F1 -BP) ( 2Me/r )112

t (F, - BP) /SE(F1.8p)

iii) Heterosis (Hc) over standard check (SC) (Standard heterosis)
Hc (%) = [(F;-SC)/SC]x100
SEFi.scp = (2Me/r)"”
t = (F1 - SC) /SE(F1 -SC)

where, Me = error mean square and,

r = replication
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Analysis of variance: Differences between genotypes for the characters studied were

tested for significance by the ‘Analysis of Variance’ technique. Analysis of variance

was done on the basis of following model:

Yij = m+gi+rj+eij
where, Y; = phenotypic observation on i genotype in | replication

m = general mean

g = effect of i genotype

r, = effect of | replication

e; = random error associated with i genotype and j" replication

The structure of Analysis of Variance (ANOVA) table was as follows:

Source df MSS Expected MSS F value
Replication (r-1) M, 0.’ + go?

Treatment (genotype) (g-1) M, Oe’ + 10y Mg/Me
Error (r-1)(g-1) M. o

Total (rg-1)

where, r = number of replications,

g = number of genotypes (treatments),

Me, Mg and M, = mean sum of squares due to replication, genotype and error,

respectively,

o,° = Genotypic variance = (Mg - M) /1 and,

o0, = Phenotypic variance =0y + O

o.2 = Error variance = M,

MSS due to genotypes were tested against the error variance using ‘F’ test at

P=0.05 or P=0.01 with V, and V, degrees of freedom, where V, is the degree of
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freedom for higher value of variance and V. is the degree of freedom for lower value

of variance.

Coefficients of phenotypic and genotypic variation in parents and _hybrids:

Coefficients of phenotypic (PCV) and genotypic (GCV) variation in parents and

hybrids were calculated by using formulae suggested by Burton and Devane (1952).

Coefficient of phenotypic variation (PCV) = (S.D.p / Mean) x 100, and
Coefficient of genotypic variation (GCV) = (S.D.g / Mean) x 100

where, S.D.p and S.D.g are the phenotypic and genotypic standard deviations

respectively.

Estimation of mean, range, standard error and critical difference

Mean value for each character was worked out by dividing the total with
'corresponding number of observations, while the lowest and highest value for each
character were taken as the range. Standard error of mean and critical difference

were calculated as follows:

Standard error of mean (S.Em) = (Me /) '#

Critical difference for mean (CD at 5%) = [ (2 Me) /r]1"? x tvalue at 5% level of
significance

Heritability (h?): Heritability in broad sense was calculated as follows:

h% (%) = (0%/0%) x 100

where, 6%, = genotypic variance

0%, = phenotypic variance
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Estimation of correlation coefficients: Simple correlation coefficients between various

character pairs were worked out separately for parents and the hybrids by using the

following formula:

fy = COVay/ (Vi Vy )"

where, ry, = Correlation coefficient between characters x’ and ‘y’

Var, = Variance of character ‘x’

Var, = Variance of character ‘y’

The significance of correlation coefficient was tested at ‘n-2’ degrees of
freedom and at p = 0.05 or p = 0.01 from the ‘t’ table, where ‘n’ is the number of pairs
for which the correlation coefficients are calculated.

Effect of male sterility inducing cytoplasm: The nature and magnitude of the effects of

male sterility inducing cytoplasm on various characters was worked out as percent
deviations between the means of AF, (AxR) and BF; (BxR) as suggested by

Xiaobang and Zebing (1988):

Cytoplasmic effect (%) = [ (AF, —BF; )/ BF,]1x 100

Significance of the deviations was tested using the ‘t’ test.

Effect of reciprocal cross differences: The nature and magnitude of the effects of

reciprocal cross differences on various characters was worked out as percent
deviations between the means of RF, (RxB) and BF, (BxR) as follows (Modified from

Xiaobang and Zebing, 1988):

Reciprocal cross effect (%) = [ (RF, - BF;)/BF;]1x 100

Significance of the deviations was tested using the ‘t’ test.

T-%05Y
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Coefficients of phenotypic, genotypic and environmental variation in F, populations:

The coefficients of phenotypic (PCV), environmental (ECV) and genotypic (GCV)

variation were calculated as follows:

Coefficient of phenotypic variation (PCV) = (S.D.p / Mean) x 100

Coefficient of environmental variation (ECV): It was calculated as the average of CVs

of six non-segregating genotypes viz. the parental lines; A, B and R and the three
Fis; AF4, BF; and RF;. For panicle and grain yield related characters, however, the A

line was excluded. The ECV was calculated separately for each cross combination.

Coefficient of genotypic variation (GCV): It was calculated as the difference in PCV

and ECV. It indicated variation in F, population that was genetic in nature.

GCV = PCV -ECV

Kolmogorov-Smirnov test for normal distribution: The Kolmogorov-Smirnov statistic

was performed to test the goodness of fit of the distributions obtained for various
characters in the nine F, populations for normal distribution. It was performed using

the software package SPSSv. 10.0.
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The experimental results obtained from the present investigation on heterosis
and genetic analysis of morpho-physiological and biochemical characters affecting

grain yield are presented here under the following heads.

4.1 Nature and magnitude of heterosis

4.2 Genetic analysis of yield components and physiological and biochemical

characters
4.3 Effect of male sterility inducing cytoplasm on various characters

4.4 Effect of reciprocal cross differences on various characters

4.1 Nature and magnitude of heterosis

4.1.1 Experiment — I

In Experiment |, a total of 9 hybrids from three cross combinations and their
parents were evaluated for yield and its components and physiological and

biochemical characters. The results are presented under the following sub-heads:

i) Analysis of variance,

ii) Variability and heritability,

iii) Mean performance of parents and hybrids and estimation of mid-parent,
better-parent and standard heterosis

4.1.1.1 Analysis of variance

Analysis of variance was carried out and the mean sums of squares for
various characters are presented in Table 3. ‘F’test revealed highly significant
variation among the 18 genotypes (including 9 parents and 9 hybrids) for all the

- characters studied.



Table 3: Analysis of variance for various characters in parents and hybrids of Expt. 1

Characters

Mean Sum of Squares

Replication Genotype Error

d.f. 1 18 18
Plant height (cm) 1.6842 368.7379 ** 6.8820
Number of productive tillers 0.1053 4.5807 ** 0.7742
Days to 50% flowering 0.6579 55.4386 ** 2.0468
Days to maturity 0.4211 78.0673 ** 1.0322
Grain filling duration 0.0263 5.7982 ** 0.4708
Flag leaf area (cm?) 7.1257 2347243 ** 5.8324
Length of main panicle (cm) 0.0516 12.0744 ** 0.7749
Weight of main panicle (g) 0.1006 3.3233 ** 0.1027
Weight of ali panicles (g) 0.0531 107.5671 ** 2.4851
Weight per panicle (g) 0.0131 0.9788 ** 0.0346
Number of filled spikelets 100.1579 5,793.4398 ** 196.3557
Number of unfilled spikelets 110.7379 4,814.1473 ** 169.2623
Total number of spikelets 31.0116 1,112.8255 ** 16.1160
Panicle density 0.0412 8.5744 ** 0.2539
Spikelet fertility (%) 53.9520 1,186.9511 ** 18.8028
1000-grain weight (g) 0.6029 21.7822 ** 0.6935
Biomass yield (g) 11.6390 193.6118 ** 5.3989
Grain yield (g) 9.4300 99.2205 ** 2.5334
Straw yield (g) 6.6924 23.3408 ** 4.9554
Harvest index 0.0003 0.0435 ** 0.0009
CGR (mg/day/plant)

Seedling - tillering 5,464.7468 17,356.5706 ** 1,078.2392

Tillering - flowering 4,800.4934 16,108.4400 ** 984.4313

Flowering - maturity 5,520.5462 59,471.3134 ** 1,228.5925

Whole duration 3,069.3964 14,551.3272 ** 486.3275
RGR (mg/g/plant/day)

Seedling - tillering 2.8577 58.0046 ** 1.1673

Tillering - flowering 0.0612 10.8950 ** 0.2772

Flowering - maturity 1.6891 27.1106 ** 0.8317
NAR (mg/dm?/day)

Seedling - tillering 85.6848 2,013.6069 ** 24.6033

Tillering - flowering 3.4012 63.0647 ** 0.9643

Flowering - maturity 18.8857 482.8939 ** 4.3323




Table 3 (Cont...)

Mean Sum of Squares

Characters Replication Genotype Error
Leaf area (cmzlplant)

Seedling 0.1106 2.4824 ** 0.0303

Tillering 6,214.4566 * 71,377.9957 ** 1,274.3383

Flowering 4,818.6641 * 67,486.2286 ** 1,039.3958

Maturity 2,201.8806 20,783.4730 ** 560.1164
LAR (cm?g)

Seedling - tillering 0.3773 20.3689 ** 0.1274

Tillering - flowering 4.2780 217.4940 ** 3.8241

Flowering - maturity 2.3730 196.9100 ** - 4.2682
LAl

Tillering 0.1135 0.7749 * 0.0299

Flowering 0.1258 0.7261 ** 0.0313

Maturity 0.0078 0.2315 ** 0.0065
LAD

Tillering - flowering 80.0505 560.7337 ** 18.6429

Flowering - maturity 25.6025 323.7013 ** 8.2187
a-Amylase activity (mg/seed/min)

at 24 hrs 0.2007 26.0307 ** 0.4464

at 48 hrs 0.2023 49.7349 ** 0.7941

at 72 hrs 0.3042 49.1965 ** 0.7238
NRA (u moles NO,/g fr.wt./hr)

Seedling 1,203.3695 10,708.1917 ** 326.5028

Tillering 1,013.2895 18,6569.5455 ** 333.4828

Flowering 656.6568 19,169.8000 ** 305.1768

25 days after flowering 593.6800 11,355.6495 ** 151.4644
Nitrogen (%) in grain 0.0001 0.0246 ** 0.0004
Protein (%) in grain 0.0038 0.8709 ** 0.0128
Amylose (%) in grain 0.5293 25.6472 ** 0.3816
Starch (%) in grain 0.2529 30.2537 ** 0.8720

*, ™ = Significant at 5% and 1% levels, respectively
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4.1.1.2 Variability and heritability

The estimates of general mean (GM), range, coefficient of genotypic variation
(GCV), coefficient of phenotypic variation (PCV) and broad sense heritability (h?) for
the characters studied are presented in Table 4. A perusal of the table revealed
that grain yield exhibited maximum PCV (56.00%), followed by number of unfilled
spikelets on the main panicle (53.95%), harvest index (48.65%), panicle density
(48.55%), number of filled spikelets on the main panicle (47.31%) and weight of main
panicle (45.27%). Considerably higher PCV vaiues were also obtained for following
characters: spikelet fertility (44.48%), weight of all panicles of a plant (43.34%),
weight per panicle (43.04%), CGR at flowering-maturity (39.79%) and NAR at
flowering-maturity (37.87%). On the other hand, days to maturity recorded the lowest
PCV of 5.14% followed by starch content in grain (5.38%), days to 50% flowering
(5.79%), grain filling duration (5.95%), grain nitrogen content (7.50%), grain protein

content (7.50%), NRA at flowering (9.60%) and NRA at tillering (9.74%).

The estimates of coefficient of genotypic variation (GCV) for all these
characters followed a similar trend as that of PCV values for the respective

characters.

Existence of wide spectrum of variability for yield and yield components in the
experimental material was also evident from wider range values for plant height
(68.30-107.20), number of productive tillers (7.90-12.50), flag leaf area (31.82-66.28),
weight per panicle (0.31-2.60), total number of spikelets in the main panicle
(149.80-243.40), 1000-grain weight (14.33-24.90), biomass yield (19.36-52.90), grain
yield (0.00-22.17), straw yield (19.36-32.35) and harvest index (0.00-0.46). The
maximum variation was found in weight per panicle (0.31-2.60 g, 88.02% variation),
whereas days to maturity showed the least variation (114.50-138.50 days, 17.33%

variation).



Table 4: Estimates of range, general mean, genotypic and phenotypic coefficients of
variation and heritability (broad sense) for various characters in parents and hybrids

~ of Expt. 1
Character Range GM Gev PCV b’ (%)
(%) (%) (bs)
Plant height (cm) 68.30 107.20 90.01 14.87 15.15  96.34
Number of productive tillers 7.90 12.50 10.72 13.07 1550 71.09
Days to 50% flowering 85.50 104.00 92.55 5.58 579 92.88
Days to maturity 114.50 138.50 122.32 5.07 514  97.39
Grain filling duration 27.00 34.50 29.76 548 595 8498
Flag leaf area (cmz) 31.82 66.28 54.82 19.52 20.01 95.15
Length of main panicle (cm) 20.90 28.95 25.50 9.32 9.94 87.94
Weight of main panicle (g) 0.53 4.39 3.03 43.89 4527  94.00
Weight of all panicles (g) 3.40 27.50 18.02 42.35 43.34 95.48
Weight per panicle (g) 0.31 2.60 1.71 41.54 43.04 93.17
Number of filled spikelets 0.00 173.90 114.62 45.73 47.31 93.44
Number of unfilled spikelets 54.20 218.50 92.53 52.08 53.95 93.21
Total number of spikelets 149.80 243.40 20715 11.25 1141  97.14
Panicle density 0.00 6.94 4.42 47.14 48.55 94.25
Spikelet fertility (%) 0.00 75.98 55.05 43.79 4448 96.88
1000-grain weight (g) 14.33 24.90 19.76 16.47 17.01  93.83
Biomass yield (g) 19.36 52.90 39.59 25.35 26.07 94.57
Grain yield (g) 0.00 22.17 13.40 54.59 56.00 95.02
Straw yield (g) 19.36 32.35 26.19 11.88 14.74  64.97
Harvest index 0.00 0.46 0.31 47.66 48.65 95.95
CGR (mg/day/plant)
Seedling - tillering 204.73 539.25 365.11 24.71 26.30  88.30
Tillering - flowering 161.58 470.97  330.01 26.14 27.79 88.48
Flowering - maturity .97.26 673.15 453.26 38.97 39.79 95.95
Whole duration 141.83 418.32 319.17 26.57 27.48 93.53
RGR (mg/g/plant/day)
Seedling - tillering 38.29 57.88 47.63 11.19 1142 96.05
Tillering - flowering 11.47 20.46 14.98 15.33 15.72  95.04
Flowering - maturity 5.29 18.76 13.78 26.99 2783 94.05
NAR (mg/dm?/day)
Seedling - tillering 117.36 24768 167.73 18.87 19.10 97.59
Tillering - flowering 14.93 35.36 24.03 2314 23.50 96.99
Flowering - maturity 8.91 63.84 42.70 37.53 37.87 98.22




Table 4 (Cont...)

GCV PCV  h? (%)

Character Range GM
(%) (%) (bs)

Leaf area (cm?/plant)
Seedling 2.55 - 6.03 4.45 24.90 25.21 97.59

Tillering 826.24 - 1456.32 1,223.11 15.24 15.52  96.49

Flowering 1222.62 - 1770.75 1,538.66 11.85 12.03  96.97

Maturity 52164 - 859.64 704.28 14.25 1464 94.75
LAR (cm?/g) '

Seedling - tillering 22.46 - 35.62 28.92 10.97 11.03  98.76

Tillering - flowering 47.01 - 87.41 64.13 16.09 16.38 96.54

Flowering - maturity 2724 - 59.47 35.78 27.29 2789 95.76
LAl

Tillering 275 - 485 4.08 14.91 1549  92.57

Flowering 408 - 5.90 5.13 11.49 12.00 91.73

Maturity 1.74 - 2.87 2.35 14.26 1466  94.51
LAD

Tiliering - flowering 53.20 - 109.46 88.80 18.50 19.13  93.56

Flowering - maturity 86.28 - 124.83 110.66 11.33 11.62 95.05
a-Amylase activity (mg/seed/min)

at 24 hrs 5.00 - 15.00 10.60 33.74 3432 96.63

at 48 hrs ' 8.00 - 21.67 15.59 31.72 3224 96.86

at 72 hrs 15.00 - 31.50 23.42 21.02 21.33 97.10

NRA (a1 moles NO,/g fr.wt./hr)

Seedling 57540 - 81480 675.58 10.66 10.99 94.08

Tillering 836.30 - 115250 999.67 9.57 9.74 96.49

Flowering 87150 - 1188.00 1,030.72 9.45 9.60 96.87

25 days after flowering 147.70 - 44400 285.32 26.23 26.59 97.37
Nitrogen (%) in grain 1.33 - 1.76 1.49 7.39 7.50 97.10
Protein (%) in grain 791 - 10.47 8.87 7.39 750 97.10
Amylose (%) in grain 19.00 -  29.50 23.89 14.88 1510  97.07
Starch (%) in grain 66.50 - 78.80 73.36 5.22 5.38 9440
GM = General mean

GCV = Coefficient of genotypic variation
PCV = Coefficient of phenotypic variation
h? (bs) = Heritability (broad sense)
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Growth parameters like CGR, RGR, NAR, LAl, LAD énd biochemical
parameters like nitrate reductase activity, a-amylase activity and amylose content
in grain also showed wide variation, while starch content in grain showed the lowest

range (66.50%-78.80%, 15.61% yariation).

High coefficients of ’Qariation (GCV and PCV) were coupled with high
heritability (broad sense) estimates for some of the characters studied. Broad sense
heritability ranged from 64.97% for straw yield to 98.76% for LAR at seedling to
tillering stage. Characters like NAR at flowering to maturity (98.22%), NAR at
seedling to tillering (97.59%), leaf area at seedling stage (97.59%) and days to
maturity (97.39%) also showed high estimates of broad sense heritability, whereas
other characters like number of productive tillers (71.09%), grain filling duration
(84.98%), length of main panicle (87.94%) and CGR at seedling to tillering stage

(88.30%) showed comparatively low estimates of broad sense heritability.

4.1.1.3 Mean performance of parents and hybrids and the extent of
heterosis

Mean values of parental lines and hybrids of the three cross combinations are
presented in Table 5. Heterosis as percent increase or decrease over the mid-parent
(Ha); better parent (Hb) and standard check (Hc) is presented crosswise in Tables 6,
7 and 8, respectively. Mid-parent heterosis and heterobeltiosis (%) has also been
depicted in figures 1a through 3d separately for yield components and physiological
and biochemical characters, crosswise. The nature and magnitude of heterosis is

presented character wise hereunder.

4.1.1.3.1 Yield and Yield components

Plant height (cm): Plant height of the parental lines ranged from 68.30 cm in PMS 2A

to 103.70 cm in PRR 78, with a mean value of 82.52 cm. While in case of hybrids it
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CHAPTER 4 Results 56

varied from 82.60 cm (AF,-1) to 107.20 cm (BF;-3), with a mean of 97.49 cm. The
ranges for Ha, Hb and Hc were, 3.25% (AF;-1) to 20.18% (RF;-2), -9.92% (AF;-1) to
4.14% (RF-2) and -8.32% (AF-1) to 18.98% (BF;-3) respectively. For this character,
seven hybrids showed significantly positive Ha and two showed significantly negative
Hb. When compared with the check, five hybrids showed significant positive

heterosis and one showed significant negative heterosis.

Number of productive tillers: On an average PRR 78 had only 7.90 productive tiliers

and Pusa 1124 had 12.40 tillers among the parental lines, with a parental mean of
10.02. While the average number of productive tillers in hybrids ranged from 10.10
(RF;-1) to 12.50 (AF;-2), with a mean of 11.34. The Ha was the lowest in RF;-1
(2.02%) and highest in BF,-3 (24.73%), while Hb ranged from -12.10% for BF,-2 to
8.41% for BF,-3. Similarly, Hc ranged from -10.62% in RF4-1 to 10.62% in AF,-2. For
this character, four hybrids showed significant increase over the mid-parent value,
however the rest did not significantly differ from their mid-parental value. None of the

hybrids manifested significant heterobeltiosis or standard heterosis.

Days to 50% flowering: In terms of number of days to 50% flowering, PRR 78 was

the earliest (91.00 days) and PMS 2A was the latest (104.00 days) among the
parents, with the parental mean being 96.06 days. In case of hybrids, BF4-3 flowered
earliest in 86.00 days and AF;-1 was the latest to flower in 94.50 days. The mean of
hybrids for this character was 89.83 days. The Ha ranged from -12.85% for RF4-1 to
-1.62% for AF4-3, while the range for Hb was from -16.02% in RF4-1 to -2.73% in
RF;-3. In case of Hc, all the hybrids showed positive values, the range being 0.58%
in BF;-3 to 10.53% in AF4-1. Seven hybrids in each case exhibited significantly
negative Ha and Hb, while six hybrids exhibited significantly positive Hc indicating

their lateness over the check variety.



o V619 LG9S .k GLBY o 900E . GL'ST . 1202 w LTES a BL8Y €LY Xapul 1SoAEH

19°e- L G6'G- « 166Gl L €G°GlL- . L0'8L- 612" 0Ly €L (6) pioik meng
 €T00L .« BL06  « 861 « BL°GT . 2681 €52 w GLB9 w1909 . BTGV (B) piotA uiels
o OL°GZ . 82ET « 6091 9g'L- LE€E- G6'8- w679l BVl .. 8TYE (6) pjo1A ssewoig
w PPLZ 4 8861w LLGL 06'9 €G'G o o V86l . 0€8L .. BSEL (B) yybrem ute1b-0o0 |
w LG1E 4 BGBT  wx €2°9C or'L 060 Vira %A 09'6 65°L (%) Auey Joxds
o 0829 . GEPY . VE'QY L9l z6'€l 69'91 .« LE'ST « €T « 2L°GT Aysusp spolued
€S8 . EL'BF . GT6E w9012 . €L0Z . 6¥0L wm2ELT w6602 . LETLL Sjojayiids Jo Jaquunu [BJ0 |

v0'L- 181" 88¢c- €L61- 92'GL- LGV 0TG- 100 86'L- sjo|exIds pajjun Jo JaquinN
92796 4 CGL6 .. 89°9L o 8E'E€T + 6002 6.°0L o VO'LE W BEEE . 90'EC sjo|@yids pajjly Jo JaquInN
6919w POVO . 86°2€ « 2LET « LE'GT 9zl w 902E . LVVE 19'8 (6) ajo1ued Jad 1yblam
o WOL  w 8TLS . BYSY - €602 SZ'LL 162 w8L'GS . TTEY . BVTE (6) sajowued (e jo JyBiopn
o ZE00L  «x LB'LB  xx 09706 68'G LY GL0 w O0LY €60V .x T6'6E (6) ajowued urew jo ybrap
wCLLL o 6Y9L 10§ G8'G 82'G 60°G- - 9€'6 w L8 860- (wo) ajo1ued urew jo yibus
o 2801 4a LZT86 . B0'GH « ¥6°01 95°G 68°€ o OV'8Z e LVTT e LYVOT (;wo) eale Jes| be|4
v 8L°9 000 « 80°G 8Z'¢ 8z'¢- v9'L . 00°G L9'L- £ee uoesnp Buy uels
« L6°E »x 8LV »x €8°L »» 80°8- w bEL" # OV » GE°G- « GGV - LVC Ajunjew o} sheq

26T w €79 o L8 wm PPZl- W GP6 e OV w168 W GPG .. 88¢ Bunemol) %05 0} sheq

G9C vSe- 290l Gt'9- 0LCL- 1870 €Lel 98'9 - 6102 sIaj11) dARONPoId JO JBqUINN
w €Ll 66T 66°G vy 0€0 . 16'G w8L0Z w GLGL o LELL (wo) 1ybiay jue|y

Tt Z-tdg v -t z-tdg z-'dv z-'4 Z-'dg z-tdv siepEIEYD

SIS013}3Y piepuels

SiS049)ay Juated-1a)j9g

Sis013)9y Juased-pIN

vZll esnd pue gg

esng ‘Yg esnd BUlAjOAUL S8SS0ID Ul S19JoRIBYD SNOLIRA J0j (%) SIS0Ja)ay piepuels pue jualed-1a)aq ‘yuased-pip 2 ajqel



L9 0€'s 1G9 o COBL™ e P96l «x PYBY- 62°0L- L6°0L- 066 Ameu - buiomol4

o GG'6Z  ax G6'0E  x VEVT o L8 4 LBOL- .. B6TLE- 8L 810 €€°G- Buuemoy) - Bunayj

»» C9'EC = 7L°9€ «» GC'GC ANA « 128 « VO'LC S6°0- +» 966 Ge0 Buna||y - Bulpeag
(6/,wo) YV

o €LBC 4 VE'BT .. BTG o LBEL w €8Vl . GV'6L- 89'0- GL'L- 60 - Aumew

€626 . OV'GE  .x GO'EE LZ¢€ 8e') 6£°0- v CL'G + 8L€ 86'L Buemo|4

o VEGL e 929L . 66CL Ly vl 6LC o L0GL  B9GL . VSEL Buus|IL

L9°G « VL. €26 201 00'€ 090 8292 . GL8Z . GLST Buipsas
c:m_a\NEov eale jea

. 6V'6 o €911 66'L- «GLLL w ECEL 659" w0222 4 6SVC 0LC Aunew - Buuamoly

o TT6L" wx L8'8BT ax €9°0E- 90°'L o 00" e LTEL - 69°CC . 708 9e's Buuemoly - Bus||IL

€962 LOTLE- . VOTE v8'v 28T €v'e - 188 980 S¥L- Buue| - Bulipsas
(Rep/,wp/bw) YyYN

. ZV9L «BLLL 08'L- 1001 0g'LL 156 L6701 rAaA! or'o- Aunew - Buyemoly

- 26°CL W9 L TTEL - CL0T 9z 0 £ 2T L o LLVEE 166 0£2 Buuamoy - BuusyiL

w GBL" e B9G . TSSL- « 80°G o 190 . 18T w 8LL  PY0L 80'L- Buua|i - Buipesg
(Aeppue|d/6/6w) YO

w €522 o LOVE orel 2eL Ge'y 25 = €9€C . 2202 666 uopenp SjoyM

o 6TLY o LBV . LV6L 29 999 . 88°EL- w8062 . LOST Wl Aunjew - Buuamoy

» 09°92 GE'6 oL 0Z'9 82’8 8LZL- w 61°GE LL9) 08’11 Buwemoly - Buue|)

« G061 GL'LL 669 GL'LL 8€'6 g8y w 86°LT « Y61 GSvl Buus)|y - Buipesg
(yued/Aep/Bw) YOO

Z-' z-tdg z-'dv T Z-tdg z-'dv T4 z-'49 z-tdv

SIS019)9Y pJepue)s

sisolajay Juased-i1a)jeg

s1S049)ay Juased-piy

siojoeieyn

("*-uo9) £ sjqey



Ajoanoadsal 'sjana| % | pue %G le juesyubig = ,,

*

6v'v 29 80t - 907 o 6L - GO'E 629  EV'9  18'G uresb ul (%) yoleys
0v'6- 9zZ'0lL- L8 ov'e e 88'Y « €L'G €Ly «VT1L uielb uy (%) asojAwy
radt vG9l €5°€l « 95T v90- . 12€ £ 0T w €LY €0'Z urelB ui (%) usjold
radt vS9l €5°El « 95T ¥9°0- MR A « 0T o €LY €0'Z uresb ui (%) uabonN
o Z2E€S . 88G9 .. 9€'8G o EE6E-  wx CEVE-  wa CELY o VLLE wn 09°TE xx G9°GE- Buuemoyy Jaye shep Gz
o P80E e ZL0E . TEOE Le'L GL0 - ¥9'S o 18'G w 62°G  OE0L Bunamo|d
w GLIE . V98 .. 8V6L €L°0 o 286« GTT- w0LZL wx GG vez- Bupa)|IL
e G60E 4 6V°0Z . 8L€C LOLV 8TV . 866  €€'8 2e0- ov'e Buypesg
(durwyy 620N sajow ) WaIN
9628 . 8TSY . L87TF wOLVZ . 188l . 7801 o VLTS o GYSY . VOEY siyz/ie
o BE88  ax GE'GL  .x L8'EL w» GEEE  w CL'VZ s LO'ET o G669  ax 818G «x G89G siy gy 18
w 8OVEL  wx LOZEL  «x 96'ETL w BEOE 4 0682 VT w9269 e 8EE9 . LLLG siy pZ e
(uiwypaas/bw) Ajajoe asepfuiy-D
= 8OPY . OCEE . BE'LE Ge'v 98¢ G0z w CL'6 ¥5°0 29°¢ Aunmew - Buusmol4
e OV'L6 s €L710L  x LL'EL ads 6E L~ «x BEGL- €80 829 . 088 Buamol - Buus|jiL
avi
o €062 4 V€8T . 8T'ST o LBEL"  wx €8VL 4k SY6L- 89°0- GLL- 60t Aunep
o €67LE 4 OP'GE  «n SO'EE 12'€ 8¢g’L 6€°0- zLs 8.°¢ 86| Buuamo)
o LEGL 979L .. 66CL L'y vy 6LC o L0°GL wx 69°GlL e VSEL BunaljiL
vl
-4y z-‘dg Z-tav c-'4y ¢-‘49 Z-tdv ' Z-t49 aF\ S1010B1EYD

S1S019}9Y piepuels

s1S049)9Y Juaied-1a)og

s1S043)9Yy jJuaied-pIN

(""u09) L 9qey



CHAPTER 4 Results 57

Days to maturity: Among parents, the value for this character ranged from 119.50

days in PRR 78 to 138.50 days in PMS 2A, with a mean of 126.33 days. While the
range for this character in hybrids was frorﬁ 114.50 for BF,-3 to 124.00 for AF4-2,
with a mean of 119.11. The Ha varied from -10.60% for RF;-1 to -2.17% for AF,-2,
while Hb ranged from -13.43% for RF,-1 to -2.50% for RF,-3. The standard heterosis
was found to vary between -0.43% for BF;-3 and 7.83% for AF;-2. All the hybrids
showed significantly negative Ha and Hb for this character indicating earliness. On
the other hand, six hybrids showed significant positive Hc values, indicating their

lateness compared to the check.

Grain filling duration (days): In general, it was observed that late maturing genotypes

also had longer grain filling duration. In parental genotypes, the grain filling duration
varied from 28.50 days in IR 58025B to 34.50 days in PMS 2A, with a mean of 30.28
days. The character ranged from 27.00 days (AF:-3) to 31.50 days (RF4-2) in
» hybrids, with a mean of 29.28 days. The Ha for grain filling duration ranged from
-14.73% for AF;-1 to 5.00% for RF;-2, with two of the hybrids showing significant
negative values and only oné showing a significant positive value. While Hb ranged
from -20.29% for AF,-1 to 3.28% for RF-2, with three hybrids manifesting significant
negative Hb. Compared with the check, heterosis ranged from -8.47% (AF-3) to
6.78% (RF4-2), with three hybrids showing significantly negative values and an equal

number of them demonstrating positive significant values.

Flag leaf area (cm?): PMS 2B scored the lowest (39.50 cm?) for this character among

parents, while PRR 78, with 63.03 cm? flag leaf area, scored the highest. The
parental mean for flag leaf area was 49.43 cm?. In case of hybrids, the flag leaf area
was minimum in AF,-1 (57.97 cm?) and maximum in RF3-2 (66.28 cm?), with a mean
of 62.76 cm?. The range of Ha was from 14.01% in BF;-3 to 28.40% in RF4-2, while
Hb ranged between -4.24% in AF;-1 and 10.94% in RF4-2. All hybrids showed highly

significant positive Hc values ranging from 82.20% in AF;-1 to 108.32% in RF4-2.
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CHAPTER 4 Results 58

Similarly all the hybrids exhibited highly significant positive Ha and only one hybrid
(RF4-2) showed significant positive Hb for this character, while none manifested

significant negative Hb.

Length of main panicle (cm): Among parents, the length of main panicle ranged from

20.90 cm in PMS 2A to 28.95cm in PRR 78, with a mean of 24.70 cm. In case of
hybrids, the main panicle was shortest in AF-1 (22.25 cm) and longest in BF4-3
(28.70 cm), with a mean of 26.47 cm. Ha ranged from -6.41% (AF;-1) to 9.36%
(RF,-2), while Hb ranged from -16.51% (AF-1) to 5.85% (RF4-2). When compared
with the check, heterosis ranged between -7.10% (AF;-1) and 19.83% (BF;-3). Four
hybrids showed significant positive Ha for this character. However in case of Hb, an
opposite pattern was found, where three hybrids exhibited significant negative Hb
and none showed significant positive value. While, in case of Hc, five hybrids were

significantly superior to the check and none was significantly inferior.

Weight of main panicle (q): Among the fertile parental lines, the main panicle

weighed least in PMS 2B (1.77 g) and heaviest in Pusa 1124 (4.15 g), with the mean
being 2.99 g. AF;-1 produced the lowest weighing main panicle of 3.21 g, while
RF,-2 produced the heaviest main panicle of 4.39 g. The mean for this character was
3.94 g among the hybrids. The mid-parent heterosis was significantly positive in eight
of the nine hybrids, with its range being 15.51% (AF;-1) to 47.06% (RF;-2). None of
the hybrids significantly differed from its better parent and the range of Hb was from
-15.23% (AF,-1) to 7.49% (BF-3). On the other hand, compared with the check, all
the hybrids scored highly significant positive superiority for this character; the range

of Hc being 46.37% (AF;-1) to 100.32% (RF4-2).

Weight of all panicles (g): Among parents, the character ranged from 12.10 g in

PMS 2B to 22.82g in Pusa 1124, with the mean being 16.43 g. While, among

hybrids, the range for this character was from 19.85 g (AF;-1) to 27.50 g (RF-2); with
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a mean of 24.10 g. Highly significant positive values for Ha were obtained in case of
vall the hybrids, the range being 32.49% (AF;-2) to 56.93% (RF4-1). Hb ranged from
2.91% (AF,-2) to 35.66% (RF4-1) and six hybrids were significantly superior to their
better parents. Compared with the check, all hybrids showed significant positive

heterosis and the range of Hc was from 22.99% (AF;-1) to 70.41% (RF-2).

The figures 1a, 2a and 3a clearly indicate that the hybrids scored the highest
for this character among the yield components over the mid-parent value, resulting in

high mid-parent heterosis in grain yield.

Weight per panicle (g): Among the fertile parental lines, the weight per panicle

ranged from 1.10 g in PMS 2B to 2.60 g in PRR 78, with the mean being 1.75g.
While among the hybrids, the weight was minimum in AF4-1 (1.67 g) and maximum in
RF,-3 (2.53 g) with an average of 2.16 g. Mid-parent heterosis for weight per panicle
ranged from 8.61% in AF;-2 to 48.16% in RF;-1, while Hb ranged from -16.91%
(AF;-3) to 25.37% (BF;-2). The Hc ranged between 16.53% (AF;-1) and 76.13%
(RF,-3). Five hybrids were significantly superior to their mid-parents and only two
were significantly superior to their better parents, while AF;-3 exhibited negative Hb.
Compared to the check, eight hybrids, with the exception of AF;-1, showed significant

superiority.

Number of filled spikelets in_main_panicle: Among the fertile parents the character

ranged from 102.40 in Pusa 5B to 132.10 in PRR 78, with the mean of 117.00. In
hybrids, the range as well as the mean value were much higher than those found in
case of the parental lines. The mean of hybrids for this character was 154.69, with
the range being 130.80 (AF;-1) to 173.90 (BF;-3). The Ha ranged from 13.00% for
AF,-1 to 48.25% for RF-1, while Hb ranged from 10.79% for AF,-2 to 45.92% for
RF;-1. Similarly, the range for Hc was from 63.09% in AF;-1 to 116.83% in BF4-3.

Eight hybrids showed significantly positive Ha and six manifested significantly



Fig 1a: Mid-parent heterosis (%) for yield components in cross
combination involving PMS 2A, PMS 2B and Pusa 1127
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Fig 1b: Mid-parent heterosis (%) for physiological and biochemical
characters in cross combination involving PMS 2A, PMS 2B and Pusa
1127

CGR at seedling - tillering

- CGR at tillering - flowering
CGR at flowering - maturity
— CGR for whole duration
RGR at seedling - tillering
- RGR at tillering - flowering
RGR at flowering - maturity
NAR at seedling - tillering
NAR at tillering - flowering
NAR at flowering - maturity
Leaf area at seedling
Leaf area at tillering
Leaf area at flowering
Leaf area at maturity
LAR at seedling - tillering
LAR at tillering - flowering
LAR at flowering - maturity
— LAl at tillering
LAl at flowering
LAl at maturity
LAD at tillering - flowering
- LAD at flowering - maturity
NRA at seedling
- NRA at tillering
NRA at flowering
NRA at maturity
Nitrogen (%) in grain
Protein (%) in grain
Amylose (%) in grain
Starch (%) in grain
a-Amylase activity (24 hrs)
— a-Amylase activity (48 hrs)

a-Amylase activity (72 hrs)

T T T T T 1

-20 0 20 40 60 80 100

Characters

Mid-parent heterosis (%) B RF1-1 wBF1-1 mAF1-1




Fig 1c: Heterobeltiosis (%) for yield components in cross combination
involving PMS 2A, PMS 2B and Pusa 1127
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Fig 1d: Heterobeltiosis (%) for physiological and biochemical characters
in cross combination involving PMS 2A, PMS 2B and Pusa 1127
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positive Hb. All the hybrids were significantly superior to the check variety for this

character.

Number of unfilled spikelets in main panicle: Among the fertile parental lines, this

character ranged from 55.90 in Pusa 1124 to 97.60 in PMS 2B, with the mean of
76.95. While in hybrids, the character ranged from 54.20 (RF;-1) to 79.50 (AF,-1),
with a mean of 68.36. The Ha ranged from -33.29% (RF-1) to 0.07% (BF4-2).
However, for Hb, high negative values were obtained ranging from -64.57% (AF4-2)
to -15.26% (BF,-2), indicating that the hybrids had less numbers of unfilled spikelets.
Similarly, Hc ranged between -22.13% (RF1-1) and 14.22% (AF4-1). Only two hybrids
showed significant negative Ha for this character and seven hybrids showed
significant negative Hb, indicating their superiority over their mid-parents and
better-parents respectively. However, none of the hybrids differed significantly from

the check variety for this character.

The figures 1c, 2c and 3c clearly indicate very high negative heterobeltiosis
for this character in all the three cross combinations, indicating superiority of the
hybrids. The magnitude of mid-parent heterosis, however, was much less, although it

was in negative direction in all the three cross combinations.

Total number of spikelets in_main panicle: Among all the parental lines, Pusa 1127

had the lowest number of spikelets in the main panicle (182.50) and PMS 2B, the
highest (211.50). The parental mean was 197.63. For hybrids, the range for this
character was from 208.60 (AF-2) to 243.40 (BF;-3), with a mean value of 223.04.
Ha ranged from 4.89% (AF-1) to 21.32% (RF4-2) with eight of the nine hybrids
manifesting significant positive Ha. Heterobeltiosis ranged between -3.75% (AF;-1)
and 21.06% (RF;-2) with seven hybrids manifesting significant superiority for this
character. Similarly, Hc ranged from 39.25% (AF;-2) to 62.48% (BF4-3) and all

hybrids were significantly superior to the check variety for this character.
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Panicle density: Among the fertile parental lines, panicie density ranged from 4.14 in
Pusa 5B to 5.22 in PMS 2B, with the mean density being 4.60. While in case of
hybrids, both the range and mean value of the character were much higher. The
range was 5.27 (AF;-3) to 6.94 (RF;-1) and the mean was 5.88. Ha was lowest in
AF:-3 (17.05%) and highest in RF;-1 (43.99%) and Hb ranged from 13.92% in BF;-2
to 33.86% in BF,-3. Similarly, the range of Hc was from 57.00% in AF;-3 to 106.96%
in RF-1. Eight hybrids exhibited significant positive Ha and four manifested
significant positive Hb. While, all of the hybrids showed significant positive Hc for this

character.

Spikelet fertility (%): The character ranged from 54.48% in PMS 2B to 69.93% in

Pusa 1124 among the fertile parents, with the mean spikelet fertility of 61.04%.
Whereas, the range of spikelet fertility in hybridS was from 61.75% (AF;-1) to 75.98%
_ (RF4-1), with the mean value of 69.37%. Ha ranged from 3.79% in AF;-1 to 27.71%
in RF4-1 with six hybrids showing significant positive values. While the range of
heterobeltiosis for this character was -4.28% (AF;-1) to 17.77% (RF;-1) with only
RF;-1 showing significant positive value. Similarly, Hc ranged betWeen 14.58% in
AF1-1 and 40.98% in RF-1 and all hybrids showed significant positive values

indicating their superiority over the check variety.

1000-grain weight (g): Among the parental lines, PMS 2A had the lowest 1000-grain

weight (14.33 g) and PRR 78 had the highest (24.90 g), with a mean of 18.26 g.
Whereas in hybrids, the character ranged from 17.65 g (AF4-1) to 24.36 g (RF;-2)
with a mean of 21.23 g. The range for mid-parent heterosis for 1000-grain weight
was between 0.47% (AF;-1) and 19.84% (RF4-2), with four hybrids showing
significant positive heterosis. With respect to Hb, six hybrids showed significant
negative values and none showed significant positive value, with the range being

-14.36% (AF;-1) to 6.90% (RF;-2). Similarly, Hc ranged from -11.99% (AF;-1) to
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21.44% (RF4-2), with four hybrids manifesting significant positive values and two

showing significant negative values.

Biomass vield (q): Among the fertile parental lines, biomass yield ranged widely from
28.23 g (IR 58025B) to 49.91 g (Pusa 1124), with a mean value of 36.72 g. However,
among hybrids the range was higher and comparatively narrower, from 38.35 g
(AF;-1) to 52.90 g (BF,-3), with a mean value of 47.57 g. The Ha varied from 14.19%
in BF,-2 to 63.63% in AF,-3, with all the hybrids showing significantly positive values.
With respect to heterobeltiosis, five hybrids showed significant positive values and
the range was -8.95% (AF;-2) to 27.60% (RF;-1). Compared with the check, seven
hybrids were significantly superior; the range for He being -2.02% in AF,-1to0 35.13%

in BF;-3.

Grain vield (q): The range for grain yield in fertile parental lines was from 7.65g

7 (PMS 2B) to 17.71 g (Pusa 1124), the mean being 11.54 g. While it ranged from
14.16 g (AF;-1) to 22.17 g (RF-2), with a mean grain yield of 19.36 g in hybrids. The
Ha ranged between 42.85% in AF;-1 and 87.08% in BF4-3, with all the hybrids
showing highly significant positive heterosis. The Hb varied from 7.53% for AF;-2 to
50.‘1 1% for RF;-1 and seven hybrids exhibited significantly positive values. Over the
check, eight hybrids demonstrated highly significant positive heterosis; Hc ranging

from 27.86% in AF;-1 to 100.23% in RF4-2.

Straw vield (g): Among the fertile parental lines, straw yield varied widely and ranged
between 19.72 g (IR 58025B) and 32.20 g (Pusa 1124), with a mean of 25.18 g.
However in hybrids, the range for straw yield was narrower and was from 24.20 g
(AF;-1) to 32.35 g (AF,-3) with the average being 28.21 g. The Ha ranged from
-7.19% (RF;-2) to 31.65% (BF;-3), with four hybrids manifesting significantly positive
values. Hb ranged from -18.01% (AF-2) to 17.04% (AF;-3) with only AF;-3

manifesting significant positive value and three showing significant negative values.
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Compared to the check, none of the hybrids manifested either positive or negative

significant heterosis. The range for Hc was from -13.80% (AF4-1) to 15.25% (AF4-3).

Harvest index: Harvest index ranged between 0.25 in Pusa 5B and 0.36 in
Pusa 1124, with a mean value of 0.31 for the fertile parental lines. However, it ranged
from 0.38 (AF,-1) to 0.46 (RF;-2) in hybrids, with the mean being 0.41. The Ha varied
from 19.56% in AF;-3 to 53.27% in RF;-2 with all hybrids showing significant
superiority over the mid-parent. Hb ranged between 10.10% in AF,-1 and 30.06% in
RF,-2 with four hybrids being significantly superior over the better parent. Compared
with the check, all hybrids showed significant superiority; the Hc ranged from 31.79%

in AF;-1 t0 61.94% in RF4-2.

4.1.1.3.2 Physiological and biochemical characters

- a) Crop growth rate (CGR, mg/day/plant)

CGR was recorded at four growth phases viz. seedling to tillering, tillering to
flowering, flowering to maturity and for the whole crop duration. The results are

presented separately for each growth phase.

i) Seedling to tillering: Among the parental lines, PMS 2A had the lowest CGR

(204.73) during seedling to tillering phase, while PRR 78 had the highest of 411.32
during the same phase. The mean value for CGR during this stage for the parental
lines was 294.58. The hybrids in general expressed better crop growth rate varying
from 320.98 (AF;-1) to 539.25 (BF;-3), with the mean being 432.41 in this bhase. Ha
ranged from 14.55% (AF:-2) to 54.33% (BF:-3), with eight hybrids exhibiting
significant values, while Hb ranged from 4.85% (AF:-2) to 31.10% (BF;-3) and only
three hybrids manifested significant values. Whereas in case of Hc, four hybrids
exhibited significant positive heterosis and one manifested significant negative value,

the range of Hc being -18.56% in AF;-1 to 36.81% in BF4-3.
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ji) Tillering to flowering: For CGR in this phase, the parental range was from 161.58
in PMS 2A to 427.63 in Pusa 1124, with the mean CGR being 264.63. However in
case of hybrids, the range as well as the mean were much higher compared to the
parents and were 311.60 (AF;-3) to 470.97 (RF;-1) and 392.20 respectively. Ha
varied from 11.80% in AF;-2 to 83.74% in RF;-1, with six hybrids showing highly
significant values. In case of heterobeltiosis, five hybrids showed significantly positive
values and none showed significant negative value, the range being -12.18% in
AF4-2 to 75.90% in RF4-1. For Hc, the range was from -13.13% in AF;-3 10 31.30% in

RF.-1, with only three hybrids showing significant positive values.

From figures 1b, 1d, 3b and 3d it is clear that hybrids of the first and third
cross combinations exploited maximum advantage in this growth phage. However, in
the second cross combination (figures 2b and 2d), involving Pusa 5A, Pusa 5B and
Pusa 1124, the hybrids AF;-2 and BF-2 showed positive Ha and negative Hb. This
was because of higher growth rate of the restorer Pusa 1124 during this growth

phage than its hybrids.

iii) Flowering to maturity: The CGR at flowering to maturity was low in PMS 2A

(97.26) and was much higher in Pusa 1124 (592.03), among the parental lines, with
the mean CGR being 332.77. However for hybrids, the range for this character was
much higher, from 468.87 in AF-1 to 673.15 in RFq-1, with the average being
576.68. Ha for this character ranged from 1.41% for AF4-2 {0 76.81% in RF;-1, with
eight hybrids showing highly significént values. Whereas, Hb ranged from -13.88% in
AF,-2 to 51.91% in RF4-1, with two hybrids showing highly significant values and only
one (AF;-2) showing significantly negative Hb value. In case of Hc, eight hybrids
except AF;-1 showed significantly positive heterosis, with the range being 9.82% in

AF;-1to 57.67% in RF4-1.
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iv) Whole growth duration: The mean value for parental lines for CGR for
whole growth duration was 251.35 with the rang.e being 141.83 for PMS 2A to 383.86
for Pusa 1124. Whereas the hybrids were much superior to the parental lines for this
character and the range was from 315.19 for AF4-1 to 418.32 in BF;-3, with the
average CGR of 386.57. Mid-parent heterosis varied from 9.99% in AF4-2 to 61.99%
in RF,-1, with eight hybrids manifesting highly significant values. However, over the
better parent, only four hybrids showed significant positive values and none showed
significant negative value. The range of Hb was from -4.52% in AF;-2 to 41.93% in
RF,-1. Hc ranged from -2.43% in AF;-1 to 29.50 in BF,-3, with six hybrids showing

significant superiority over the check variety.

b) Relative growth rate (RGR, mg/g/plant/day)

RGR was studied during three growth phases, viz. seedling to fillering,
tilrlering to flowering and flowering to maturity. As the CGR and RGR are related, the
same pattern that was found in case of CGR was found for RGR as well. The results

are described separately for the different growth phases.

i) Seedling to tillering: Among the parents, RGR varied from 39.90 for PMS 2B to

50.78 for PRR78 with a mean of 44.85 for this phase. The range for the
same growth phase in hybrids was from 38.29 in AF,-1 to 57.88 in BF;-3, with the
mean being 49.54. Heterosis over mid-parent ranged from -8.55% in AFy-1 to
23.95% in BF,-3, with seven hybrids manifesting highly significant positive Ha values
and only one showing highly significant negative value. While compared to their
respective better parents, four hybrids demonstrated significant superiority and two
showed significant inferiority; the range of Hb being -12.65% in AF;-1 to 13.99% in
BF,-3. Compared to the check, all hybrids, except BF;-3, showed significant negative

heterosis and the range of Hc was from -30.93% in AF,-1 to 4.43% in BF,-3.



Fig 2a: Mid-parent heterosis (%) for yield components in cross
combination involving Pusa 5A, Pusa 5B and Pusa 1124
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Fig 2b: Mid-parent heterosis (%) for physiological and biochemical
characters in cross combination involving Pusa 5A, Pusa 5B and
Pusa 1124
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Fig 2c: Heterobeltiosis (%) for yield components in cross combination
involving Pusa 5A, Pusa 5B and Pusa 1124
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Fig 2d: Heterobeltiosis (%) for physiological and biochemical characters
in cross combination involving Pusa 5A, Pusa 5B and Pusa 1124
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ji) Tillering to flowering: At this phase, RGR varied from 11.47 in PMS 2A to 16.74 in

IR 58025A among the parental lines with a mean of 14.08. While among hybrids, it
ranged from 11.62 in AF;-3 to 20.46 in RF;-1, with the mean being 15.70. Five
hybrids demonstrated significant positive Ha and only one showed significant
negative Ha, the range being -10.65% in AF;-3 to 39.36% in RF;-1. Hb varied from
-30.58% in AF;-3 to 29.88% in RF;-1 and four hybrids manifested significant positive
Hb while three showed significant negative Hb values. Whereas, compared to the
check, only two hybrids were significantly superior and five of them were significantly

poor for this character; the range of Hc being -29.86% in AF;-3 to 23.48% in RF4-1.

iii) Flowering to maturity: For this phase, RGR varied from 5.29 in IR 58025A to 16.83

in PRR 78 among the parents, with the average of 11.84. While, among the hybrids,
it ranged between 13.29 in BF;-3 and 18.76 in RF4-1, with a mean of 15.69. Four
hybrids exhibited significant positive Ha, the range being -6.80% in BF;-3 to 28.43%
in RF;-1. Hb varied from -21.05% in BF;-3 to 20.47% in RF4-1, with only one hybrid
showing significant positive Hb and two showing significant negative values.
Whereas, compared to the check, five hybrids exhibited significantly positive
heterosis for this character, the range of Hc being -5.36% in BF;-3 to 33.66% in

RF;-1.

c) Net assimilation rate (NAR, mg/dm?/day)

NAR was studied during three growth phases, viz. seedling to tillering, tillering
to flowering and flowering to maturity. The results are presented separately for each

growth phase.

i) Seedling to tillering: Among the parental lines, IR 58025A had the lowest NAR

(117.36) during this phase, while PRR 78 had the highest NAR of 187.96. The mean
value for NAR during this phase for the parental lines was 149.78. The hybrids had

better net assimilation rate varying from 146.60 in AF;-1 to 213.46 in BF;-3, with the
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mean value of 176.79. The Ha varied between -1.45% (AF:-2) and 28.63% (BF;-3),
with six hybrids showing significant positive values and none showing significant
negative value. Whereas Hb ranged from -12.13% in AF,-1 to 13.57% in BF;-3, with
two hybrids showing significant positive values and one hybrid (AF;-1) showing
significant negative value. On the other hand, compared with the check, all the
hybrids were significantly poorer for this character, the range of Hc being -40.81% in

AF;-1t0 -13.81% in BF4-3.

ii) Tillering to flowering: For this character, the parental range was from 14.93 in

PMS 2A to 28.26 in Pusa 1124, with the mean value of 20.36. However in case of
hybrids, the range as well as the mean were higher compared to the parents and
found to be 20.46 (AF,-3) to 33.00 (RF+-1) and 26.45 respectively. Ha varied from
4.27% in AF4-3 to 43.92% in RF;-1, with six hybrids showing significant positive
values. In case of heterobeltiosis, four hybrids exhibited significantly positive values
and two showed significant negative values; the range being from -13.21% in AF;-2
to 40.92% in BF-3. Hc véried from -42.15% in AF;-3 to -6.68% in RF;-1, with all
hybrids showing significantly poor performance for this character compared to the

check variety.

iii) Flowering to maturity: The NAR at flowering to maturity varied from 8.91 in

IR 58025A to 53.60 in PRR 78, among the parents, with a mean of 32.72. For
hybrids, the range for this character was from 42.23 in BF,-3 to 63.84 in RF4-1, with
the average NAR being 51.68. Ha for this character ranged from 2.70% for AF;-2 to
49.20% in RF,-1, with seven hybrids showing highly significant values. Whereas, Hb
ranged from -21.21% in BF;-3 to 28.55% in RF:-1, with four hybrids showing
significant positive values and two hybrids showing significant negative values. Three
hybrids exhibited significantly positive standard heterosis and an equal number
showed significant negative Hc, with the range being -18.34% in BF;-3 to 23.46% in

RF;-1.
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d) Leaf area (cm?)

The leaf area per plant was recorded at four growth stages viz. seedling,

tillering, flowering and maturity. The results are presented separately for each stage.

i) Seedling: Among parents, the leaf area per plant at seedling stage varied from
2.55 cm? in PMS 2A to 5.00 cm? in Pusa 1124, with the mean being 3.47 cm®. The
range for the same period in hybrids was from 5.03 cm? in AF,-2 to 6.03 cm? in
RF-1, with the mean being 5.39 cm®. Heterosis over mid-parent ranged from 25.75%
in AF,-2 to 87.82% in RF4-1, with all hybrids showing highly significant values. While,
compared to their respective better parents, six hybrids demonstrated significant
superiority, although all the hybrids exhibited positive Hb values; the range being
0.60% in AF,-2 to 60.76% in RF;-1. Even when compared with the check, all hybrids
showed significant positive heterosis and the range of Hc was from 5.23% in AF4-2 to

26.15% in RF4-1.

ii) Tillering: At tillering stage, leaf area per plant in parental lines varied from
955.62cm? in PMS2A to 1390.48 cm? in Pusa 1124 with the mean being
1134.35 cm®>. While among hybrids, it ranged from 1171.00cm? in AFs-1 to
1456.32 cm? in BF;-2, with a mean of 1355.96 cm®. All the hybrids demonstrated
highly significant mid-parent and standard heterosis for this character, with the
ranges being 10.84% in AF;-3 to 29.92% in RF;-1 (for Ha) and 41.73% in AF:-1 to
76.26% in BF;-2 (for Hc). While, in case of heterobeltiosis, although all hybrids
showed positive heterosis, ranging from 2.79% (AF;-2) to 27.56% (RF-1), only six

were significantly superior to their respective better parents.

iii) Flowering: At this stage, leaf area per plant varied from 1222.62 cm? in PMS 2A to
1684.30 cm? in IR 58025A among the parents, with an average of 1465.47 cm’.
While, among the hybrids, it ranged from 1485.00 cm? in AF-1 to 1770.75 cm? in

RF;-3, with a mean of 1645.81 cm®. Eight hybrids exhibited significant positive Ha
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values, the range being 1.98% (AF;-2) to 25.64% (RF4-1). Hb varied from -0.39% in
AF;-2 to 24.84% in RF;-1, with five hybrids showing significant positive Hb and none
showing significant negative value. Whereas, compared to the check, all hybrids
showed significant positive heterosis for this character, Hc ranging form 20.42% in

AF;-1 to 43.59% in RF4-3.

iv) Maturity: Among parents, leaf area per plant at this stage varied from 576.71 cm?
in Pusa 5B to 843.30 cm? for IR 58025A with the mean being 704.14 cm? The range
for the same period in hybrids was from 638.60 cm? in AF,;-1 to 859.64 cm? in BF -3,
with the mean leaf area being 724.72 cm?. Heterosis over mid-parent ranged from
-4.09% in AF4-2 to 31.91% in BF;-3, with five hybrids demonstrating highly significant
positive Ha values. While, compared to their respective better parehts, four hybrids
demonstrated significant | superiority and an equal number of them exhibited
_ significant inferiority, the range of Hb being -19.45% (AF;-2) to 29.66% (BF:-3).
When compared to the check, all hybrids showed highly significant positive heterosis,

with the range of Hc being 22.42% in AF;-1 to 64.80% in BF4-3.

e) Leaf area ratio (LAR, cm?/g)

LAR was studied during three growth phases, viz. seediing to tillering, tillering
to flowering and flowering to maturity. The results are presented separately for each

growth phase.

i) Seedling to tillering: The mean value for LAR during this phase for the parental

lines was 30.41. Pusa 1127 had the lowest LAR (26.33), while Pusa 5A had the
highest LAR of 35.62. The hybrids however, displayed negative trend with respect to
this character when compared with the parental lines and the range for LAR was
from 25.78 in AF4-3 to 30.71 in BF;-2, with the mean being 28.16. The Ha ranged
from -9.27% in AF;-1 to 9.55% in BF;-2, with three hybrids each showing significant

positive and negative values. While, Hb ranged from -25.48% in AF;-3 to 8.27% in
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BF,-2, with only one hybrid, BF;-2, showing significant positive value and five hybrids
showing significant negative values. On the other hand, compared with the check, all
the hybrids were significantly superior for this character, the range of Hc being

14.81% in AF4-3 to 36.74% in BF-2.

ii) Tillering to flowering: For this character, the parental range was from 54.98 in

Pusa 1124 to 87.41 in IR 58025A and the mean was 70.73. However, in case of
hybrids, the range was found to be from 56.22 (BF;-3) to 62.41 (BF;-1) and the
average LAR was 59.42. All the hybrids performed poorly when compared with the
mid- and better-parent values. The range for Ha was from -15.42% in BF;-3 to
-0.78% in BF;-2, with four hybrids showing highly significant values. In case of
heterobeltiosis, all the hybrids displayed highly significant negative values and the
range was from -34.89% in (AF;-3) to -10.91% in BF,-2. Compared to the check,
~ however, all hybrids exhibited highly significant positive values for this character and

thé range for Hc was from 19.59% in BF;-3 to 32.77% in BF-1.

iii) Flowering to maturity: The LAR at flowering to maturity ranged from 28.74 in

Pusa 1124 to 59.47 in IR 58025A, among the parents, with the average being 42.00.
For hybrids, the range for this character was from 28.68 in BF;-2 to 32.21 in AF4-3,
with a mean \)alue of 30.50. The range of Ha for this character was from -15.23% for
RF.-1 to -8.11% in BF,-1, with four hybrids showing significant negative values.
Whereas Hb ranged from -48.44% in AF;-2 to -16.10% in BF,-1, with all hybrids
manifesting significantly negative values than their better parents. In case of Hc,
however, all hybrids showed positive values; however, only three of them were

significant, with the range being 5.30% in BF-2 to 18.27% in AF4-3.



Fig 3a: Mid-parent heterosis (%) for yield components in cross
combination involving IR 58025A, IR 58025B and PRR 78
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Fig 3b: Mid-parent heterosis (%) for physiological and biochemical
characters in cross combination involving IR 58025A, IR 58025B and

PRR 78
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IR 58025A, IR 58025B and PRR 78

Fig 3c: Heterobeltiosis (%) for yield components in cross involving
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Fig 3d: Heterobeltiosis (%) for physiological and biochemical characters
in cross involving IR 58025A, IR 58025B and PRR 78
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f) Leaf area index (LAl)

The LAI was studied among the parents and hybrids at tillering, flowering and
maturity stages. The results are presented hereunder the separately for each growth

stage.

i) Tillering: At tillering stage, the LAl in parental lines varied from 3.19 in PMS 2A to
4.63 in Pusa 1124 with the mean being 3.78. While, among the hybrids, it ranged
from 3.90 in AF,-1 to 4.85 in BF;-2, with the mean LAl being 4.52. All the hybrids
exhibited highly significant mid-parent and standard heterosis for this character, with
the ranges of 10.84% in AF;-3 to 29.92% in RF;-1 (for Ha) and 41.73% in AF,-1 to
76.26% in BF;-2 (for Hc). While in case of heterobeltiosis, although all hybrids
showed positive heterosis, ranging from 2.79% in AF4-2 to 27.56% in RF,-1, only five

were significantly superior to their respective better parents for this character.

i) Flowering: At this stage, the LAl varied from 4.08 in PMS 2A to 5.61 in IR 58025A
among the parental lines, with an average of 4.88. While, among hybrids, it ranged
from 4.95 in AF,-1 to 5.90 in RF;-3, with a mean of 5.49. Six hybrids showed
significant positive Ha values, the range being 1.98% in AF,-2 to 25.64% in RF4-1.
Hb varied from -0.39% in AF,-2 to 24.84% in RF,-1, with five hybrids showing
significant positive values and none showing a significant negative value. Whereas,
compared with the check, all hybrids exhibited significantly positive heterosis for this

character, the range of Hc being 20.42% in AF;-1 to 43.59% in RF-3.

iii) Maturity: Among the parents, the LAl at this stage varied from 1.92 in Pusa 5B to
281 for IR 58025A with the mean being 2.35. The range for the same period in
hybrids was from 2.13 in AF4-1 to 2.87 in BF,-3, with the mean LAl being 2.42.
Heterosis over mid-parent ranged from -4.09% in AF4-2 to 31.91% in BF;-3, with five
hybrids showing highly significant positive Ha values. When compared to their

respective better parents, four hybrids demonstrated significant superiority and an
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equal number of them exhibited significant inferiority, the range of Hb being -19.45%
in AF,-2 to 29.66% in BF;-3. Compared to the check, all hybrids showed highly
significant positive heterosis, with the range of Hc being 22.42% in AF-1 to 64.80%

in BF1-3.

g) Leaf area duration (LAD)

The leaf area duration was calculated for two growth phases: tillering to

flowering and flowering to maturity. The results are presented below:

i) Tillering to flowering: For LAD at this phase, the parental range was from 71.58

(Pusa 1127) to 108.85 (Pusa 1124), with a mean value of 89.48. However, in case of
hybrids the range was found to be from 66.48 (BFi-1) to 109.46 (AF;-3) and the
average value was 92.08. Three hybrids performed poorly when compared with the
mid-parent and an equal number of them were significantly superior to the mid-parent
value. The range for Ha waé from -18.01% in BF4-1 to 30.00% in AF,-3; while Hb
ranged from -26.62% in BF;-1 to 13.61% in AF;-3, with four hybrids showing highly
significant negative values and two hybrids showing significant positive values.
Compared to the check, however, all hybrids showed highly significant positive
heterosis indicating poor performance of the check for this character. For Hc, the

range was from 24.95% in BF;-1 to 105.74% in AF;-3.

ii) Flowering to maturity: The LAD at flowering to maturity varied from 92.99 in
Pusa 1127 to 124.27 in IR 58025A, among the parents, with the average of 108.52.
For hybrids, the range for this character was from 97.33 in AF;-1 to‘ 124.83 in RF,-2,
with a mean LAD of 115.50. The range of Ha for this character was from 0.54% for
BF,-2 to 20.89% in BF;-3, with six hybrids showing significant positive values.
Whereas Hb ranged from -10.51% in AF;-1 to 19.01% in BF;-1, with two hybrids

performing significantly poorer than their better parents and four hybrids showing
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significant superiority. In case of Hc, however, all hybrids showed highly significant

positive values, with a range of 12.81% in AF;-1 to 44.68% in RF-2.

I) a-Amylase activity (mg maltose/seed/min)

The a-amylase activity was measured at three different intervals during

seed germination, at 24 hours, at 48 hours and at 72 hours after seed soaking.

i) 24 hours: Among the parents, the a-amylase activity at this stage varied from 5.00
units in PMS 2A to 11.25 units for Pusa 1124 with the mean value of 7.78. While, the
hybrids disptayed much higher activity than the parents, ranging from 12.83 in AF;-1
to 15.00 in RF4-3, with the mean of 13.91. Heterosis over mid-parent ranged from
42.16% in AF,-3 to 66.63% in RF;-1, with all hybrids showing significant superiority.
Similar pattern was found in case of heterobeltiosis as well, with all hybrids exhibiting
highly significant Hb values, ranging from 24.43% in AF;-2 to 42.82% in RF;-3. The
range of Hc was very high, from 105.25% in AF;-1 to 139.96% in RF,-3, indicating
that the hybrids had a very high a-amylase activity compared to the check variety

during the early germination stage.

ii) 48 hours: At this stage, the a-amylase activity in parental lines varied from 8.00 in
PMS 2A to 16.25 in Pusa 1124 with the mean being 11.47. While, among hybrids, it
ranged from 18.33 in AF-1 to 21.67 in RF4-2, with the mean activity of 20.17. All of
the hybrids exhibited highly significant mid-parent, better-parent as well as standard
heterosis, with the ranges of 44.47% in AF4-3 to 71.79% in RF;-1 (for Ha); 21.89% in
AF,-3 to 38.87% in RF;-1 (for Hb) and 59.35% in AF;-1 to 88.39% in RF;-2,
indicating that the hybrids exploited the advantage in early growth stage compared to

the parents or pureline varieties.

iif) 72 hours: At this stage, the a-amylase activity varied from 15.00 in PMS 2A to

25.25 in Pusa 1124 among the parents, with an average of 19.72. Among the
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hybrids, the activity ranged from 23.50 (AF;-1) to 31.50 (RF;-2), with a mean of
27.43. All hybrids demonstrated highly significant positive mid-parent and standard
heterosis. The range for Ha was 16.06% in AFs-1 to 52.74% in RF4-2, while Hc
varied from 13.82% in AF;-1 to 52.56% in RF;-2. Although, the Hb values were also
positive in all hybrids, ranging from 3.31% in AF;-1 to 24.76% in RF;-2, only eight
hybrids, except AF-1 demonstrated significant superiority over their respective better

parents.

h) Nitrate reductase activity (NRA, p moles KNO./g fr.wt./hr)

The NRA was recorded at following growth stages: seedling, tillering,
flowering and 25 days after flowering. The results are presented below separately for

each growth stage.

i) Seedling: Among the parents, the NRA at seedling stage varied from 575.40 in
PMS 2A to 814.80 for Pusa 1124 with the mean being 649.29. The range for the
same period in hybrids was from 625.10 in AF,-1 to 776.00 in RF;-2, with the mean
NRA of 711.10. Heterosis over mid-parent ranged from -1.56% in BF;-3 to 20.58% in
BF,-1 and four hybrids showed significant positive Ha values. While compared to
their respective better parents, only one hybrid showed positive Hb value and three
exhibited highly significant negative heterobeltiosis, the range of Hc being -12.37% in
BF,-2 to 15.82% in BF;-1. Compared to the check, all hybrids exhibited significant

positive heterosis, with a range of 5.48% in AF4-1 to 30.95% in RF-2.

ii) Tillering: At tillering stage, the NRA in parental lines varied from 836.30 in PMS 2B
to 1144.20 in Pusa 1124 with a mean of 957.67. Among hybrids the activity ranged
from 979.50 in AF,-1 to 1152.50 in RF;-2, with the mean value of 1059.38. Eight
hybrids demonstrated highly significant mid-parent heterosis for this character, with a
range of -2.34% (AF;-2) to 21.61% (BF;-1). With regards to Hb, the range was from

-12.25% in AF,-2 to 15.19% in BF,-1, with four hybrids showing significant positive
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values and two showing significant negative heterobeltiosis. While in case of
standard heterosis, all the hybrids were significantly superior to the check variety.

The Hc for NRA at tillering stage ranged from 16.57% to 37.15% in AF-1 and RF;-2

respectively.

jif) Flowering: For this stage, the NRA varied from 872.00 in Pusa 1127 to 1125.60 in
Pusa 1124 among the parents, with the average activity of 992.93. While, among the
hybrids, it ranged from 975.10 'in RF;-1 to 1188.00 in RF,;-3, with the mean of
1086.19. All the nine hybrids manifested significant positive Ha values, which ranged
from 1.92% in RF-3 to 17.47% in AF-1. Hb varied from 0.75% in BF;-2 to 11.80% in
AF,-1, with six hybrids demonstrating significant positive Hb. When compared to the
check, all hybrids revealed significantly positive heterosis for this character, the range

of He being 11.89% in RF-1 to 36.32% in AF-2.

iv) 25 days after flowering: Among the parents, the NRA at this stage varied from

210.10 in IR 58025B to 444.00 for Pusa 5A with the mean being 297.46. The range
for the same period in hybrids was from 226.30 in RF4-2 to 370.50 in AF,-3, with the
mean NRA being 288.47. Heterosis over mid-parent ranged from -37.74% in RF;-2 to
66.48% in AF;-3, with three hybrids showing highly significant positive Ha values and
an equal number showing highly significant negative values. When compared to their
respective better parents, five hybrids showed significantly negative values and three
exhibited significant superiority, the range of Hb being -47.32% in AF;-2 to 57.02% in
BF,-3. As compared to the check, all hybrids exhibited highly significant positive

heterosis, with Hc ranging from 53.22% in RF-2 to 150.85% in AF,-3.

i) Grain nitrogen content (%) and grain protein content (%)
The nitrogen and crude protein contents in grain ranged from 1.34% and
7.97% in IR 58025A to 1.76% and 10.47% in PRR 78, with the mean values of 1.46%

and 8.70% respectively. However, in hybrids the values ranged vfrom 1.45% and
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8.63% in RF4-1 to 1.64% and 9.76% in BF;-3, with the means of 1.54% and 9.14%
. respectively. For both the characters, mid-parent heterosis ranged from 0.00% in
RF.-1 to 5.13% in BF;-3 with five hybrids exhibiting significant superiority over the
mid-parent. While Hb for the characters ranged between -9.66% in AF-3 and 2.76%
in BF,-1 with only one hybrid exhibiting significant superiority and five having poor
performance compared to their better parents. When compared with the check, all
hybrids showed bpositive values, although none of them was significant. The range of

Hc for these characters was found to be from 9.02% in RF;-1 to 23.31% in BF,-3.

j) Amylose content in grain (%)

The amylose content in grain ranged from 19.00% in Pusa 5A to 27.40% in
PRR 78, with the average being 22.01%. However, in hybrids the character ranged
from 21.00% in BF;-1 to 29.50% in BF;-3, with the mean being 25.81%. Mid-parent
heterosis ranged from 4.73% in BF,-2 to 18.01% in BF4-3 With eight hybrids, except
BF,-2, demonstrating significant superiority over the mid-parent. While Hb for
amylose content ranged between 2.42% in BFs-2 and 7.68% in BF-3 with four
hybrids exhibiting significant positive values. The standard heterosis ranged between
-10.26% in BF;-2 and 26.08% in BF4-3, however, none of the hybrids showed either

significant superiority or inferiority over the check.

k) Starch content in grain (%)

Starch content in grain ranged from 66.50% in PMS 2A to 78.50% in PRR 78,
with an average of 70.92%. Whereas, in hybrids it ranged from 70.60% in AF;-1 to
78.80% in BF,-3, with the mean of 75.77%. Mid-parent heterosis ranged from 1.43%
in AF,-1 to 6.43% in BF;-2 with eight hybrids, except AF;-1, showing significant
superiority. While Hb for the character ranged between -0.64% in AF;-3 and 4.19% in

BF,-2 with five hybrids showing significant superiority. Standard heterosis ranged
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between -4.08% in AF,-1 and 7.07% in BF;-3 with none of the hybrids showing

significant superiority or inferiority over the check.

4.1.2 Experiment — I1

The second experiment on the nature and magnitude of heterosis involved 13
hybrids and their parents. These were evaluated for 19 yield component characters

and yield. The results obtained are presented hereunder the following heads:

i) Analysis of variance,
ii) Variability and heritability,

iii) Mean performance of parents and hybrids and estimation of mid-parent,

better-parent and standard heterosis

4.1.2.1 Analysis of variance

Analysis of variance was done for the characters under study and the mean
sums of squares are presented in Table 9. ‘F’ test revealed highly significant variation

among the 27 genotypes for all the characters.

4.1.2.2 Variability and heritability

The estimates of general mean (GM), range, coefficient of genotypic variation
(GCV), coefficient of phenotypic variation (PCV) and broad sense heritability (h?) for
various characters are presented in Table 10. The table revealed that number of
unfilled spikelets in main panicle exhibited maximum PCV of 61.42%, followed by
number of filled spikelets in main panicle (44.09%), panicle density (43.78%), grain
yield (41.26%) and weight per panicle (40.55%). On the other hand, days to maturity
recorded the lowest PCV of 5.74% followed by days to 50% flowering
(6.02%), grain-filling duration (6.20%), length of main panicle (9.30%) and 1000-grain

weight (12.29%). The estimates of coefficient of genotypic variation (GCV) for all



Table 9: Analysis of variance for different characters in parents and hybrids of

Expt. 2
Characters Mean Sum of Squares

Replication Genotype Error

d.f. 1 26 26
Plant height (cm) 1.5674 343.7144 ** 4.0705
Number of productive tillers 0.1452 2.9423 ** 0.1713
Days to 50% flowering 2.2407 72.4929 ** 0.9715
Days to maturity 0.9074 110.0185 ** 1.3689
Grain filling duration 0.2963 5.9843 ** 0.6425
Flag leaf area (cm?) 2.1139 169.3118 ** 3.3599
Length of main panicle (cm) 0.1024 12.0585 ** 0.1601
Weight of main panicle (g) 0.0796 3.2297 ** 0.0835
Weight of all panicles (g) 1.1412 69.7498 ** 2.6093
Weight per panicle (g) 0.1004 1.2312 ** 0.0427
‘Number of filled spikelets 38.8007 4,400.5411 ** 91.5530
Number of unfilled spikelets 103.7341 4,506.7436 ** 105.1572
Total spikelets in main panicle 24.0000 1529.1132 ** 23.5338
Panicle density 0.0086 6.0715 ** 0.0336
Spikelet fertility (%) 0.0354 1,092.4426 ** 5.8951
1000-grain weight (@) 0.0989 13.8854 ** 0.1269
Biomass yield () 3.4656 61.4213 ™ 4.0039
Grain yield (g) 0.1483 37.4731 ™ 0.4031
Straw yield (g) 2.1800 28.8539 * 2.8521
Harvest index 0.0004 0.0356 ** 0.0010

* * = Gjgnificant at 5% and 1% levels, respectively



Table 10: Estimates of range, general mean, genotypic and phenotypic
coefficients of variation and heritability (broad sense) for different characters in

parents and hybrids of Expt. 2

Character Range GM G((:/:; P(?/:; hz(g/s"))
Plant height {cm) 66.30 - 113.70 97.50 13.37 13.52 97.66
Number of productive tillers 6.60 - 1150 8.61 13.66 14.48 88.99
Days to 50% flowering 90.00 - 113.50 100.65 5.94 6.02 97.36
Days to maturity 118.50 - 145.50 130.02 5.67 574 - 97.54
Grain filling duration 2550 - 3200 29.37 5.56 620 80.61
Flag leaf area (cm?) 4014 - 6710 53.54 17.01 17.35  96.11
Length of main panicle (cm) 2065 - 3170 26.57 9.18 9.30 97.38
Weight of main panicle (g) 0.53 - 5.27 3.80 32.97 33.84 94.96
Weight of all panicles (g) 340 - 2761 16.41 35.30 36.65 92.79
Weight per panicie (g) 0.33 - 3.33 1.97 39.17 40.55 93.29
Number of filled spikelets 0.00 - 196.90 107.49 43.18 4409 9592
Number of unfilled spikelets 30.50 - '219.20 78.19 60.00 6142 9544
Total spikelets in main panicle 126.40 - 244.70 185.68 14.78 15.01 96.97
Panicle density 0.00 - 6.81 3.99 43.54 43.78 98.90
Spikelet fertility (%) 0.00 - B80.47 58.22 40.04 40.25 98.93
1060-grain weight (g) 14.48 - 2425 21.54 12.17 1229 98.19
Biomass yield () 19.84 - 4197 30.34 17.66 18.85 87.76
Grain yield (g) 0.00 - 1532 10.55 40.82 41.26  97.87
Straw yield (g) 13.00 - 27.86 19.79 18.22 20.12  82.01
Harvest index 0.00 - 0.48 0.34 39.15 40.21 94.77

GM = General mean

GCV = Coefficient of genotypic variation

PCV = Coefficient of phenotypic variation

h? (bs) = Heritability (broad sense)
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these characters followed a similar trend as that of PCV values for respective

characters.

Existence of wide spectrum of variability for yield and its components in the
experimental material was also evident from wider range of values for plant height
(66.30 cm-113.70 cm), flag leaf area (40.14 cm?67.10 cm?), weight per panicle
(0.33 g-3.33 g), total number of spikelets in the main panicle (126.40-244.70),
1000-grain weight (14.48 g-24.25 @), biological yield (19.84 g-41.97 ), grain yield
(0.00 g-15.32 g), straw yield (13.009-27.86¢g) and harvest index (0.00-0.48).
Maximum variation was found in weight per panicle (0.33 g-3.33 g, 90.07% variation),
followed by weight of main panicle (0.53 g-5.27 g, 89.94% variation). While, days to
maturity exhibited the lowest variation (118.50-145.50 days, 18.56% variation)

followed by grain-filling duration (25.50-32.00 days, 20.31% vériation).r

High coefficients of variation (GCV and PCV) were coupled with high
heritability (broad sense) estimates for majority of the characters studied. Broad
sense heritability ranged from 80.61% for grain-filling duration to 98.93% for spikelet
fertility. Characters like panicle density (98.90%), 1000-grain weight (98.19%), grain
yiéld (97.87%) and plant height (97.66%) also showed high estimates of broad sense
heritability, whereas other characters like straw yield (82.01%), biomass production

-(87.76%), number of productive tillers (88.99%) and weight of all panicles of a plant

(92.79%) showed comparatively low estimates of broad sense heritability.

4.1.2.3 Mean performance of parents and hybrids and the extent of
heterosis

Mean values of the characters studied in the parental lines and hybrids are
presented in Table 11. Heterosis as percent increase or decrease over the
mid-parent (Ha), better parent (Hb) and standard check (Hc) is presented in Table

12. The nature and magnitude of heterosis is presented character wise hereunder.
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Plant_height (cm): Among the parental lines, PRR 77 recorded the maximum height
of 103.20 cm, while PMS 2A was the shortest with a height of 66.30 cm. The parental
" mean value was 88.32 cm. Among the hybrids, however, the range for this character
was from 96.60 cm (PRH 21) to 113.70 cm (PRH 3), with a mean of 107.28 cm. For
all the 13 hybrids the mid-parent and standard heterosis were not only positive, but
also highly significant. The Ha ranged from 19.35% in PRH 2 to 53.00% in PRH 6,
while Hc varied from 7.57% in PRH 21 to 26.61% in PRH 3. For heterobeltiosis, the
range was from 3.65% in PRH 21 to 42.16% in PRH 6, with 12 of the 13 hybrids

demonstrating significant to highly significant positive Hb, except PRH 21.

Number of productive tillers per plant: PMS 2A produced a maximum of 11.50 tillers,

while PRR 75 had only 7.40 tillers among the parents. The mean number of
productive tillers in parental lines was 9.17. While in case of hybrids, the range for
_this character was from 6.60 (PRH 28) to 9.20 (PRH 21), with a mean of 7.99. The
Ha varied from -25.84% for PRH 28 to 17.42% for PRH 15, with five hybrids
manifesting significant negative heterosis. Only one hybrid (PRH 15) demonstrated
significant positive Ha. The range of Hb was from -31.96% for PRH 28 to 12.35% for
PRH 15. Eleven of the 13 hybrids exhibited negative Hb, of which seven were
significant. Only two hybrids showed positive, though non-significant Hb values.
Similarly, Hc ranged from -30.53% in PRH 28 to -3.16% in PRH 21. When compared
with the check, all the hybrids displayed negative values, seven of them being

significant.

Days to 50% flowering: In terms of the number of days to 50% flowering the parental

lines varied from 93.50 days (Pusa 5A) to 113.50 days (TCP 97-24), the mean value
being 101.54 days. Among the hybrids, PRH 7 flowered earliest in 90.00 days and
PRH 21 was the latest with 106.50 days. The mean of hybrids for this character was
99.46 days. The Ha ranged from -7.28% for PRH 28 to 6.13% for PRH 17, while the

range of Hb was from -15.11% for PRH 28 to 5.85% for PRH 17. Compared with the
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check, 9 hybrids were significantly early, the range of Hc being -13.88% for PRH 7 to
1.91% for PRH 21. For this character, negative heterosis was predominant with six
hybrids manifesting highly significant heterobeltiosis (-15.11% to -4.13%). Only in two
hybrids, PRH 6 and PRH 17, highly significant positive Hb was observed indicating

their lateness over the better parent.

Days to maturity: Days to maturity in parental genotypes ranged from 121.00 in

PRR 77 to 145.50 in TCP 97-24. The mean number of days to maturity in parental
lines was 131.31. Among the hybrids, days to maturity ranged from 118.50 for PRH 7
to 138.00 for PRH 21, with a mean of 128.31. The Ha varied from -7.09% for PRH 28
to 4.43% for PRH 33. Six hybrids showed significant negative Ha and an equal
number manifested significant positive Ha for this character. Hb ranged from -13.54%
for PRH 28 to 2.82% for PRH 17; with only two hybrids demonstrating significant
positive Hb and eight showing significant negative Hb indicating earliness over their
respeétive better parents. The standard heterosis was found to range between
-12.55% for PRH 7 and 1.85% for PRH 21 with nine hybrids manifesting negative

heterosis and only one showing positive heterosis.

Grain-filing duration (days): Among the parents, grain-filling duration was the

shortest in PRR 77 (27.00 days) and longest in TCP 97-24 (32.00 days), the mean
being 29.77 days. While, in hybrids it ranged from 25.50 days (PRH 2) to 31.50 days
(PRH 21), with a mean of 28.85 days. Six hybrids exhibited significant negative Ha
with the range being -10.53% for PRH 2 to 2.52% for PRH 33. All the hybrids
exhibited heterobeltiosis in negative direction and 9 of them were significantly early
than their better parents, with the range being -11.48% for PRH 5 to 0.00% for
PRH 21. Compared with the check, heterosis ranged from -17.74% (PRH 2) to 1.61%

(PRH 21), with 8 hybrids showing significant negative values.
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Flag leaf area (cm?): The parental lines differed significantly with respect to flag leaf

area; the range being 40.55 cm? in Pusa 5A to 65.77 cm? in PRR 77 and the mean
value being 51.83 cm?. In case of hybrids, the flag leaf area was minimum in PRH 15
(40.14 cm?) and maximum in PRH 21 (67.10 cm®), with a mean of 55.24 cm?. The
range of Ha was from -19.12% in PRH 15 to 46.44% in PRH 27, while Hb ranged
from -31.62% in PRH 15 to 32.71% in PRH 27. Hc varied from -25.23% in PRH 15 to
24.99% in PRH 21. Four of the hybrids showed significant positive Hb for this

character and three showed significant negative Hb values.

Lenath of main panicle (cm): The length of main panicle among parents varied from

20.65cm in PMS2A to 29.45c¢m in PRR77. The parental mean value was
25.44 cm. The main panicle was the shortest in PRH 28 (24.10 cm) and longest in
PRH 16 (31.70 cm). The F, mean value for this character was 27.80 cm. The Ha
varied from -3.86% (PRH 17) to 25.92% (PRH 16), while Hb ranged from -11.21% in
PRH 17 to 24.80% in PRH 16. When compared with the check, the héterosis was
found to range between -4.74% (PRH 28) and 25.30% in PRH 16. Six of the 13
hybrids exhibited highly significant positive Hb for this character, while only two

showed highly significant negative Hb values.

Weight of main panicle (g): In general, the maintainer lines had the low weighing

main panicles of 1.77 g (PMS 2B), 1.82 g (Pusa 5B) and 2.49 g (IR 58025B). While
among restorers, the range for this character was from 2.84 g (PRR 76) to 5.27 ¢
(PRR 22). The fertile parental mean value was 3.60 g. Among the hybrids PRH 21
.produced the lowest weighing main panicle of 3.69 g, while PRH S produced the
heaviest main panicle of 5.21 g. The F, mean for this character was 4.39 g. Thus
none of the hybrids could produce main panicle heavier than that of PRR 22.
However, the mid-parent heterosis was not only positive, but also highly significant in
case of all the hybrids. The Ha values ranged between 14.55% (PRH 2) and

113.99% (PRH 16). The Hb values were significantly positive for three hybrids and
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an equal number of them were significantly negative; the range of Hb being -20.30%
(PRH 7) to 75.84% (PRH 16). When compared with the check all the hybrids scored
‘highly significant positive superiority for this character; the range of Hc being 22.43%

(PRH 21) to 73.09% (PRH 5).

Weight of all panicles (g): Among B lines, the weight of all panicles of a plant ranged

from 12.10 g (P_MS 2B) to 14.60 g (IR 58025B), while in case of restorers, it varied
from 11.75g (PRR 24) to 21.70 g (PRR 22). The mean of fertile parents for this
character was 15.63 g. In case of hybrids, the weight of all panicles varied from
14.25 g (PRH 6) to 27.61 g (PRH 2), with 2 mean value of 19.53 g. As in case of
main panicle weight, the values for Ha were positive for all the hybrids, however for
this character, only 9 of the 13 hybrids were significantly superior to the mid-parent
value; the range for Ha being 6.31% (PRH®6) to 83.88% (PRH 5). Hb ranged
between -5.38% (PRH 17) and 77.45% (PRH 5) and four hybrids were significantly
better, while none of the hybrids were significantly inferior to their better parents.
Compared with the check, 10 hybrids manifested highly significant positive heterosis
for this character and none exhibited significant negative heterosis. The range of He

was from -1.38% (PRH 6) to 91.87% (PRH 2).

Weight per panicle (g): The mean of fertile parents for this character was 1.73 g and

the range was from 1.10g in PMS 2B to 2.19g in PRR 22. Among hybrids, the
average panicle weight was minimum in PRH 6 (1.74 g) and maximum in PRH 2
(3.33 g) with the mean being 2.47 g. Mid-parent heterosis ranged from -0.22% in
PRH 15 to 101.77% in PRH 5, while Hb ranged from -9.65% (PRH 15) to 107.16%
(PRH 5). Nine hybrids exhibited significant superiority to the check variety for this

character and the Hc ranged between 14.25% in PRH 6 and 118.70% in PRH 2.

Number of filled spikelets in the main panicle: The range for this character among the

fertile parental genotypes was from 95.90 in PRR 80 to 196.90 in PRR 22, while the
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- mean of the same was 129.58. Among hybrids, the range for this character was from
- 60.20 (PRH 21) to 161.10 (PRH 2), with a mean of 109.90. In this case too, none of
the hybrids was superior to the restorer PRR 22. The Ha ranged from -54.08% for
PRH 21 to 44.34% for PRH 16, while Hb varied from -59.41% for PRH 21 to 47.50%
- for PRH 16. Eleven of the 13 hybrids manifested highly significant negétive Hb for
this character. The other two hybrids, however, demonstrated their superiority by
showing highly significant positive Hb. Similarly, the range of Hc was from -46.15% in

PRH 21 to 44.10% in PRH 2.

Number of unfilled spikelets in the main panicle: PRR 80 had the least number of

unfilled spikelets (30.50), while PMS 2B had the highest number of unfilled spikelets
(97.60) in the main panicle; the parental mean being 54.69. Among hybrids, this
character ranged from 56.20 (PRH 7) to 117.40 (PRH 33), with a mean of 78.02. This
indicates that hybrids have more number of unfilled spikelets than their restorer
parents. The Ha for this character ranged from -12.46% for PRH 7 to 78.83% for
PRH 33, while Hb ranged from -68.41% for PRH 7 to -35.92% for PRH 15. All the 13
hybrids manifested highly significant negative Hb for this character indicating their
superiority over their respective female parents for this character. Hc varied from

-17.84% in PRH 7 to 71.64% in PRH 33 with three hybrids showing positive values.

Total number of spikelets in the main panicle: PRR 80 had only 126.40 spikelets in

the main panicle, whereas PRR 22 had the maximum of 244.70 spikelets. The mean
of the parents was 183.86 spikelets. Among the hybrids, this character varied from
138.50 (PRH 21) to 230.10 (PRH 2), with a mean value of 187.92. Thus in this case
too, none of the hybrids had more spikelets than the restorer PRR 22. Mid-parent
heterosis for this character deviated equally in both negative and positive directions
and ranged from -31.71% for PRH 21 to 33.59% for PRH 16. While the range for Hb
was from -36.82% for PRH 21 to 17.26% for PRH 16. Four hybrids exhibited

significant negative Hb for this character indicating their inferiority to their better
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parents and only two could demonstrate significant superiority over their better

parents. Standard heterosis ranged from -23.14% in PRH 21 to 27.69% in PRH 2.

Paniclé density: Among the parents, panicle density was minimum in PRR 78 (3.86)
and maximum in PRR 22 (6.81), with a mean of 5.06. The value for this character
among hybrids ranged from 2.21 (PRH 21) to 5.76 (PRH 2), with a mean of 3.95. Ha
ranged from -50.37% in PRH 21 to 14.02% in PRH 16, while Hb ranged from
-60.89% in PRH 21 to 18.19% in PRH 16. Ten of the 13 hybrids exhibited significant
negative Ha for this character and only one demonstrated significant positive Ha. The
similar trend was observed in Hb values with 11 hybrids exhibiting significant
negative heterosis and only one manifesting significant positive Hb. The range of Hc
was from -50.10% in PRH 21 to 30.43% in PRH 2, with seven hybrids showing

significant negative heterosis and only one exhibiting significant positive Hc value.

Spikelet fertility (%): Among the fertile parental genotypes, spikelet fertility ranged

from 54.48% in PMS 2B to 80.47% in PRR 22, with a mean value of 70.71%.
Whereas, among the hybrids it ranged from 42.42% (PRH 33) to 70.01% (PRH 2),
with a mean of 58.14%. None of the hybrids had spikelet fertility more than the
restorer PRR 22. Ha ranged from -36.92% in PRH 33107.11% in PRH _16, with eight
hybrids exhibiting significant negative Ha values and only one demonstrating
significant positive Ha. Heterobeltiosis showed negative trend for this character, with
the range being -46.68% (PRH 33) to -4.96% (PRH 16). Twelve of the hybrids were
significantly poorer to their restorer parents for this character. Sténdard heterosis
ranged between -31.62% in PRH 33 and 12.85% in PRH 2 and four hybrids were
found to be significantly poor while three were significantly superior compared to the

check.

1000-grain weight (q): The parental range for test grain weight was from 14.48 g

(PMS 2A) to 24.17 g (PRR72), with a mean of 21.16 g. Among the hybrids, the
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range varied from 18.08 g (PRH 2) to 24.25 g (PRH 5) with a mean of 21.96 g. The
mid-parent heterosis for 1000-grain weight ranged between -8.34% in PRH 33 and
25.88% in PRH 5, with 11 hybrids showing significant positive heterosis and the other
two showing significant negative heterosis. Hb for this character varied from -24.24%
in PRH 33 to 15.59% in PRH 5, with eight hybrids manifesting significant superiority
and five exhibiting negative values. Similarly, with respect to the check variety,
heterosis was found to vary equally in both negative and positive directions and
ranged from -14.13% in PRH 2 to 15.17% in PRH 5, with nine hybrids manifesting

significant positive heterosis and four showing significant negative values.

Biomass production (@): The plant dry weight among the parental lines ranged
between 19.84 g in PMS 2A and 36.95g in TCP 97-33 with a mean of 27.55 g.
However, hybrids produced more biomass than their parents and it ranged from
29.95¢g (PRH6) to 41.97 g (PRH 2), with a mean of 33.13g. The mid-parent
heterosis varied from 5.25% in PRH 28 to 63.24% in PRH 21, with 10 hybrids
exhibiting significant superiority. The range of heterobeltiosis was from -15.97%
(PRH 28) to 45.76% (PRH 21), with five hybrids producing significantly high bidmass.
Compared with the check, only two hybrids were significantly superior and none was
significantly poor. The hybrid PRH 6 was the one which showed the lowest Hc

(-1.20%) and PRH 2 exhibited the highest Hc (38.45%).

Grain yield (g): Grain yield ranged from 7.65 ¢ in PMS 2B to 13.10 g in PRR 22, with
a mean value of 9.99 g for the fertile parental genotypes. Its range among the hybrids
varied between 10.14 g (PRH 27) and 15.32 g (PRH 16), with a mean of 13.12 g.
The Ha was found to vary between 5.17% in PRH 27 and 72.89% in PRH 5, with all
the hybrids, except PRH 27, exhibiting highly significant positive heterosis. The Hb
ranged from -5.90% for PRH 27 to 74.91% for PRH 5, with seven hybrids showing

significant positive values. Only PRH 27 showed negative Hb, which too was



CHAPTER 4 Results 86

non-significant. Over the check, all hybrids except PRH 27 manifested highly

significant positive heterosis ranging from 13.11% in PRH 27 to 70.98% in PRH 16.

Straw yield (g): Straw yield was only 13.00 g in PRR 24 and 26.11 g in Pusa 5B, with
a mean of 19.67 g for the fertile parental genotypes. However, in case of hybrids, this
character ranged from 15.62 g (PRH 5) to 27.86 g (PRH 2) and the average was
20.01 g. The Ha ranged from -25.64% in PRH 7 to 32.81% in PRH 21, with only one
hybrid each showing significantly positive and negative values. Hb ranged from
-29.18% (PRH 5) to 17.95% (PRH 21) with two hybrids showing significant negative
heterobeltiosis. Compared to the check, only one hybrid exhibited significant positive
heterosis and none manifested significant negative heterosis. The range for Hc was

from -26.86% in PRH 5 to 30.44% in PRH 2.

Harvest index: The harvest index was 0.25 in Pusa 5B and 0.41 in PRR 75, with a
mean of 0.34 for the fertile parental genotypes. For hybrids, the value for this
character ranged from 0.33 (PRH 27) to 0.48 (PRH 5), with the mean of 0.40. The
mid-parent heterosis ranged from 2.21% in PRH2 to 51.30% in PRH 7 with six
hybrids demonstrating significant superiority. Hb varied between -6.66% in PRH 21
and 29.99% in PRH 16 with only three hybrids exhibiting significant superiority over
the better parent. Though all hybrids exhibited positive standard heterosis for this
character, the deviation was significant in only eight hybrids. The Hc for harvest index

ranged from 12.54% in PRH 27 to 63.08% in PRH 5.

4.2 Genetic analysis of yield components and physiological

and biochemical characters

4.2.1 Nature and magnitude of character association

4.2.1.1 Experiment |

Simple correlation coefficients were computed separately for yield

components and the physiological and biochemical parameters for the hybrids of
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Expt.1 and are presented in Tables 13 and 14. In addition, correlation coefficients
were also calculated for the pairs of yield components and the physiological and

biochemical parameters and the results are presented in Table 15.

4.2.1.1.1 Yield and yield components

As clear from Table 13, the results of association between pairs of yield
components among the hybrids revealed that grain yield was highly correlated with
flag leaf area (0.93), length of main panicle (0.95), weight per panicle (0.86),
1000-grain weight (0.86) and biomass yield (0.91). Significant correlation was also
obtained with harvest index (0.71). Characters like, number of spikelets in main
panicle and spikelet fertility also exhibited high but non-significant positive
association with grain yield, as indicated by values of the correlation coefficient of
0.50 and 0.42, respectively. Number of productive tillers however, exhibited

non-significant negative correlation with grain yield with the coefficient of -0.54.

Among the yield components themselves, number of productive tillers
exhibited a significant and positive association with days to 50% flowering, indicated
by a correlation coefficient value of 0.61. However, it exhibited significant and
negative association with weight per panicle (-0.65) and spikelet fertility (-0.66). Days
to 50% flowering exhibited highly significant negative correlation with total number of
spikelets in panicle and spikelet fertility and significant negative correlation with

weight per panicle.

Flag leaf area had positive correlation with all other yield components studied,
being highly significant with length of main panicle (0.86), weight per panicle (0.82)
and biomass yield (0.89). With 1000-grain weight as well, it exhibited significant
positive association (0.72). its association with total number of spikelets in panicle,
spikelet fertility and harvest index were also positive though non-significant. In case

of panicle length, highly significant correlation was found with weight per panicle
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(0.85), 1000-grain weight (0.75) and biomass yield (0.95). Its assdciation with total

number of spikelets in panicle was also significantly positive (0.69).

Weight per panicle was found to have highly significant and positive
association with biomass vield as indicated by value of the correlation coefficient
(0.85), in addition to its significant association with number of spikelets in panicle
(0.65). Its correlation with spikelet fertility, 1000-grain weight and harvest index were
also positive though non-significant. The character, number of spikelets in panicle,
exhibited highly significant relationship with biomass yield (0.75) and non-significant
positive association with spikelet fertility (0.51). 1000-grain weight was highly
correlated with harvest index (0.89) and grain yield (0.86), in addition to being
significantly correlated with biomass yield (0.62). However, the association between
biomass yield and harvest index was only moderately positive (0.35) and

non-significant.

4.2.1.1.2 Physiological and biochemical characters

In case of correlation among pairs of physiological and biochemical
characters in hybrids of Expt. 1 (Table 14), grain yield was found to be highly
correlated with leaf area and LAl at flowering (0.92) and LAD in tillering to flowering
phase (0.90). It was also significantly associated with a~-amylase activity at 48 hrs of
germination (0.70) and NRA at flowering (0.65). However, it had inverse and
non-significant relationship with LAR in tillering to flowering phase as‘ indicated by the

coefficient value of -0.30.

For correlation among the physiological and biochemical parameters
themselves, CGR in tillering to flowering phase was not associated significantly with
any other parameter. However, its correlation with RGR and NAR in the same growth

phase was higher and positive as suggested by the coefficient values of 0.49 and
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0.55. Conversely, it exhibited negative and non-significant correlation with NRA at

flowering stage.

RGR at tillering to flowering phase exhibited highly significant association with
NAR in the same growth phase (0.93). Its association with LAR in the same phase
was quite high and positive (0.61), but non-significant. RGR was found to exert
negative non-significant association with leaf area and LAl at flowering (—0.48) and
LAD during tillering and flowering (-0.49). However, NAR calculated for tillering to
flowering growth phase did not exhibit any significant association with any of the

physiological and biochemical traits as well as grain yield.

Leaf area at flowering stage exhibited highly significant correlation with grain
yield and also with LAD at tilering to flowering growth phase (0.94). In addition, it
was significantly correlated with NRA at flowering (0.68). The LAD in tillering to
ﬂowéring phase exhibited highly significant correlation (0.77) with NRA at flowering.
Interestingly, it was found that, a-amylase activity did not correlate’ significantly with

any of the physiological or biochemical parameters studied.

4.2.1.1.3 Yield components and ‘physiological and biochemical characters’

Correlation coefficients were aiso calculated for the pairs of yield components
and the physiological and biochemical parameters in hybrids of Expt. 1 and the
results have been presented in Table 15. It is clear from the table that the number of
productive tillers was significantly and negatively associated with CGR at tillering to
flowering phase (-0.51), while being positively associated with nitrate reductase
activity at flowering stage (0.51). Its correlation with RGR, NAR and LAR at tillering to
flowering phase was non-significant but negative. The character, days to 50%
flowering exhibited negative correlation with most of the physiological characters, but

being significant only in case of CGR at tillering to flowering phase (-0.60). Its
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negative correlation with RGR and NAR at the same phase and LAl at flowering was,

however, non-significant and moderate.

Flag leaf area exhibited highly significant and positive association with LAl at
flowering and LAD during tillering to flowering phase as indicated by the coefficient
values of 0.85 and 0.82. However, it exhibited negative and non-significant
association with LAR at tillering to flowering phase (-0.29). The panicie length was
highly correlated with LAI at flowering (0.94) and LAD at tillering to flowering (0.93)
and significantly associated also with NRA at flowering stage (0.56). The character,
average panicle weight, was also found to follow a similar pattern, being highly
significantly correlated with LAl and LAD in the respective growth stages. However,

its positive correlation with NRA at flowering was non-significant (0.25).

Total number of spikelets in panicle was highly influenced by CGR at tillering
to flowering phase (0.60) and LAl at flowering (0.59). Its positive correlation with LAD
during tillering to flowering, although high, was non-significant. Spikelet fertility was
significantly and positively associated only with CGR at tillering to flowering (0.52),
among the various physiological and biochemical parameters. However, its
non-significant association with RGR, NAR and LAR at tillering to flowering phase

was also positive but moderate.

The character 1000-grain weight exhibited highly significant and positive
correlation with the physiological and biochemical attributes such as LA! at flowering
(0.77), LAD at tillering to flowering (0.86) and NRA at flowering (0.90). Biomass yield
exhibited significant inverse relationship with LAR at flowering to tillering phase as
indicated by the value of correlation coefficient of -0.51. However, it exhibited very
| high and direct correlation with LAI at flowering stage and LAD at tillering to flowering

phase as clear from the correlation values of 0.94 and 0.87 respectively. It also
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exhibited significant positive association with NRA at flowering stage. However, its

correlation with CGR at tillering to flowering phase was quite low, although positive.

Finally, harvest index manifested a highly significant and positive relationship
with only NRA at flowering stage as indicated by the correlation coefficient value of
0.70, although, it also exhibited significant positive association with LAl at flowering
stage (0.49) and LAD at tillering to flowering phase (0.58). Like biomass yield, this
character too, exhibited non-significant association of low magnitude with CGR, RGR

and NAR at tillering to flowering phase.

4.2.1.2 Experiment |l

Simple correlation coefficients among various character pairs computed
separately for restorers and hybrids have been presented in Tables 16 and 17

respectively.

4.2.1.2.1 Estimates of correlation coefficients in parents

The results of association between character pairs among the restorer
parents (Table 16) revealed that grain yield was highly correlated with number of
productive tillers and biomass yield, with coefficients of 0.80 and 0.86 respectively.
Characters like length of main panicle and average weight per panicle also exhibited
significant correlation with grain yield pér plant, with positive coefficients of 0.62 and
0.72 respectively. Total spikelets in the main panicle also exhibited high but
non-significant correlation coefficient of 0.55 for its association with grain yield.
However, harvest index showed negative but non-significant association with grain

yield (-0.28).

Among the yield components themselves, number of productive tillers had a
highly significant and positive association with biomass vyield, indicated by the

correlation coefficient of 0.87. However, with harvest index, the relationship was
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significantly negative (-0.61). The character also exhibited negative but
non-significant association with flag leaf area (-0.35), spikelet fertility (-0.23) and
1000-grain weight (-0.17). Days to 50% flowering failed to exhibit any significant
association with any of the yield component in either direction. Flag leaf area,
however, exhibited a highly significant relationship with harvest index, indicated by a
high value of 0.90. It exhibited positive but non-significant association with length of
main panicle (0.51), weight per panicle (0.44) and number of total spikelets in main
panicle (0.40). However, it exhibited non-significant and negative association with

biomass Yield, indicated by the coefficient of -0.54.

Like days to 50% flowering, the character length of main panicle did not
manifest any significant association with any of the yield components in either
direction. However as stated before, it manifested significant association with grain
yield. Nevertheless as expected, it exhibited moderate positive association with
average panicle weight (0.54). Its association with total number of spikelets in panicle
was also considerably high (0.49), although non-significant. However, 1000-grain
weight exhibited non-significant and negative association with this character as

indicated by the coefficient of -0.28.

The average panicle weight manifested significant and positive association
with only number of total spikelets in panicle (0.69). It exhibited relatively moderate
but positive association with spikelet fertility (0.33), 1000-grain weight (0.21),

biomass yield (0.35) and harvest index (0.33).

Characters like number of total spikelets in main panicle, spikelet fertility,
1000-grain weight and harvest index did not exhibit significant association with any
yield component or grain yield. The character, total number of spikelets however
exhibited high but non-significant coefficient of 0.55 for its association with grain

yield.
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Biomass yield exhibited highly significant and positive association with
number of productive tillers as indicated by the correlation coefficient of 0.87, in
addition to its highly significant positive association with grain yield (0.86). However,
it exhibited inverse relationship with harvest index as indicated by the value of -0.73.
Harvest index, in turn exhibited significant negative relationship with number of
productive tillers (-0.61). However, it had highly significant positive relationship with
flag leaf area (0.90). Surprisingly, its association with grain yield was negative,

although quite weak as indicated by the value of -0.28.

4.2.1.2.2 Estimates of correlation coefficients in hybrids

The correlation coefficients computed for hybrids for various character pairs
are presented in Table 17. The results revealed that in case of the hybrids of Expt. 2,
grain yield was correlated only with average weight per panicle and harvest index,
with coefficients of 0.64 and 0.67 respectively. Characters like biomass yield (0.54),
total number of spikelets in panicle (0.43) and spikelet fertility (0.34) exhibited
non-significant but positive correlation with grain yield. However, days to 50%
flowering exhibited non-significant negative relationship with grain yield, with the

coefficient of -0.37.

Among the yield components, only three significant associations were
observed. Days to 50% flowering were found to be negatively and significantly
correlated with average panicle weight (-0.61), which in turn was found to be
positively and significantly associated with total number of spikelets in panicle (0.66)
and spikelet fertility (0.68). As a matter of fact, the character days to 50% flowering
also exhibited non-significant and negative relationship with total number of spikelets
in panicle (-0.33) and spikelet fertility (-0.56). In addition, the trait also expressed

inverse non-significant relationship with harvest index (-0.49) and grain yield (-0.37).
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Number of productive tillers exhibited a non-significant and positive
association with days to 50% flowering (0.47), biomass yield (0.45). However, its
correlation with flag leaf area and length of main panicle, although positive was weak,
indicated by smaller coefficients of 0.27 and 0.29, respectively. In contrast, with
average panicle weight, the relationship was non-significantly negative (-0.55). The
character also exhibited moderate negative and non-significant association with
spikelet fertility (-0.34) and harvest index (-0.22). Flag leaf area exhibited high but
non-significant association with panicle length (0.52) and biomass yield (0.54). It
exhibited negative and non-significant association with harvest index (-0.40) and

1000-grain weight (-0.24).

The character, length of main panicle, exhibited moderately positive and
non-significant correlations with weight per panicle (0.36), spikelet fertility (0.37) and
1000-grain weight (0.34). Similarly the character, weight per panicle, exhibited
non-significant and moderately positive association with biomass yield (0.34) and
harvest index (0.33). Number of total spikelets in main panicle also showed moderate
correlation with spikelet fertility (0.36) and biomass yield (0.33). 1000-grain weight,
on the other hand, exhibited high but non-significant negative correlation with
biomass yield (-0.58), in addition to showing moderate positive association (0.48)

with harvest index.

4.2.2 Genetic analysis of yield and yield components in F, populations

In order to study the pattern and extent of variation for various yield
components and grain yield, nine F populations from three AxR, BxR and RxB
crosses, involving the CMS lines, PMS 2A, Pusa 5A and IR 58025A, their respective
maintainers and the restorers, Pusa 1127, Pusa 1124 and PRR 78, were analyzed.
Data were recorded on 200 plants in each of the nine F, populations on 16 yield

components and grain yield and the range of variation, general mean, coefficients of
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phenotypic (PCV), genotypic (GCV) and environmental (ECV) variation are

presented below crosswise.

Cross I (PMS 2A, PMS 2B and Pusa 1127)

This cross combination involved the CMS line PMS 2A, its maintainer,
PMS 2B and the restorer, Pusa 1127. The range of variation, general mean,
coefficients of phenotypic (PCV), genotypic (GCV) and environmental (ECV) variation

in F, populations of this cross combination are presented in Table 18.

Plant height (cm): The range for plant height in AF>-1 (F, of cross PMS 2A x

Pusa 1127) was 50.00 cm to 116.00 cm, in BF -1 (F, of cross PMS 2B x Pusa 1127)
it varied from 49.00 cm to 127.00 cm, while it was 58.00 cm to 127.00 cm in RF>-1
(F, of cross Pusa 1127 x PMS 2B). The maximum range for plant height was found in
BF2-17. The mean plant heights of the F, populations were 80.62 cm, 82.43 cm and
85.03 cm respectively for AF,-1, BF>-1 and RF2-1. For this charaéter, the coefficient
of environmental variation (ECV) was found to be 4.99%. The coefficient of
phenotypic variation (PCV) was the maximum in BF,~1 (20.20%) followed by AF2-1
(18.31%) and RF>-1 (17.16%). The GCV also followed similar pattern with BF -1
exhibiting maximum genotypic variation of 15.21% followed by AF.-1 (13.32%) and

RF,-1 (12.17%).

Number of productive tillers: The number of productive tillers in AF-1 varied from 5

to 12, in BF,-1 from 5 to 11, while the maximum range was found in RF,-1 and was
from 4 to 12. The means for number of productive tillers in the F, populations were
7.98, 8.41 and 8.32 respectively for AFx-1, BF>-1 and RF>-1. The coefficient of
phenotypic variation (PCV) was maximum in AF»-1 (20.35%) foliowed by RF>-1
(19.55%) and BF-1 (15.70%). The GCV also followed similar pattern with AF2-1

exhibiting maximum genotypic variation of 7.24% followed by RF;-1 (6.44%) and



Table 18: Estimates of range, mean, PCV, ECV and GCV for different characters
in F, populations of cross involving PMS 2A, PMS 2B and Pusa 1127

Character AF2-1 BF,-1 RF;-1
Range 5000 - 116.00  49.00 - 127.00  58.00 - 127.00
. Mean 80.62 82.43 85.03
Plant height
9 PCV 18.31 20.20 17.16
(cm)
ECV 4.99
GCV 13.32 15.21 12.17
Range 500 - 12.00 500 - 11.00 400 - 12.00
Number of Mean 7.98 8.41 8.32
productive PCV 20.35 15.70 1955
tillers ECV 13.11
GCV 7.24 2.59 6.44
Range 1091 - 8180 1155 - 8822 1001 - 74.67
Flagleafarea  Mean 38.53 39.81 40.07
() PCV 35.24 35.78 32.97
ECV 10.54
GCV 24.70 25.24 2243
Range 2050 - 3150 1800 - 3100  21.00 - 3250
Length of Mean 24.01 25.80 25.72
main panicle PCV 9.45 9.71 9.24
{cm) ECV 5.83
GCV 362 3.88 3.41
Range 058 - 4.35 054 - 492 085 - 6.60
Weight of Mean 217 2.39 2.82
main panicle PCV 31.35 37.98 40.61
(9) ECV 17.65
GCV 13.70 20.33 22.96
Range 172 = 22.79 150 = 21.20 266 - 27.01
i Mean 10.34 11.06 11.34
“::ﬁ:l‘;:z “')" PCV 37.99 40.82 40.48
P 9 ECV 18.26
GCV 19.73 2256 22.22
_ Range 036 - 285 041 - 273 056 - 342
) Mean 1.30 1.32 1.36
“;er:f::; ‘(’e)’ PCV 31.90 37.60 38.52
P 9 ECV 18.43
GCV 13.47 19.17 20.09
Range 2100 = 17500 25.00 - 227.00  35.00 - 281.00
Number of Mean 80.61 09.98 117.68
ﬁl‘l’:(‘, :’i:elets PCV 38.35 41.02 46.66
P ECV 12.91
GCV 25.44 28.11 3375
Range 1700 - 232.00 _ 10.00 - 152.00 6.00 = 176.00
Number of Mean 99.22 73.01 84.87
unfilled PCV 37.73 41.31 42.66
spikelets ECV 18.44
GCV 19.29 22.87 24.22




Table 18 (Cont...)

Character AF ;-1 BF;-1 RF,-1
Range 82.00 - 301.00 101.00 - 299.00 126.00 - 347.00
Total Mean 179.83 172.98 202.54
spikelets in PCV 23.93 24.02 21.80
main panicle ECV 11.02
GCV 12.91 13.00 10.78
Range 080 - 648 115 - 81 1.40 - 9.62
Panicle I:g:ln 3.36 282 4.58
density 33.56 38.1 40.99
ECV 12.31
GCV 21.25 25.83 28.68
Range 10.10 = 90.34 2213 - 9375 2516 - 96.69
Spikelet Me:ln 44 .82 57.80 58.10
fertility (%) PC 31.28 28.23 30.21
ECV 12.75
GCV 18.53 15.48 17.46
Range 15.34 = 24.02 15.36 - 22.22 1417 = 2455
Mean 18.54 19.01 18.98
1000-grain
weight (g) PCV 11.00 8.14 11.39
ECV 3.16
GCV 7.84 4.98 8.23
Range 0.83 - 48.28 943 - 48.49 11.03 - 54.87
Biomass vield Mean 23.55 22.44 28.02
@ y PCV 32.78 35.13 34.00
ECV 15.84
GCV 16.94 19.29 18.16
Range 115 - 18.74 1.00 - 20.57 167 - 2197
Mean 6.85 7.29 8.40
Grain yield (g) PCV 40.13 48.20 48.20
ECV 16.67
GCV 23.46 31.53 31.53
Range 8.62 = 40.86 839 = 27.92 8.73 = 3596
Mean 16.70 15.15 19.62
Straw yield (g) PCV 32.88 29.09 29.27
ECV 20.57
GCV 12.31 8.52 8.70
Range 0.08 - 045 0.11 - 054 0.13 - 055
Mean 0.29 0.32 0.30
Harvest index PCV 28.43 27.37 28.26
ECV 15.10
GCV 13.33 12.27 13.16

AF,-1 = F, of cross PMS 2A x Pusa 1127
BF,-1 = F, of cross PMS 2B x Pusa 1127
RF,-1 = F, of cross Pusa 1127 x PMS 2B

PCV = Coefficient of phenotypic variation

ECV = Coefficient of envir

GCV = Coefficient of genotypic variation

onmental variation, and
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" BF»1 (2.59%). For this character, the coefficient of environmental variation (ECV)

was higher than plant height and was found to be 13.11%.

Flag leaf area (cm?): The mean flag leaf area was the highest for RF,-1 (40.07 cm?),

followed by BF -1 (39.81 cm?) and for AF,-1 it was the least (38.53 cm?). In addition,
the maximum range for flag leaf area was found in BF -1 (11.55 cm?® to 88.22 cm?)
followed by AF,-1 (10.91 cm? to 81.80 cm?) and RF2-1 (10.91 cm? 10 74.67 cm?). The
PCV and GCV were maximum in BF,-1 (35.78% and 25.24%) followed by AF:-1
(35.24% and 24.70%) and RF>-1 (32.97% to 22.43%). For this character, the ECV

was found to be 10.54%.

Length of main_panicle (cm): Among the characters studied, this character

manifested the least variation in all the three F populations. For this character, BF,-1
showed the maximum range (18.00 cm to 31.00 cm) followed by RF.-1 (21.00 cm to
32.50 cm) and AF2-1 (20.50 cm to 31.50 cm). The mean values for AFz-1, BF.-1 and
RF-1 were 24.01 cm, 25.80 cm and 25.72 cm respectively. The PCV and GCV
values were also maximum in BF>-1 (9.71% and 3.88%), followed by AF>-1 (9.45%
and 3.62%) and RF>1 (9.24% and 3.41%). ECV for this character was found to be

5.83%.

Weight of main panicle (g): In AF>-1 the weight of main panicle varied from 0.58 g to

4.35 g, in BF-1 it varied from 0.54 g to 4.92 g, while it ranged from 0.85 g to 6.69 g in
RF,-1. Thus the maximum range for this character was found in BF2-1. The mean
values for the weight of main panicle in the F, populations were 2.17 g, 2.39 g and
2.82 g respectively for AF,-1, BF-1 and RF2-1. For this character, the coefficient of
environmental variation was found to be 17.65%. The coefficient of phenotypic
variation (PCV) was the maximum in RF,-1 (40.61%) followed by BF2>-1 (37.98%) and

AF,-1 (31.35%). The GCV also followed similar pattern with RF,-1 exhibiting
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maximum genotypic variation of 22.96% followed by BF,-1 (20.33%) and AF:-1

(13.70%).

Weiaht of all panicles (g): The mean for this character was the highest for RF -1

(11.34 g), followed by BF2-1 (11.06 g) and for AF,-1 it was the least (10.34 g). The
maximum range for the weight of all panicles was found in BF-1 (1.50 g to 21.20 g)
followed by AF,-1 (1.72 g to 22.79 g) and RF;-1 (2.66 g to 27.91 g). The PCV and
GCV were maximum in BF>-1 (40.82% and 22.56%) followed by RF2-1 (40.48% and
22.22%) and AF,-1 (37.99% to 19.73%). For this character, the ECV was found to be

18.26%.

Weight per panicle (q): For this character, the maximum range was found in AF2-1,

which varied from 0.36 g to 2.85 g. In BF>-1 the weight per panicle ranged from 0.41
g to 2.73 g, while in RF>-1 the range was from 0.56 g to 3.42 g. The F, means for
7 weight' per panicle were 1.30 g, 1.32 g and 1.36 g respectively for AF;-1, BF,-1 and
RF,-1. PCV was maximum in RF,-1 (38.52%) followed by BF2-1 (37.60%) and AF2-1
(31.90%). GCV also followed similar pattern with RF,-1 exhibiting maximum
genotypic variation of 20.09% followed by BF,-1 (19.17%) and AF,-1 (13.47%). For
this character, the coefficient of environmental variation (ECV) was found to be quite

high and was of the magnitude of 18.43%.

Number of filled spikelets in main panicle: RF.-1 recorded the highest mean number

of filled spikelets in main panicle (117.68) followed by BF,-1 (99.98) and AF2-1
(80.61). Whereas the range for this character was maximum in BF>-1 (25-227),
followed by AF,-1 (21-175) while RF,-1 had the lowest range of (35-281). The ECV
for this character was 12.91% while the PCV and GCV were maximum in RF>-1
(46.66% and 33.75%) followed by BF.-1 (41.02% and 28.11%) and AF;-1 (38.35%

and 25.44%).
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P

Number_of unfilled spikelets in_main panicle: Of all the characters studied, this

I

character manifested the greatest variation in all the three F, populations. For this
character too, RF,-1 exhibited the maximum range (6 to 176) followed by BF-1 (10
to 152) and AF:-1 (17 to 232), with the mean values of 99.22, 73.01 and 84.87
respectively for AF,-1, BF-1 and RF2-1. The PCV and GCV values also followed
similar pattern, being maximum in RF-1 (42.66% and 24.22%), followed by BF,-1
(41.31% and 22.87%) and AFz-1 (37.73% and 19.29%). ECV for this character was

found to be 18.44%.

Total number of spikelets in main panicle: The range for total number of spikelets in

AF,-1 was 82 to 301, in BF,-1 it varied from 101 to 200, while it was much higher in
RF,-1 and was 126 to 347. However, the maximum range for this character was
found in AF,-1. The F> means for this character were 179.83, 172.98 and 202.54
respectively for AF,-1, BF-1 and RF2-1. PCV was maximum in BFz-1 (24.02%)
followed by AF2-1 (23.93%) and RF,-1 (21.80%). GCV also followed similar pattern
with BF -1 exhibiting maximum variation of 13.00% followed by AF2-1 (12.91%) and

RF,-1 (10.78%).

Panicle density: The range for panicle density in AF2-1 varied from 0.80 to 6.48, in

BF,-1 from 1.15 to 8.11, while in RF2-1 it varied from 1.40 to 9.62. The means for
panicle density in the F, populations were 3.36, 3.88 and 4.58 respectively for AF-1,
BF,-1 and RF2-1. PCV was maximum in RF,-1 (40.99%) followed by BF2-1 (38.14%)
and AF,-1 (33.56%). GCV also followed similar pattern with RF,-1 exhibiting
maximum variation of 28.68% followed by BF~1 (25.83%) énd AF-1 (21.25%). For

this character ECV was found to be 12.31%.

Spikelet fertility (%): The mean for this character was the highest for RF2-1 (58.10%),

followed by BF2-1 (57.80%) and, for AF-1 it was the least (44.82%). However,

maximum range for spikelet fertility was found in AF,-1 (10.10% to 00.34%) followed
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by BF2-1 (22.13% to 93.75%) and RF,-1 (25.16% to 96.69%). The PCV and GCV
were maximum in AF,-1 (31.28% and 18.53%) followed by RF>-1 (30.21% and

17.46%) and BF -1 (28.23% to 15.48%). For this character ECV was 12.75%.

1000-grain weight (q): For 1000-grain weight RF>-1 showed maximum range (14.17 g
to 24.55 g) followed by AF.,-1 (15.34 g to 24.02 g) and BF.-1 (15.36 g to 22.22 a),
with mean values of 18.98 g, 18.54 g and 19.01 g respectively. The PCV and GCV
values also followed similar pattern, being maximum in RFz-1 (11.39% and 8.23%),
followed by AF>-1 (11.00% and 7.84%) and BF,-1 (8.14% and 4.98%). Among the F,
populations of this cross combination, ECV for this character was found to be the

lowest 3.16% among all the characters studied.

Biomass vield (q): The range for this character in AF-1 was 9.83 g to 48.28 g, in
BF.-1 it varied from 9.43 g to 48.49 g, while the biomass yield varied from 11.03 g to
54.87 g in RF2-1. The mean values for biomass yield in the F populations were
23.55 g, 22.44 g and 28.02 g respectively for AF,-1, BF-1 and RFz-1. For this
character, the coefficient of environmental variation was found to be 15.84%. The
coefficient of phenotypic variation (PCV) was the maximum in BF1 (35.13%)
followed by RFx>1 (34.00%) and AF»-1 (32.78%). BF>-1 exhibited maximum

genotypic variation of 19.29% foliowed by RF2-1 (18.16%) and AF -1 (16.94%).

Grain yield (g): The mean grain yield was the highest in RFz-1 (8.40 g), followed by
BF,-1 (7.29 g) and AF3-1 (6.85 g). The maximum range for this character was found
in BF -1 (1.00 g to 20.57 g) followed by AF-1 (1.15 g to 18.74 g) and RF2-1 (1.67 g
to 21.97 g). The PCV and GCV values were found to be the same in BF,-1 and RF -1
(48.20% and 31.53%) followed by AF,-1 (40.13% to 23.46%). For this character,

ECV was found to be 16.67%.

Straw vield (g): The RF>-1 recorded the highest mean straw yield (19.62 g) followed

by AF»-1 (16.70 g) and BF-1 (15.15 g), whereas the range for this character was
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maximum in AF>-1 (8.62 g to 40.86 g), followed by RF>-1 (8.73 g to 35.96 g). While
BF~1 had the lowest range of (8.39 g to 27.92 g). The ECV for this character
(20.57%) was found to be the highest among the characters studied in the three F
~ populations of this cross combination. The PCV and GCV values were maximum in
AF-1 (32.88% and 12.31%) followed by RF:-1 (29.27% and 8.70%) and BF:-1

(29.09% and 8.52%).

Harvest index: Maximum range for harvest index was observed in AF,-1 (0.08 to
0.45) followed by BF2>-1 (0.11 to 0.54) and RF,-1 (0.13 to 0.55), with the mean values
of 0.29, 0.32 and 0.30 respectively. The PCV and GCV values were maximum in
 AF1 (28.43% and 13.33%), followed by RF-1 (28.26% and 13.16%) and BF:-1

(27.37% and 12.27%). ECV for this character was found to be 15.10%.

- Cross II (Pusa 5A, Pusa 5B and Pusa 1124)

This cross combination involved the CMS line Pusa 5A, its maintainer,
Pusa 5B and the restorer, Pusa 1124. The range of variation, general mean,
coefficients of phenotypic (PCV), genotypic (GCV) and environmental (ECV) variation

in F, populations of this cross combination are presented in Table 19.

Plant height (cm): Plant height in AF,-2 (F; of cross Pusa 5A x Pusa 1124) varied

from 51.00 cm to 117.00 cm; in BF -2 (F; of cross Pusa 5B x Pusa 1124) it varied
from 55.00 cm to 123.00 cm, while it was 58.00 cm to 128.00 cm in RF;-2 (F, of
cross Pusa 1124 x Pusa 5B). Thus the maximum range for plant height was
observed in AF,-2. The mean plant heights of the F, populations were 88.17 cm,
90.41 cm and 92.84 cm respectively for AF2-2, BF.-2 and RF,-2. For this character,
the coefficient of environmental variation was 5.31%. PCV and GCV were maximum
in AF,-2 (16.68% and 11.37%) followed by BF2-2 (15.71% and 10.40%) and RF;-2

(15.81% and 10.50%).



Table 19: Estimates of range, mean, PCV, ECV and GCV for different characters
in F, populations of cross involving Pusa 5A, Pusa 5B and Pusa 1124

Character AF,2 BF,-2 RF,-2
Range 51.00 -117.00  55.00 - 123.00  58.00 -~ 128.00
) Mean 88.17 90.41 02.84
ht
:’c'::;‘ heig pCV 16.68 15.71 15.81
ECV 5.31
GCV 11.37 10.40 10.50
Range 300 - 12.00 500 - 13.00 4.00 = 13.00
Number of Mean 8.42 8.71 8.84
productive PCV 22.40 20.01 21.73
tillers ECV 16.24
GCV 6.16 377 5.49
Range 2117 - 9961 1764 - 9351 1845 - 90.95
Mean 52.12 54.09 52.56
Flag leaf area
"fl) PCV 20.79 26.32 28.36
(° ECV 9.77
GCV 20.02 16.55 18.59
Range 2000 - 2000 21.00 - 3100 2050 - 30.50
Lenath of main _M€an 24.90 25.35 25.63
::g:le om) PCV 7.56 0.49 8.71
P ECV 5.59
GCV 197 3.90 3.12
Range 065 - 485 084 — 492 185 - 499
] ., Mean 3.19 3.35 3.44
Wa‘:f’c’;; ‘(’f)'“a'“ PCV 21.90 2450 20.61
P 9 ECV 15.95
GCV 5.95 8.55 4.66
Range 351 - 2340 580 - 24.40 347 - 2504
i Mean 10.07 12.06 11.66
W:{:ﬂ:;:‘; a)" PCV 38.01 34.21 40.82
P 9 ECV 19.07
GCV 18.04 15.14 2175
Range 048 - 355 080 - 334 070 - 349
Weigh Mean 1.20 1.39 1.32
eig l; ';’e)’ pCV 40.15 34.82 40.69
panicie g ECV 21.49
GCV 18.66 13.33 19.20
Range 2600 - 19500 5000 - 222.00  55.00 - 289.00
Mean 105.58 124.23 137.55
:fl‘l‘“;be’.:fl POV 29.20 31.60 36.37
illed spikeile ECV 11.20
GCV 18.00 20.40 2517
Range 2100 — 20900 _ 13.00 — 15500  15.00 - 158.00
Number of Mean 82.77 76.01 67.82
unfilled PCV 4324 39.68 45.10
spikelets ECV 18.77
GCV 24.47 20.91 26.33




Table 19 (Cont...)

Character AF;-2 BF,-2 RF,-2
Range 73.00 - 309.00 98.00 - 327.00 128.00 - 333.00
Total spikelets Mean 188.35 200.24 205.37
in main PCV 22.67 21.18 21.78
panicle ECV 7.93
GCV 14.74 13.25 13.85
Range 174 - 722 221 - 782 219 - 997
panicle Mean 4.24 4.90 5.37
Density PCV 27.03 28.54 34.24
ECV 8.91
GCV 18.12 19.63 25.33
Range 15.42 - 87.20 2429 - 93.09 27.92 - 94.58
spikelet Mean 56.06 62.04 66.98
fertility (%) PCV 2473 21.94 21.23
ECV 10.36
GCV 14.37 11.58 10.87
Range 17.74 - 26.42 17.66 = 24.52 17.47 - 26.13
1000-grain Mean 21.84 21.22 21.45
weight (g) PCV 9.44 7.43 9.17
ECV 3.22
GCV 6.22 4.21 5.95
Range 19.62 =- 49.55 16.45 - 47.55 156.76 - 52.28
Biomass yield Mean 32.31 32.55 34.40
PCV 19.87 17.31 20.14
@ ECV 10.97
GCV 8.90 6.34 9.17
Range 285 - 2144 3.33 - 23.07 3.27 - 23.57
Mean 8.54 9.09 10.60
Grain yield (g) PCV 38.68 45.17 4412
ECV 16.25
GCV 2243 28.92 27.87
Range 13.07 - 38.28 12.82 - 37.47 11.16 - 40.83
Mean 23.77 23.46 23.80
Straw yield (g) PCV 20.19 20.90 21.27
ECV 16.87
GCV 3.32 4.03 4,40
Range 012 - 057 0.11 - 0.54 0.11 - 057
Mean 0.26 0.28 0.31
Harvest Index PCV 31.96 34.36 33.10
ECV 12.44
GCV 19.52 21.92 20.66

AF,-2 = F, of cross Pusa 5A x Pusa 1124
BF.-2 = F, of cross Pusa 5B x Pusa 1124
RF,-2 = F, of cross Pusa 1124 x PMS 2B

PCV = Coefficient of phenotypic variation
ECV = Coefficient of environmental variation, and
GCV = Coefficient of genotypic variation
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Number of productive tillers: The mean numbers of productive tillers in F2 populations

were 8.42, 8.71 and 8.84 for AF,-2, BF,-2 and RF>-2 respectively. The character in
AF.-2 varied from 3 to 12, in BF2>-2 from 5 to 13, while in RF,-2 it varied from 4 to 13.
The coefficient of phenotypic variation (PCV) was maximum in AF;-2 (22.40%)
followed by RF,-2 (21.73%) and BF>-2 (20.01%). The GCV also followed similar
pattern with AF>-2 exhibiting maximum variation of 6.16% followed by RF2-2 (5.49%)
and BF,-2 (3.77%). For this character, the coefficient of environmental variation

(ECV) was found to be 16.24%.

Flag leaf area (cm?): The mean for this character was the highest for BF2-2

(54.09 cm?), followed by RF;-2 (52.56 cm?) and AF,-2 (52.12 cm?). Maximum range
for flag leaf area was observed in BF2-2 (17.64 cm’ to 93.51 cm?) followed by RF -2
(18.45 cm? to 90.95 cm?) and AF,-2 (21.17 cm? to 99.61 cm?). The PCV and GCV
were maximum in AF-2 (29.79% and 20.02%) followed by RF;-2 (28.36% and
18.59%) and BF»-2 (26.32% to 16.55%). ECV for this cHaracter was found to be

9.77%.

Length of main panicle (cm): For this character RF>-2 exhibited maximum range

(20.50 cm to 30.50 cm) followed by BF»2 (21.00cm to 31.00 cm) and AF:-2
(20.00 cm to 29.00 cm), with mean values of 25.63 cm, 25.35 cm and 24.90 cm
respectively. The PCV and GCV values were maximum in BF;-2 (9.49% and 3.90%),
followed by RF -2 (8.71% and 3.12%) and AF-2 (7.56% and 1.97%). ECV for this

character was 5.59%.

Weight of main panicle (g): The range for this character in AF -2 was 0.65 g to 4.85

g, in BF -2 it varied from 0.84 g to 4.92 g, while it was 1.85 g to 4.99 g in RF;-2. Thus
the maximum range for this character was found in AF.-2. The mean values for the
weight of main panicle in the F, populations were 3.19 g, 3.35 g and 3.44 g. PCV was

the maximum in BF,-2 (24.50%) followed by AF2>-2 (21.90%) and RF>-2 (20.61%).



CHAPTER 4 Results 102

GCV also followed similar pattern with BF -2 exhibiting maximum variation of 8.55%

followed by AF,-2 (5.95%) and RF ;-2 (4.66%).

Weight of all panicles (q): The mean for this character was the highést for BF2-2
(12.06 g), followed by RF»-2 (11.66 g) and for AF,-2 it was the least (10.07 g).
Maximum range for the weight of all panicles was found in RF»-2 (3.47 g to 25.94 g)
followed by AF,-2 (3.51 g to 23.40 g). The range was the least in BF,-2 (5.80 g to
24.40 g). The PCV and GCV were maximum in RF2-2 (40.82% and 21 .75%) followed
by AF,-2 (38.01% and 18.94%) and BF>-2 (34.21% to 15.14%). For this character,

ECV was found to be 19.07%.

Weight per panicle (q): The weight per panicle in AF,-2 ranged from 0.48 g to 3.55 g,

in BF,-2 from 0.80 g to 3.34, while in RF2-2 it varied from 0.70 g to 3.49 g. The
maximum range for this character was observed in AF>-2. The means for weight per
panicle in the F, populations were 1.20 g, 1.39 g and 1.32 g respectively. PCV and
GCV were maximum in RF,-2 (40.69% and 19.20%) followed by AF>-2 (40.15% and
18.66%) and BF>-2 (34.82% and 13.33%). For this character, the coefficient of
environmental variation (ECV) was found to be the highest of all the characters

studied and was of the magnitude of 21.49%.

Number of filled spikelets in main_panicle: The RF>-2 recorded the highest mean

number of filled spikelets in the main panicle (137.55) followed by BF2-2 (124.23) and
AF-2 (105.58). Similarly, the range for this character was maximum in RF;-2
(55-289), followed by BF,-2 (50-222) and AF2-2 had the lowest range of (46-195).
The ECV for the character was 11.20% while the PCV and GCV were maximum in
RF,-2 (36.37% and 25.17%) followed by BF2-2 (31.60% and 20.40%) and AF:-2

(29.20% and 18.00%).

Number of unfilled spikelets in _main panicle: Of all the characters studied, this

character exhibited the greatest variation in all the three F, populations. For this
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character BF>-2 exhibited maximum range (13 to 155) followed by RF,-2 (15 to 158)
and AF2-2 (21 to 209), with the mean values of 82.77, 76.01 and 67.82 respectively
for AF-2, BF-2 and RF,-2. The PCV and GCV values were maximum in RF;-2
(45.10% and 26.33%) followed by AF-2 (43.24% and 24.47%) and BF -2 (39.68%

and 20.91%). ECV for this character was found to be 18.77%.

Total number of spikelets in main panicle: The maximum range for this character was

found in AF,-2 and was 73 to 309, while in BF>-2 it varied from 98 to 327, whereas it
was 128 to 333 in RF,-2. The F, means for this character were 188.35, 200.24 and
205.37 respectively. For this character, the coefficient of environmental variation
(ECV) was found to be 7.93%. The coefficient of phenotypic variation (PCV) was the
maximum in AF-2 (22.67%) followed by RF»-2 (21.78%) and BF>-2 (21.18%). GCV
followed similar pattern with AF,-2 exhibiting maximum genotypic vabriation of 14.74%

followed by RF-2 (13.85%) and BF>-2 (13.25%).

Panicle density: Panicle density in AF,-2 varied from 1.74 to 7.22, in BF,-2 from 2.21

to 7.82, while in RF,-2 it varied from 2.19 to 9.97. The means for panicle density in F,
populations were 4.24, 4.90 and 5.37 respectively for AF,-2, BF,-2 and RF,-2. PCV
and GCV values were maximum in RF,-2 (34.24% and 25.33%) followed by BF,-2
(28.54% and 19.63%) and AF:-2 (27.03% and 18.12%). For this character, the

coefficient of environmental variation (ECV) was 8.91%.

Spikelet fertility (%): The mean for this character was highest for RF-2 (66.98%),

followed by BF,-2 (62.04%) and AF>-2 (56.06%). However, the maximum range for
spikelet fertility was found in AF-2 (15.42% to 87.20%) followed by RF-2 (27.92% to
94.58%) and BF -2 (24.29% to 93.09%). The PCV and GCV were maximum in AF,-2
(24.73% and 14.37%) followed by BF>-2 (21.94% and 11.58%) and RF,-2 (21.23% to

10.87%). ECV for this character was found to be 10.36%.
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1000-grain weight (g): Of all the characters studied, this character exhibited the least

variation in all the three F, populations. For this character RF,-2 showed the
maximum range (17.47 g to 26.13 g) followed by AF,-2 (17.74 g to 26.42 g) and
BF-2 (17.66 g to 24.52 g), with the mean values of 21.45 g, 21.84 g and 21.22 g
respectively. The PCV and GCV values also followed similar pattern, being maximum
in AF-2 (9.44% and 6.22%), followed by RF>-2 (9.17 and 5.95%) and BF,-2 (7.43%

and 4.21%). ECV for this character was 3.22%.

Biomass vield (q); In AF,-2 the biomass yield ranged from 198.62 g to 49.55 g, in

BF.-2 it Qaried from 16.45 g to 47.55 g, while the maximum range for this character
was found in RF-2 and was 15.76 g to 52.28 g. The mean values for biomass yield
in the F, populations were 32.31 g, 32.55 g and 34.40 g respectively for AF>-2, BF -2
and RF,-2. For this character, the coefficient of environmental variation was found to
be 10.97%. The coefficient of phenotypic variation (PCV) was maximum in RF-2
(20.14%) foliowed by AF>-2 (19.87%) and BF;-2 (17.31%). GCV followed same
pattern with RF>-2 exhibiting maximum genotypic variation of 9.17% followed by

AF -2 (8.90%) and BF -2 (6.34%).

Grain vield (q): The mean for this character was the highest for RF,-2 (10.60 g),

followed by BF.-2 (9.09 g) and for AF>-2 it was the least (8.54 g). The maximum
range for grain yield was observed in AF,-2 (2.85 g to 21.44 g) followed by RF2-2
(3.27 g t0 23.57 g) and BF-2 (3.33 g to 23.07 g). The PCV and GCV were maximum
in BF,-2 (45.17% and 28.92%) followed by RF>-2 (44.12% and 27.87%) and AF2-2

(38.68% to 22.43%). For this character, the ECV was found to be 16.25%.

Straw vield (q): RF>-2 recorded the highest mean straw yield (23.80 g) followed by
AF,-2 (23.77 g) and BF -2 (23.46 g), while the range for this character was maximum
in RF-2 (11.16 g to 40.83 g), followed by AF,-2 (13.07 g to 38.28 g) and BF2-2

(12.82 g to 36.98 g). The ECV for this character was 16.87% while the PCV and GCV
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were maximum in RF>-2 (21.27% and 4.40%) followed by BF>-2 (20.90% and 4.03%)

and AF>-2 (20.19% and-3.32%).

Harvest index: For this character RF,-2 showed the maximum range (0.11 to 0.57)
followed by BF>-2 (0.11 to 0.54) and AF-2 (0.12 to 0.57), with the mean values of
0.26, 0.28 and 0.31 respectively for AF,-2, BF;-2 and RF>-2. The PCV and GCV
values were maximum in BF-2 (34.36% and 21.92%), followed by RF;-2 (33.10%
and 20.66%) and AF-2 (31.96% and 19.52%). ECV for this character was found to

be 12.44%.

Cross III (IR 58025A, IR 58025B and PRR 78)

This cross combination involved the CMS line IR 58025A, its maintainer,
IR 580258 and the restorer, PRR 78. The range of variation, general mean,
coefficients of phenotypic (PCV), genotypic (GCV) and environmental (ECV) variation

in F, populations of this cross combination are presented in Table 20.

Plant height (cm): The range for plant height in AF>-3 (F; of cross IR 58025A x

PRR 78) was 56.00 cm to 118.00 cm, in BF2-3 (F; of cross IR 58025B x PRR 78) it
varied from 58.00 cm to 121.00 cm, while it was 56.00 cm to 121.00 cm in RF2>-3 (F,
of cross PRR 78 x IR 58025B). The mean plant heights of the F, populations were
89.07 cm, 92.68 cm and 92.69 cm respectively. ECV for this character was 4.23%,
while PCV and GCV were maximum in BF>3 (15.39% and 11.16%) followed by

RF,-3 (13.55% and 9.32%) and RF>-3 (12.62% and 8.39%).

Number of productive tillers: The number of productive tillers in AF,-3 varied from 3

to 15 and in BF -3 and RF.-3 from 3 to 16. The means for number of productive tillers
in F, populations were 7.71, 7.80 and 7.77 respectively for AF,-3, BF2-3 and RF>-3.
PCV was maximum in BF»>3 (36.31%) followed by RF:-3 (35.93%) and AF.-3

(32.80%). GCV also followed the pattern with BF.-3 exhibiting maximum genotypic



Table 20: Estimates of range, mean, PCV, ECV and GCV for different characters
in F, populations of cross involving IR 58025A, IR 580258 and PRR 78

Character AF2-3 BF.-3 RF,-3
Range 56.00 - 118.00  58.00- 121.00 56.00- 121.00
. Mean 89.07 02.68 02.69
Plant height
(cm) 9 PCV 12.62 15.39 14.13
ECV 4.23
GCV 8.39 11.16 9.90
Range 300 - 1500  3.00 - 16.00 300 - 16.00
Number of Mean 7.71 7.80 777
productive PCV 32.80 36.31 35.93
tillers ECV 14.72
GCV 18.08 21.59 21.21
Range 26.07 - 104.10 2711 - 111.16 _ 29.19 - 105.15
Flagleafarca  Me2N 61.48 58.77 60.16
) PCV 26.61 30.28 28.78
ECV 7.61
Gev 19.00 22.67 21.17
Range 2050 — 3250 2050 - 3350 2050 - 33.50
Length of main M2 27.62 27.84 28.13
canicle (cm) PCV 8.55 8.45 8.32
ECV 5.84
GCV 2.71 261 248
Range 066 - 499 069 - 524 083 - 549
_ . Mean 2.86 3.00 3.31
‘r':;e':?c'l': ‘(’;)ma'" PCV 31.07 30.63 30.02
ECV 15.78
GCV 15.29 14.85 14.24
Range 1.26 - 31.28 153 - 32.61 289 - 33.95
. Mean 13.30 1372 15.11
“;e':?c';;:f( a)“ PCV 41.31 40.24 38.37
P 9 ECV 16.73
GCV 2458 23.51 21.64
Range 042 - 341 051 - 345 093 - 408
Weiaht Mean 173 1.83 2,03
aer:igcle’(’e)' PCV 35.94 34.64 33.75
P 9 ECV 16.88
GCV 19.06 17.76 16.87
Range 1400 = 198.00 1300 - 22400  19.00 = 224.00
Number of Mean 102.19 114.64 106.17
ﬁI‘I’"; :’.:el o POV 30.65 36.61 37.31
ed spikele ECV 10.16
GCV 2949 26.45 27.15
Range 7700 - 28600 11.00 - 27200  11.00 - 277.00
Number of Mean 91.19 85.73 88.61
unfilled PCV 47.77 41.11 40.48
spikelets ECV 20.62
GCV 27.15 20.49 19.86




Table 20 (Cont...)

Character AF,-3 BF,-3 RF,-3
Range 71.00 ~ 409.00 74.00 - 426.00 104.00 - 424.00
Total spikelets Mean 193.38 200.37 194.78
in main PCV 27.18 30.54 26.77
panicle ECV - 11.25 .
GCV 15.93 19.29 15.52
Range 055 - 7.31 073 - 7.78 062 - 743
Panicie Mean 3.70 412 3.77
Density PCV 35.65 36.15 39.60
ECV 12.00
GCV 23.65 24.15 27.60
Range 5.67 = 90.76 20.18 - 91.85 7.69 = 92.90
spikelet Mean 52.84 57.21 | 54.51
fertility (%) PCV 33.59 26.79 31.04
ECV 10.61
GCV 2298 16.18 20.43
Range 13.19 - 26.80 15.68 - 29.16 14.10 - 27.50
1000-grain Mean 20.58 21.40 21.06
weight (g) PCV 10.69 ) 11.28 11.18
ECV 3.36
GCV 7.33 7.92 7.82
Range 8.69 - 54.77 11.84 = 59.95 9.90 - 5559
Biomass yield Mean 32.33 32.65 35.32
©) PCV 28.97 28.72 26.03
ECV 11.12
GCV 17.85 17.60 14.91
Range 0.51 - 2457 105 - 27.75 0.69 - 26.52
Mean 9.58 10.50 10.44
Grain yield (g) PCV 45.70 42.48 42.45
ECV 13.21
GCV 32.49 29.27 29.24
Range 8.90 - 37.67 094 - 3842 9.43 = 3942
Mean 2275 22.15 24.88
Straw yield (g) PCV 2548 25.57 21.11
ECV 14.96
GCV 10.52 10.61 6.15
Range 0.09 - 0.56 0.08 - 0.63 0.07 - 0.62
Mean 0.30 0.32 0.30
Harvest Index PCV 31.90 32.90 35.56
ECV 12.11 ‘
GCV 19.79 20.79 23.45

AF,-3 = F, of cross IR 58025A x PRR 78
BF.-3 = F, of cross IR 58025B x PRR 78
RF,-3 = F, of cross PRR 78 x IR 580258

PCV = Coefficient of phenotypic variation
ECV = Coefficient of environmental variation, and
GCV = Coefficient of genotypic variation
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variation of 21.59% followed by RF»-3 (21.21%) and AF»-3 (18.08%). For this

character, the coefficient of environmental variation (ECV) was found to be 14.72%.

Flag leaf area (cm?): The mean flag leaf area was the highest for AF,-3 (61.48 cm?),

followed by RF,-3 (60.16 cm?) while for BF ;-3 it was the least (58.77 cm?). However,
the maximum range for flag leaf area was exhibited in BF,3 (27.11 cm® to
111.16 cm?) followed by AF,-3 (26.07 cm?® to 104.10 cm?) and R2-3 (29.19 cm? to
105.15 cm?). For this character, the PCV and GCV were 26.61% and 19.00% in
AF,-3, 30.28% and 22.67% in BF-3 and 28.78% and 21.17% in RF;-3. For this

character, the ECV was 7.61%.

Lenath of main panicle (cm): Of all the characters studied, this character manifested

the least variation in all the three F, populations of this cross combination. For this
character BF,-3 and RF»-3 showed the range of 20.50 cm to 33.50 cm followed by
AF2-3 (20.50 cm to 32.50 cm), with the mean values of 27.62 cm, 27.84 cm and
28.13 cm for AF,-3, BF,-3 and RF>-3 respectively. The PCV and GCV values were
maximum in AF,-3 (8.55% and 2.71%), followed by BF.-3 (8.45% and 2.61%) and

RF,-3 (8.32% and 2.48%). ECV for this character was found to be 5.84%.

Weight of main panicle (g): The maximum range for this character was observed in

AF,-3 and was 0.66 g to 4.99 g, while in BF2>-3 it varied from 0.69 g to 5.24 g and in
RF,-3 it was 0.83 g to 5.49 g. The mean values for the weight of main panicle in the
F, populations were 2.86 g, 3.00 g and 3.31 g respectively for AF,-3, BF>-3 and
RF.-3. The coefficient of environmental variation for weight of main panicle was
15.78%. For this character, the PCV and GCV values were 31.07% and 15.29% in

AF,-3, 30.63% and 14.85% in BF,-3 and 30.02% and 14.24% in RF>-3.

Weight of all panicles (g): The mean for this character was the highest for RF;-3

(15.11 g), followed by BF,-3 (13.72 g) and for AF,-3 (13.30 g). The maximum range

for this character was observed in AF,-3 (1.26 g to 31 .28 g) followed by BF-3 (1.53 g
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to 32.61 g) and RF»-3 (2.89 g to 33.95 g). The PCV and GCV were maximum in
AF,-3 (41.31% and 24.58%) followed by BF>3 (40.24% and 23.51%) and RF2-3

(38.37% and 21.64%). For this character, the ECV was found to be 16.73%.

Weight per panicle (q): The weight per panicle in AF,-3 varied from 0.42 g to 3.41 g,

in BF,-3 from 0.51 g to 3.45, while in RF2-3 the range was from 0.93 g to 4.08 g. The
maximum range was found in AF,-3. The means for weight per panicle in the F,
populations were 1.73 g, 1.83 g and 2.03 g respectively for AF2-3, BF2-3 and RF2-3.
The PCV and GCV values were maximum in AF,-3 (35.94% and 19.06%) followed by
BF,-3 (33.64% and 17.76%) and RF2>-3 (33.75% and 16.87%). For this character

ECV was of the magnitude of 16.88%.

Number of filled spikelets in main panicle: BF ;-3 recorded the highest mean number

of filled spikelets in the main panicle (114.64) followed by RF,-3 (106.17) and AF,-3
(102.19). The range for this character was maximum in BF>-3 (13-224), followed by
AF,-3 (14-198) while RF-3 had the lowest range of (19-224). The ECV for this
character was 10.16% while the PCV and GCV were maximum in AF.-3 (39.65% and

20.49%) followed by RF2-3 (37.31% and 27.15%) and BF>-3 (36.61% and 26.45%).

Number of unfilled spikelets in_main panicle: Among the characters studied, this

character showed the greatest variation in all the three F, populations. For this
character AF,-3 exhibited the maximum range (11 to 286) followed by RF-3 (11 to
277) and BF,-3 (11 to 272), with the mean values of 91.19, 85.73 and 88.61
respectively for AF;-3, BF,-3 and RF>-3. The PCV and GCV values ranged from
47.77% and 27.15% in AF,-3 to 40.48% and 19.86% in RF>-3. ECV for this character
was found to be 20.62%, which was the highest of all the characters studied in this

cross combination.

Total number of spikelets in_main_panicle: AF>-3 had a minimum of 71 and a

maximum of 409 spikelets in the main panicle, being the maximum range among the
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three F» populations. In BF>-3 the range varied from 74 to 426, while in RF2-3 it was
104 to 424. The F, populations means for this character were 193.38, 200.37 and
194.78 respectively for AF,-3, BF -3 and RF.-3. For this character ECV was found to
be 11.25%, while PCV and GCV were maximum in BF,-3 (30.54% and 19.29%)

followed by AF>-3 (27.18% and 15.93%) and RF2-3 (26.77% and 15.52%).

Panicle density: Panicle density in AF,-3 varied from 0.55 to 7.31, in BF,-3 from 0.73

"to 7.78, while in RF2-3 it varied from 0.62 to 7.43. The means for panicle density in F
populations were 3.70, 4.12 and 3.77 respectively for AF,-3, BF,-3 and RF,-3. The
PCV and GCV were maximum in RF,-3 (39.60% and 27.60%) followed by BF,-3
(36.15% and 21.15"/0) and AF.-3 (35.65% and 23.65%). ECV for this character was

found to be 12.00%.

Spikelet fertility (%): The mean for this character was highest for BF»-3 (57.21%),

followed by RF»-3 (54.51%) and for AF,-3 (62.84%). However, the maximum range
for spikelet fertility was found in AF.-3 (5.67% to 90.76%) followed by RF>-3 (7.69%
to 92.90%) and BF»-3 (20.18% to 91.85%). The PCV and GCV also followed the
same pattern, being maximum in AF,-3 (33.59% and 22.98%) followed by RF;-3
'(31.04% and 20.43%) and BF,-3 (26.79% and 16.18%). For this character, the ECV

was found to be 10.61%.

1000-grain_weight {(q): F‘or this character AF,-3 manifested the maximum range

(13.19 g to 26.80 g) followed by RF,-3 (14.10 g to 27.50 g) and BF.>-3 (15.68 g to
29.16 g). While the mean values for AF>-3, BF;-3 and RF.-3 were 20.58 g, 21.40 g
and 21.06 g respectively. The PCV and GCV values were maximum in BF>-3 (11.28
and 7.92%), followed by RF;-3 (11.18% and 7.82%) and AF>-3 (10.69% and 7.33%).
ECV for this character was found to be 3.36%, which was the lowest among the

characters studied.
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Biomass vield (g): The range for this character in AF-3 was 8.69 g to 54.77 g, in
BF.-3 it varied from 11.84 g to 59.95 g. While in RF;-3 the range varied from 9.90¢g
to 55.59 g in RF,-3. The mean values for biomass yield in the F, populations were
32.33 g, 32.65 g and 35.32 g respectively for AF-3, BF;-3 and RF2-3. For this
character, the coefficient of environmental variation was 11.12%, while the PCV and
GCV values were maximum in AF,-3 (28.97% and 17.85%) followed by BF2-3

(28.72% and 17.60%) and RF-3 (26.03% and 14.91%).

Grain vield (g): The mean grain yield was highest in BF3>-3 (10.50 g), followed by
RF,-3 (10.44 g) and AF-3 (9.58 g). The maximum range for grain yield was found in
AF,-3 (0.91 g to 24.57 g) followed by RF-3 (0.69 g to 26.52 g) and BF>-3 (1.05g to
27.75 g). The PCV and GCV were maximum in AF;-3 (45.70% and 32.49%) followed
by BF,-3 (42.48% and 29.27%) and RF;3 (42.45% to 29.24%). ECV for this

character was found to be 13.21%.

Straw yield (q): RF2-3 recorded the highest mean straw yield of 24.88 g followed by
AF,-3 (22.75 g) and BF -3 (22.15 g), while the range for this character was maximum
in AF»-3 (8.90 g to 37.67 g), followed by RF.-3 (9.43 g to 39.42 g). BF>-3 had the
lowest range of 9.94 g to 38.42 g. The ECV for this character was 14.96% while the
PCV and GCV were maximum in BF,-3 (25.57% and 10.61%) followed by AF>-3

(25.48% and 10.52%) and RF>-3 (21.11% and 6.15%).

Harvest index: For this character RF,-3 showed the maximum range (0.07 to 0.62)
followed by BF,-3 .(0.08 to 0.63) and AF»>-3 (0.09 to 0.56), with the mean values of
0.30, 0.32 and 0.30 respectively for AF»-3, BF>-3 and RF,-3. The PCV and GCV
values also followed the same pattern and were maximum in RF2>-3 (35.56% and
23.45%), followed by BF»-3 (32.90% and 20.79%) and AF-3 (31.90% and 19.79%).

ECV for this character was found to be 12.11%.
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4.2.2.1 Frequency distributions for yield components and grain
yield |

Frequency distributions were worked out for all the characters to ascertain the
pattern of variation in the nine F, populations. The distributions were plotted for the
F, populations separately for twelve representative characters viz. i) plant height, ii)
number of productive tillers, iii) flag leaf area, iv) weight of main panicle, v) weight per
panicle, vi) biomass production, vii) total number of spikelets in the main panicle, viii)
spikelet fertility, ix) 1000-grain weight, x) grainr yield, xi) straw yield and xii) harvest
index and are presented in figures 4a through 6c. Vertical lines depicting means of
tﬁe parents, respective F, and the F, were drawn on the graphs for comparison. All
the distributions were subjected to goodness-of-fit test for normal distribution (One
sample Kolmogorov-Smirnov test, “KS test”) and the results are presented in Tables
21, 22 and 23. Percentages of transgressive segregants obtained for each character
in deéirable direction were also calculated and are presented in Table 24. The F»
populations were designated as AF; (F; of cross AxR), BF, (F, of cross BxR) and

RF, (F, of cross RxB). The results are presented below.

4.2.2.1.1 One sample Kolmogorov-Smirnov test for normal distribution (KS test)

As clear from the figures of F, distributions for various characters (figures 4a
through 6¢) and also from the Kolmogorov-Smirnov Z values (Tables 21, 22 and 23),
most of the characters followed normal distribution in all the nine F populations,
indicating that the inheritance was polygenic for those characters. However, some
characters like, number of productive tillers, flag leaf area, weight per panicle,
biomass yield and grain yield in AF,-1, number of productive tillers, grain yield and
harvest index in RF,-1 followed a distribution that significantly deviated from normal
at 5% probability level, while following the normal curve at 1% level. Similar
distributions were observed in case of number of productive tillers and grain yield in

AF.-2, weight of all panicles and grain yield in BF2-2, number of unfilled spikelets in
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CHAPTER 4 Results 111

RF.-2 and AF,-3, flag leaf area in BF,-3 and plant height and length of main panicle
in RF,-3. Whereas some characters like, number of productive tillers in BF1,
number of unfilled spikelets in BF -3 and RF -3 significantly deviated from the normal

curve even at 1%.

4.2.2.2 Transgressive segregation

The percentage of transgressive segregants obtained in desirable direction
for the yield components and grain yield have been presented in Table 24. The

results are described here crosswise.

Cross I (PMS 2A, PMS 2B and Pusa 1127)

The table indicates that in AF,-1 (F, of cross PMS 2A x Pusa 1127), the
highest percentage of transgressive segregants in desirable direction was obtained
for straw yield (54.50%) followed by length of main panicle (38.00%) and 1000-grain
weight (31.50%). While the number of productive tillers showed only 1.00% of the F;
plants to be superior to the better parent, followed by flag leaf area (1.50%) and
wéight of main panicle (2.50%). In case of BF,-1 (F, of cross PMS 2B x Pusa 1127)
as well, straw yield exhibited the highest percentage of transgressive segrégants
(56.50%) in desirable direction followed by number of unfilled spikelets (37.00%) and
length of main panicle (34.50%), while the number of productive tillers did not show
any transgression over the better parent. Straw yield showed the highest percentage
of transgressive segregants (47.00%) in desirable direction in RF>-1 (F> of cross
Pusa 1127 x PMS 2B) too, followed by length of main panicle (46.50%) and number
of filled spikelets (43.50%). Some characters like number of filled spikelets (43.50%),
total number of spikelets in main panicle (41.00%), spikelet fertility (39.50%) etc. also
showed high percentages of transgressive segregants in desirable direction in RF-1.

Whereas, the number of productive tillers showed the lowest percentage (0.50%) of
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CHAPTER 4 Results 112

transgressive segregants, followed by flag leaf area (7.00%) and plant height

(14.00%).

Cross II (Pusa 5A, Pusa 5B and Pusa 1124)

In AF,-2 (F, of cross Pusa 5A x Pusa 1124), as much as 50.00% of the F,
plants showed transgressive segregation for total number of spikelets in the main
panicle, followed by straw yield (45.00%), 1000-grain weight (32.00%) and flag leaf
area (30.50%). Whereas number of productive tillers and biomass yield per plant did
not show any transgression. In case of BF-2 (F, of cross Pusa 5B x Pusa 1124),
totalb number of spikelets in main panicle showed the highest percentage of
transgressive segregants (54.00%) followed by straw yield (50.00%) and panicle
density (47.50%). Characters like number of filled spikelets (42.00%), flag leaf area
~ (33.50%), number of unfilled spikelets in main panicle (30.00) also showed high
percentages of transgressive segregants in desirable direction. While, biomass yield
did not show any transgression and characters like weight of all panicles (1.50%),
number of productive tillers. (2.00%), grain yield (4.50%) showed quite low
percentages of transgressive segregants. In case of RF2-2 (F, of cross Pusa 1124 x
Pusa 5B), total number of spikelets in main panicle showed the highest percentage of
transgressive segregants (56.00%), followed by number of filled spikelets (55.00%),
panicle density (54.50%), straw yield (50.50%), number of unfilled spikelets in main
panicle (45.50%), flag leaf area (31.50%) and length of main panicle (30.00%).
Biomass yield and number of productive tillers showed only 2.00% percent of
transgressive segregants followed by weight of all panicles (3.50%) and grain yield

(9.00%).

Cross ITI (IR 58025A, IR 58025B and PRR 78)

In case of AF-3 (F, of cross IR 58025A x PRR 78), straw yield showed the

highest percentage (44.00%) of transgressive segregants, followed by flag leaf area
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(41.50%), total number of spike|ets in main panicle (40.00%) and number of unfilled
spikelets in main panicle (33.50%). Whereas, 1000-grain yield showed the lowest
percentage (2.00%) of transgressive segregants in this case, followed by number of
productive tillers and weight per panicle (10.50%), biomass yield (11.50%) and
weight of main panicle (12.00%). While in case of BF>-3 (F. of cross IR 58025B x
PRR 78), total number of spikelets in main panide showed the highest frequency of
transgressive segregants (53.00%) followed by panicle density and straw yield
(35.50%), flag leaf area, length of main panicle and number of filled spikelets
(33.50%) and number of unfilled spikelets (32.50%). Whereas, 1000-grain yield
showed the lowest percentage of transgressive segregants (7.00%), followed by
weight per panicle (10.00%), weight of all panicles (12.50%), weight of main panicle
and grain yield (14.00%) and number of productive tillers (18.50%). Panicle density
showed the highest frequency (68.50%) of transgressive segregants in case of RF-3
(Fzr of cross PRR 78 x IR 58025B), followed by total number of spikelets in main
panicle (56.50%), flag leaf area (37.00%), length of main panicle (36.00%), harvest
index (35.00%) etc. While, 1000-grain weight showed the lowest percentage of
transgressive segregants in RF>-3 (4.50%) followed by grain yield (15.50%), weight

of all panicles (16.00%) and biomass yield (16.00%).

4.3 Effects of sterility inducing cytoplasm on various
characters

Three sets of hybrids were evaluated to study the effect of male sterility
inducing cytoplasm (wild abortive, WA) on various characters. The>first set involved
the hybrids PMS 2A x Pusa 1127 (AF;-1) and PMS 2B x Pusa 1127 (BF:-1), the
second set involved the hybrids Pusa 5A x Pusa 1124 (AF-2) and Pusa 5B x
Pusa 1124 (BF;-2), while the third set involved the hybrids IR 58025A x PRR 78

(AF4-3) and IR 58025B x PRR 78 (BF;-3).
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CHAPTER 4 Results 114

Since the A and B lines are isonuclear, genetic constitution of the hybrids
would be the same when they were crossed with a common restorer. However, the A
and B lines differ with respect to cytoplasm; the A line is alloplasmic, carrying the
male sterility inducing ‘wild abortive’ (WA) cytoplasm and B line is euplasmic, having
the native, fertile cytoplasm. Therefore any difference in performance of the AxR and
BxR hybrids can be attributed to the effect of the WA cytoplasm. The associated
influence of sterility inducing cytoplasm on various characters was studied by
comparing the AF;s with BF,s for all the characters. Student’s ‘t’ test was used for

comparing the hybrids.

Mean performance of parents and hybrids of the three cross combinations is
presented in Tables 25, 26 and 27. The nature and magnitude of effects of sterility
inducing cytoplasm was worked out as per cent increase or decrease in the
performance of hybrids involving the A lines as female parents (AF4s) over the
performance of hybrids involving the B lines as female parents (BF4s) and the results

are presented in Table 28.

A perusal of the table reveals that significant to highly significant differences
existed between AF;s and BF,s for 38 of 53 characters studied (some characters
studied at different growth phases). Rest of the characters did not show significant
differences between AF,s and their respective BF;s. The results are presented here
only for the characters that exhibited significant differences between the two kinds of

hybrids.

Plant height (cm): Significant reduction in plant height was observed in case of all the

three AF,s. The range of cytoplasmic effect was from -6.19% to -4.85%.

Number of productive tillers per plant: Significant increase in number of productive

tilers was observed only in case of AF, involving Pusa 5A as the female parent. In



Table 25: Mean performance of parents (PMS 2A, PMS 2B and Pusa 1127) and their

hybrids (AF,-1, BF,-1and RF,-1) for various characters

Characters PMS2A PMS2B Pusa1127 AF-1@ EF1-1 # RF,-1°
Plant height (cm) 68.30 74.60 91.70 82.60 ** 87.70 * 90.60
Number of productive tillers 11.50 11.00 8.80 12.20 ** 11.10 10.10
Days to 50% flowering 104.00 103.00 95.50 94.50 ** 89.50 ** 86.50 **
Days to maturity 138.50 134.00 125.50 122.00 ** 120.50 ** 116.00 **
Grain filling duration 34.50 31.00 30.00 27.50 ** 31.00 ** 29.50 **
Flag leaf area (cmz) 39.53 39.50 60.53 57.97 58.73 63.33
Length of main panicle (cm) 20.90 21.90 26.65 22.25 ** 24.55 ** 24.75
Weight of main panicle (g) 0.53 1.77 3.78 3.21 3.49 3.62
Weight of all panicles (g) 3.90 12.10 16.59 19.85 20.99 22.51
Weight per panicle (g) 0.34 1.10 1.91 1.67 1.94 2.23
Number of filled spikelets 0.00 113.90 117.60  130.80 156.00 * 171.60
Number of unfilled spikelets 218.50 97.60 64.90 79.50 ** 64.90 * 54.20
Total number of spikelets 218.50 211.50 182.50 210.30 220.90 225.80
Panicle density 0.00 5.22 4.43 5.90 ** 6.36 6.94
Spikelet fertitity (%) 0.00 54.48 64.52 61.75 70.79 ** 75.98 *
1000-grain weight (g) 14.33 14.53 20.61 17.65 ** 18.13 18.31
iBiomass yield (g) 19.36 28.61 36.61 38.35 42.28 * 46.72
Grain yield (g) 0.00 7.65 1217 14.16 16.33 18.26
Straw yield (g) 19.36 20.95 2445  24.20 25.95 28.46
Harvest index 0.00 0.27 0.34 0.38 0.39 0.39
CGR (mg/day/plant)
Seedling - tillering 20473 212.84 304.03  320.98 ** 361.77 ** 386.68 **
Tillering - flowering 161.58  244.90 267.74  386.36 ** 33542 ** 470.97 **
Flowering - maturity 97.26 318.29 44313  468.87 ** 568.45 ** 673.15 **
Whole duration 141.83 21349 283.77 31519 ** 350.86 ** 402.77 **
RGR (mg/g/plant/day)
Seedling - tillering 42.05 39.90 43.83 38.29 ** 46.05 ** 48.90 **
Tillering - flowering 11.47 16.75 13.61 17.21 ** 15.13 ** 20.46 **
Flowering - maturity 5.48 13.64 15.58 14.85 ** 17.39 ** 18.76 **
NAR (mg/dm?/day)
Seedling - tillering 127.45 127.62 166.83  146.60 ** 156.67 159.58 **
Tillering - flowering 14.93 22.18 23.67 29.24 ** 2432 ** 33.00 *
Flowering - maturity 9.85 35.92 49.66 46.76 ** 54.64 63.84




Table 25 (Cont...)

Characters PMS2A PMS2B Pusa1127 AF,-1@ BF-1* RF,-1°%
Leaf area (cm?/plant)

Seedling 2.55 2.67 3.75 575 * 5.66 ** 6.03

Tillering 955.62 990.50 1,028.00 1,171.00 ** 1,255.00 * 1,311.27

Flowering 1,222.62 1,228.07 1,244.00 1,485.00 ** 1,515.00 ** 1,653.00 **

Maturity 785.26  615.59 615.70  638.60 ** 679.20 ** 677.61 **
LAR (cm*g)

Seedling - tillering 33.06 31.33 26.33 26.16 29.46 ** 30.70

Tillering - flowering 77.05 71.14 57.61 58.90 62.41* 62.14

Flowering - maturity 55.76 38.05 31.43 31.79 31.92 29.45 **
LAl

Tillering 3.19 3.30 3.43 3.90 ** 4.18 * 4.37

Flowering 4.08 4.09 4.15 4.95 ** 5.05 ** 5.18 **

Maturity 2.62 2.05 2.05 213 * 2.26 ** 226 ™
LAD

Tillering - flowering 90.74 90.59 71.58 68.17 ** 66.48 * 73.99 **

Flowering - maturity 108.76 95.26 92.99 97.33 113.37 ** 109.67 *
a-Amylase activity (mg/seed/min)

at 24 hrs 5.00 6.00 10.00 12.83 ** 13.33 * 13.33

at 48 hrs 8.00 9.25 15.00 18.33 ** 20.00 ** 20.83 *

at72 hrs 15.00 17.75 22.75 23.50 2483 ** 25.00
NRA (4 moles NO./g fr.wt./hr)

Seedling 575.40  588.50 638.90 625.10 740.00 ** 633.60 **

Tillering 876.00 836.30 935.00 979.50 ** 1,077.00 **  1,021.00 **

Flowering 924.00 886.70 872.00 1,033.00 ** 984.00 ** 975.10

25 days after flowering 222.00 228.00 287.00 265.30 ** 260.40 * 259.80
Nitrogen (%) in grain 1.46 1.45 1.45 1.46 1.49 1.45
Protein (%) in grain 8.69 8.63 8.63 8.69 8.87 8.63
Amylose (%) in grain 20.50 20.70 25.50 26.50 * 27.00 26.80
Starch (%) in grain 66.50 70.50 68.70 70.60 72.50 73.00

AF,-1 = PMS 2A x Pusa 1127; BF,-1 = PMS 2B x Pusa 1127,

RF,-1= Pusa 1127 x PMS 2B

@ = The AF, is compared with better parent (either A or R) to test the significance.

# = To test significance.of the effect of male-sterile cytoplasm, the BF, is compared with AF ;.

$ = To test significance of reciprocal cross differences, the RF 4 is compared with BF .

*  ** = Significant at 5% and 1% levels, respectively.



Table 26: Mean performance of parents (Pusa 5A, Pusa 5B and Pusa 1124) and their
hybrids (AF,-2, BF,-2and RF,-2) for various characters

Characters Pusa 5A Pusa5B Pusa1124 AF,-2@ BF,-2* RF-2
Plant height (cm) 70.10 74.40 101.50 95.50 ** 101.80 ** 105.70 *
Number of productive tillers 8.40 8.00 12.40 12.50 10.90 * 11.60
Days to 50% flowering 93.00 92.00 100.50 93.00 ** 91.00 ** 88.00 **
Days to maturity 123.50 122.50 130.00 124.00 ** 120.50 ** 119.50 **
Grain filling duration 30.50 30.50 29.50 31.00 * 29.50 ** 31.50 **
Flag leaf area (cm?) 43.30 43.49 59.74 62.07 63.06 66.28
Length of main panicle (cm) 24.30 24.80 26.50 25.15 * 27.90 ** 28.05
Weight of main panicle (g) 0.56 1.82 4.15 4.18 4.21 4.39
Weight of all panicles (g) 13.40 12.63 22.82 23.48 25.38 27.50
Weight per panicle (g) 0.41 1.63 1.88 1.91 2.36 * 2.32
Number of filled spikelets 0.00 102.40 127.90 | 141.70 ** 153.60 157.80
Number of unfilled spikelets 188.80 80.60 55.90 66.90 ** 68.30 64.70
Total number of spikelets 188.80  183.00 183.80  208.60 ** 221.90 222.50
Panicle density 0.00 4.14 4.84 5.65 ** 5.51 5.63
Spikelet fertility (%) 0.00 56.54 69.93 68.03 69.30 70.91
1000-grain weight (g) 17.57 17.87 22.79 23.09 24.05 ** 24.36
Biomass yield () 23.23 | 34.61 49.91 4545 48.26 49.23
Grain yield (g) 0.00 8.50 17.71 19.04 21.06 22.17
Straw yield (g) 23.23 26.11 3220 . 26.40 27.20 27.06
Harvest index 0.00 0.25 0.36 043 * 0.45 0.46
CGR (mg/day/plant)
Seedling - tillering 25421  332.73 400.54 419.98 ** 438.10 469.23 **
Tillering - flowering 228.81 244.19 42763 375.56 ** 392.23 * 454.12 **
Flowering - maturity 175.90 413.48 592.03 509.84 ** 631.49 ** 628.86
Whole duration 188.04  282.55 383.86 366.50 ** 400.57 ** 411.95
RGR {mg/g/plant/day)
Seedling - tiliering 49.19 48.56 46.12 46.83 52.28 ** 51.02
Tillering - flowering 15.06 12.61 156.50 14.38 ** 15.46 ** 18.71 **
Flowering - maturity 8.61 14.86 14.60 13.79 ** 16.54 ** 16.34 **
NAR (mg/dm?/day)
Seedling - tillering 138.31  175.69 162.87 166.82 170.73 184.20
Tillering - flowering 17.47 18.30 28.26 24.53 25.15 28.56
Flowering - maturity 15.32 41.72 50.94 47.58 57.72 56.62




Table 26 (Cont...)

Characters Pusa 5A Pusa5B Pusa1124 AF,-2@ BF,-2* RF,-2°
Leaf area (cmzlplant)

Seedling 3.05 3.00 5.00 5.03 ** 5.15 * 5.056

Tillering 1,083.62 1,127.15  1,390.48 1,429.30 1,456.32 1,448.47 *

Flowering 1,669.25 1,670.75 1,647.08 1,640.70 ** 1,669.79 1,701.00 **

Maturity 811.30 576.71 786.00 653.50 ** 669.46 ** 676.70
LAR (cm?/g)

Seedling - tillering 35.62 27.70 28.36 28.13 30.71 * 27.76 **

Tillering - flowering 86.37 69.10 54.98 58.74 ** 61.56 * 60.90

Flowering - maturity 56.30 35.69 28.74 29.03 ** 28.68 28.90
LAl

Tillering 3.61 3.76 4.63 4.76 4.85 483"

Flowering 5.23 5.24 5.49 5.47 5.57 5.67 **

Maturity 2.70 1.92 2.62 2.18 ** 223 2.26
LAD

Tillering - flowering 97.73 93.13 108.85 92.10 ** 107.33 ** 101.83 **

Flowering - maturity 121.01 109.16 119.63 118.63 ** 115.01 124.83 **
a-Amylase activity (mg/seed/min)

at 24 hrs 5.00 6.50 11.25 14.00 ** 14.50 * 14.67

at 48 hrs 8.25 9.25 16.25 20.00 ** 20.17 21.67 **

at72 hrs 15.75 16.00 25.25 29.50 ** 30.00 31.50 *
NRA (u moles NO,/g fr.wt./hr)

Seedling 604.30 617.80 814.80 733.50 ** 714.00 776.00 **

Tillering 920.00 912.00 1,144.20 1,004.00 * 1,081.00 = 1,152.50 **

Flowering 966.40 1,028.50 1,125.60 1,188.00 ** 1,134.00 ** 1,140.30

25 days after flowering 44400 354.00 373.00 233.90 245.00 226.30
Nitrogen (%) in grain 1.38 1.40 1.56 1.51 1.55 1.52
Protein (%) in grain 8.21 8.33 9.28 8.98 9.22 9.04
Amylose (%) in grain 19.00 19.60 20.50 21.50 ** 21.00 21.20
Starch (%) in grain 68.80 70.80 73.90 76.60 * 77.00 76.90

AF,-2 = Pusa 5A x Pusa 1124; BF;-2 = Pusa 5B x Pusa 1124,

RF;-2 = Pusa 1124 x Pusa 5B

@ = The AF, is compared with better parent (either A or R) to test the significance.

# = To test significance.of the effect of male-sterile cytoplasm, the BF, is compared with AF,.

$ = To test significance of reciprocal cross differences, the RF, is compared with BF;.

* ** = Significant at 5% and 1% levels, respectively.



Table 27: Mean performance of parents (IR 58025A, IR 58025B and PRR 78) and their
hybrids (AF;-3, BF,-3 and RF,-3) for various characters

Characters IR 58025A IR 58025B PRR78 AF,3@ BF,-3% RF,-3°%
Plant height (cm) 77.60 80.80 103.70 10200 = 107.20** 104.30
Number of productive tillers 11.50 10.70 7.90 11.90 * 11.60 10.20
Days to 50% flowering 94.00 91.50 91.00 91.00 ** 86.00 ** 89.00 ™
Days to maturity 123.50 120.00 119.50 118.00 ** 114.50 ** 117.00 **
Grain filling duration 29.50 28.50 28.50 27.00 ** 28.50 ** 28.00 **
Flag leaf area (cm?) 46.05 49.68 63.03 64.76 - 64.25 64.43
Length of main panicle (cm) 23.80 24.50 28.95 28.60 28.70 28.30
Weight of main panicle (g) 0.82 2.49 3.90 4.08 4.19 4.1
Weight of all panicles (g) 3.55 14.60 19.84 24.93 26.77 - 25.49
Weight per panicle (g) 0.31 1.37 2.60 2.16 * 2.32 2.53*
Number of filled spikelets 3.40 108.10 13210  150.60 173.90 156.20
Number of unfilled spikelets 204.30 93.20 69.50 77.90 ** 69.50 69.30
Total number of spikelets 207.70 201.30 201.60 228.50 243.40 225.50
Panicle density 0.14 443 4.57 5.27 6.11 5.55
Spikelet fertility (%) 1.48 54.95 65.80 66.97 71.40 69.23
1000-grain weight (g) 15.83 15.95 24.90 21.54 ** 22.25 ** 21.68
Biomass yield (g) 2210 28.23 42.36 52.73 52.90 52.19
Grain yield (g) 0.06 8.51 14.71 20.38 21.72 21.10
Straw yield (g) 22.03 19.72 27.64 32.35 31.18 31.09
Harvest index 0.00 0.30 0.35 0.39 0.41 0.41
CGR (mg/day/plant)

Seedling - tillering 243.37 287.50 411.32 484.38 ** 539.25 ** 471.33 **

Tillering - flowering 274.29 250.82 281.75 311.60 443.83 ** 359.75 **

Flowering - maturity 108.27 28040 566.18 608.59 ** 529.68 ** 571.14 **

Whole duration 178.94 23522 354.44  396.05 418.32 ** 416.95 **
RGR (mg/g/plant/day)

Seedling - tillering 40.56 42.62 50.78 51.60 57.88 ** 53.03 **

Tillering - flowering 16.74 13.89 12.13 11.62 15.72 ** 12.65 **

Flowering - maturity 5.29 11.68 16.83 16.05 ** 13.29 ** 14.19 **
NAR (mg/dm?/day)

Seedling - tillering 117.36 143.93 187.96  200.25 ** 213.46 192.80 *

Tillering - flowering 19.17 19.35 19.88 20.46 ** 28.02 ** 24.78

Flowering - maturity 8.91 28.53 53.60 49.88 ** 42.23 45.83




Table 27 (Cont...)

Characters IR 58025A IR 58025B PRR78 AF,-3@ BF,-3* RF,-3 °
Leaf area (cm?/plant)

Seedling 3.68 3.50 4.00 5.28 5.18 5.37

Tillering 1,205.15 1,163.88 1,264.74 1,346.00 ** 1,426.00 ** 1,360.27 **

Flowering 1,684.30 1,440.00 1,583.12 1,720.46 1,756.55 ** 1,770.75 **

Maturity 843.30 640.40 663.00 829.00 ** 859.64 ** 838.77 **
LAR (cm?/g)

Seedling - tillering 34.60 29.64 27.07 25.78 * 27.17 ** 27.54

Tillering - flowering 87.41 71.88 61.05 56.91 ** 56.22 57.01 *

Flowering - maturity 59.47 41.13 31.44 32.21 31.50 ** 31.00
LAl

Tillering 4.02 3.88 4.22 4.49 4,75 * 453 *

Flowering 5.61 4.80 5.28 573 ™ 5.86 ** 5.90 **

Maturity 2.81 213 2.21 2.76 2.87 * 2.80 **
LAD

Tillering - flowering 84.28 72.05 96.35 109.46 ** 103.96 105.41

7 Flowering - maturity 124.27 98.90 106.69 114.73 124.27 ** 121.78

a-Amylase activity (mg/seed/min)

at 24 hrs 7 7.50 8.25 10.50 13.33 ** 1417 ** 15.00 **

at 48 hrs 10.25 11.00 16.00 19.50 ** 2017 * 20.83

at 72 hrs 20.25 20.50 24.25 26.83 ** 27.33 28.33 *

" NRA (u moles NO,/g fr.wt./hr)

Seedling 628.50 625.10 750.30 769.00 677.00 ** 731.70 *

Tillering 960.00 979.50 1,056.00 1,098.50 *  1,067.00 1,053.90

Flowering 1,008.00 1,074.70 1,053.50 1,107.00 ** 1,131.30 * 1,083.00 **

25 days after flowering 324.00 210.10  235.00 370.50 369.00 ** 366.00 **
Nitrogen (%) in grain 1.34 1.36 1.76 1.59 ** 1.64 1.61
Protein (%) in grain 7.97 8.09 10.47 9.46 ** 9.76 9.58
Amylose (%) in grain 22.30 22.60 27.40 29.30 ** 29.50 29.50
Starch (%) in grain 70.60 70.00 78.50 78.00 78.80 78.50

AF,-3 = IR 58025A x PRR 78; BF,-3= IR 58025B x PRR 78,

RF;-3= PRR 78 x IR 58025B

@ = The AF, is compared with better parent (either A or R) to test the significance.

# = To test significance.of the effect of male-sterile cytoplasm, the BF, is compared with AF;.

$ = To test significance of reciprocal cross differences, the RF4 is compared with BF ;.

* * = Significant at 5% and 1% levels, respectively.
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the other two AF;s, although the cytoplasmic effect was positive, it was

non-significant. The cytoplasmic effect ranged from 2.50% to 14.68%.

Days to 50% flowering: The AF;s flowered two to five days later than their respective

BF;s, the range of cytoplasmic effect being 2.20% to 5.81%. All the differences were

highly significant.

Days to maturity: The AF;s matured 1.50 to 3.50 days later than their respective

BF,s. Cytoplasmic effect ranged from 1.24% to 3.06%, with all the differences being

highly significant.

Grain filling duration (days): With respect to this character, the male sterility inducing

cytoplasm had negative effects in two of the three AF;s, the range being -11.29% to
5.08%. All the effects were highly significant. The grain filling duration was 1.50 days

more in AF;-2, while it was 3.50 days less in AF4-1.

Length of main panicle (cm): With respect to this character, the WA cytoplasm had

significant negative effects in two of the three AF;s, the range being -9.37% to
-0.35%. The length of main panicle in AF;s was less compared to the respective

BFs by 0.1 cm to 2.30 cm.

Weight per panicle (q): The average weight of panicles was less in case of all AF;s

compared with their respective BF;s; however, it was significant only in case of
AF,-2. The average weight per panicle was 0.16 g to 0.45 g less in AF;s than in their

respective BF;s.

Number of filled spikelets in the main_panicle: All the BF;s were superior to the

respective AFs for this character. The effect of the WA cytoplasm ranged from

-16.15% to -7.75%, although the effect was significant only AF,-1.



Table 28: Nature and magnitude of effects (%) of sterility inducing

cytoplasm on various characters of the three AF,s as compared to their

respective BFs

Characters AF -1 AF,-2 AF,-3
Plant height (cm) -5.82 * -6.19 ** -4.85 **
Number of productive tillers 9.91 14.68 * 2.59
Days to 50% flowering 5.69 ** 2.20 ** 581 *
Days to maturity 1.24 ** 2.90 ** 3.06 **
Grain filling duration (days) -11.29 ** 5.08 ** -5.26 **
Flag leaf area (cm?) -1.30 -1.58 0.80
Length of main panicle (cm) -9.37 ** -9.86 ** -0.35
Weight of main panicle (g) -8.21 -0.71 -2.58
Weight of all panicles (@) -5.43 -7.50 -6.86
Weight per panicle (g) -13.70 -19.23 * -6.95
Number of filled spikelets -16.15 * -7.75 -13.40
Number of unfilled spikelets 2250 * -2.05 12.09
Total number of spikelets -4.80 -5.99 -6.12
Panicle density -7.35 2.43 -13.83
Spikelet fertility (%) -12.76 ** -1.83 -6.21
1000-grain weight (g) -2.61 -3.98 ** -3.19 **
Biomass yield (g) 9.29* -5.83 -0.31
Grain yield (g) -13.34 -9.58 -6.18
Straw yield (g) -6.74 -2.93 3.78
Harvest index -3.59 -4.36 -6.28
CGR (mg/day/plant)
Seedling - tillering -11.27 ** -4.14 -10.18 **
Tillering - flowering 15.19 ** 4.25* -29.79 **
Flowering - maturity -17.52 ** -19.26 ** 14.90 **
Whole duration -10.17 ** -8.51 ** -5.32 *
RGR (mg/g/plant/day)
Seedling - tillering -16.85 ** -10.43 ** -10.85 **
Tillering - flowering 13.69 ** -6.98 ** -26.09 **
Flowering - maturity -14.62 ** -16.63 ** 20.82 **
NAR (mg/dm?/day)
Seedling - tillering -6.43 -2.29 -6.19
Tillering - flowering 20.21 ** -2.49 -26.99 **
Flowering - maturity -14 .42 -17.57 18.11




Table 28 (Cont...)

Characters AF,-1 AF,-2 AF,;-3
Leaf area (cm%/plant)

Seedling 1.61 ** -2.33* 1.93

Tillering -6.69 * -1.86 -5.61 **

Flowering -1.98 ** -1.74 -2.05 **

Maturity -5.98 ** -2.36 ** -3.56 **
LAR (cm?g)

Seedling - tillering -11.20 ** -8.40 ** -5.09 **

Tillering - flowering -5.63 * -4.59 * 1.23

Flowering - maturity -0.42 1.21 225 *
LAI

Tillering -6.69 * -1.86 -5.61 **

Flowering -1.98 * -1.74 -2.05 *

Maturity -5.98 ** -2.38 ** -3.56 **
LAD

Tillering - flowering 254 * -14.19 ** 5.29

Flowering - maturity -14.14 * 3.06 -7.68 **
a-Amylase activity (mg/seed/min)

at 24 hrs -3.75 * -347* -5.93 **

at 48 hrs -8.35 ** -0.84 -3.31*

at 72 hrs -5.34 ** -1.66 -1.83
NRA (u moles NO_/g fr.wt./hr)

Seedling -15.53 ** 2.73 13.59 **

Tillering -9.05 ** 7.2 * 2.95

Flowering 4,98 ** 4,76 ** -2.15*

25 days after flowering 188 * -4.53 0.41 *
Nitrogen (%) in grain -2.01 -2.58 -3.05
Protein (%) in grain -2.01 -2.58 -3.05
Amylose (%) in grain -1.84 240 -0.68
Starch (%) in grain -2.62 -0.52 -1.02

AF,-1 = PMS 2A x Pusa 1127
AF,-2 = Pusa 5A x Pusa 1124
AF,-3 = IR 58025A x PRR 78

* , ** = Gignificant at 5% and 1% levels, respectively
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Number of unfilled spikelets in the main panicle: For this character, only AF;-1

showed significant positive value and the other two AFs showed negative values.

The range of influence of the WA cytoplasm was from -2.05% to 22.50%.

Spikelet fertility (%): For this character, the influence of the male sterility inducing
cytoplasm ranged from -12.76% to -1.83%, with only AF;-1 showing significantly
negative value. With respect to value, spikelet fertility in AF;s was. 1.27% to 9.03%

less compared to the respective BF;s.

1000-grain weight (q): With respect to this character, the sterility inducing cytoplasm

had significant negative effects in two of the three AF;s, the range being -3.98% to
-2.61%. The 1000-grain weight was less in all AF;s as compared to the respective

BFs by 0.47 t0 0.96 g.

Biomass yield (g): For this character, the sterility inducing cytoplasm had significant
negative effect only in one of the three AF;s, the range being -9.29% to -0.31%. The

' plant weight was 0.16 to 3.93 g less in the AF;s, as compared to the respective BFs.

Crop growth rate (CGR, mg/day/plant): Highly significant influence of the male

sterility inducing cytoplasm was observed for this character, calculated for
different growth phases. For CGR during seedling to tillering, all the three AFs
exhibited negative effect of the WA cytoplasm, ranging from -11.27% to -4.14%,
however, the effect was significant only in two hybrids. For CGR at ftillering to
flowering, two hybrids showed significant negative effects of the WA cytoplasm, while
one exhibited positive effect. The range for cytoplasmic influence on this character
was from -29.79% to 15.19%. Highly significant differences were also observed for
CGR at flowering to maturity, negative in AF;-1 and AF,-2 and positive in AF4-3. The
range of cytoplasmic effects was from -19.26% to 14.90%. Whereas for CGR
calculated for whole crop duration, the sterility inducing cytoplasm had significant

negative effects in case of all the AF;s, ranging from -10.17% to -5.32%.
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Relative growth rate (RGR, mg/g/plant/day): Like CGR, highly significant influence of

the male sterility inducing cytoplasm was observed for this character as well. For
RGR at seedling to tillering phase, all the AF;s showed highly significant negative
effect of the WA cytoplasm, ranging from -16.85% (AF;-1) to -10.43% (AF,-2). For
RGR at tillering to flowering phase, two of the hybrids displayed highly significant
negative effects of the WA cytoplasm, while AF;-1 showed highly significant positive
effect. The range for cytoplasmic influence on this character was from -26.09% in
AF;-3 to 13.69% in AF,-1. Highly significant differences were also observed for RGR
at flowering to maturity, negative in AF4-1 and AF,-2 and positive in AF;-3. The range

of cytoplasmic effects was from -16.63% in AF4-2 to 20.82% in AF;-3.

Net assimilation rate (NAR, mg/dm?day): In case of NAR, significant effect of the

male sterility inducing cytoplasm was observed only during one growth stage, tillering
to flowering and that too, only in two of the three AF,s. The effect was positive and
highly significant in AF4-1, 20.21%, while it was negative and highly significant in

AF;-3, -26.99%. In AF4-2, although the effect was negative, it was non-significant.

Leaf area (cm?): Significant to highly significant influence of the male sterility inducing

cytoplasm was observed for this character, recorded at different growth stages. At
seedling stage, AF,-1 displayed highly significant and positive influence of the male
sterility inducing cytoplasm, whereas AF;-2 showed significant negative effect. The
cytoplasmic effect ranged from -2.33% to 1.61%. Similarly, for leaf area at tillering
stage, all the hybrids exhibited negative effects of the WA cytoplasm, however, it was
significant only in two hybrids, the range being -6.69% to -1.86%. The same pattern
was observed in case of leaf area at flowering stage, with all AF;s showing negative
values and only two of them being highly significant. The range for cytoplasmic effect
was from -2.05% to -1.74%. Highly significant negative influence of the WA
cytoplasm was also observed for leaf area at maturity in all the AF;s, the range being

-5.98% to -2.38%.
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Leaf area ratio (LAR, cm?/q): LAR was also significantly influenced by the male

sterility inducing cytoplasm. For LAR at seediing to tillering phase, all the AF;s
displayed highly significant negative effect of the WA cytoplasm, ranging from
-11.20% (AF4-1) to -5.09% (AF;-3). For LAR at tillering to flowering phase, two
hybrids exhibited significant negative effects of the WA cytoplasm, while AF;-3
showed positive although non-significant effect. The range for cytoplasmic influence
on this character was from -5.63% in AF;-1 to 1.23% in AF;-3. Highly significant and
positive effect of the WA cytoplasm was observed for LAR at flowering to maturity
stage in case of AF;-3 only. The range of cytoplasmic effects was from -0.42% in

AF ;-1 to 2.25% in AF4-3.

Leaf area index (LAI: Significaht to highly significant influence of the male sterility
inducing cytoplasm was observed for this character as well, recorded at different
crop growth stages. At tillering stage, AF;-1 and AF,-3 exhibited significant negative
influence of the WA cytoplasm, whereas the negative effect in AF;-2 was
non-significant. The cytoplasmic effect at tillering stage ranged from -6.69% to
-1.86%. For LAl at flowering stage, the same pattern prevailed. However, for LAl at
maturity, all the AF;s showed highly significant negative effect of the WA cytoplasm

the range of cytoplasmic effect being -5.98% to -2.38%.

Leaf area duration (LAD): The WA cytoplasm exhibited significant positive influence

on this character at tillering to flowering phase in AF4-1, while for the same stage; it
showed highly significant negative influence in AF;-2. In case of AF;-3, the effect was
positive and non-significant. At flowering to maturity stage however, the effect was
highly significant and negative in case of AF;-1 and AF,-3, whereas it was positive

and non-significant in AF4-2.

a-Amylase activity (mg maltose/seed/min): The WA cytoplasm had negative influence

on this character at all the three stages. For this character, an interesting pattern of
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cytoplasmic effect was observed. When, the activity was measured at 24 hours after
soaking the seeds, all the AF,;s demonstrated significantly negative influence of the
cytoplasm on this character, the range being -3.47% to -5.93%. At 48 hours after
soaking, the negative and significant cytoplasmic effect was observed only in two
hybrids, AF;-1 and AF,-3 and the range was -8.35% to -0.84%. The effect was
further reduced to only one hybrid, AF;-1 at 72 hours after soaking, where it was
significantly negative. The range of the cytoplasmic influence at this stage was from

-5.34% to -1.66%.

Nitrate reductase activity (NRA, y moles KNO,/q fr.wt./hr): Highly significant influence

of the male sterility inducing cytoplasm was observed for this character, recorded at
different growth stages. At seedling stage, AF;-1 displayed highly significant negative
effect of the WA cytoplasm (-15.53%), while AF4-3 showed highly significant positive
influence (13.59%). At tillering stage, the effect was highly significant and negative in
AF;:-1 and AF-2 and positive but non-significant in AF-3. For NRA at flowering
stage, the effect was found to reverse in the AF;s and was significantly positive in
AF,-1 and AF,-2 and significantly negative in AF,-3. The effect ranged from -2.15%
to 4.98%. At maturity stage, AF-1 and AF:-3 showed significant Vand positive
influence of the WA cytoplasm, whereas it was negative and non-significant in case

of AF4-2. The range of cytoplasmic effect was from -4.53% to 1.88%.

4.4 Effects of reciprocal cross differences on various
characters

Three sets of hybrids, each consisting of an F; (BxR), designated as BF,; and
respective reciprocal F, (RxB) designated as RF; were evaluated to study the effect
of reciprocal cross differences on various characters. The first set involved the
hybrids PMS 2B x Pusa 1127 (BF;-1) and Pusa 1127 x PMS 2B (RF;-1), the second

set involved the hybrids Pusa 5B x Pusa 1124 (BF;-2) and Pusa 1124 x Pusa 5B
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(RF;-2), while the third set involved the hybrids IR 58025B x PRR 78 (BF;-3) and
PRR 78 x IR58025B (RF;-3). The associated influence of reciprocal cross
differences on various characters was studied by comparing the BF,s with RF;s for

all the characters. Student’s ‘t’ test was used for comparing the hybrids.

Since the reciprocal crosses do not differ with respect to nuclear genome, any
difference in the performance of reciprocal hybrids as against the direct hybrids can
be attributed to the organellar genome differences and its interaction with the nuclear
genome. The organellar genome constitution of reciprocal hybrid is likely to be
different as compared to the direct hybrid, because of the maternal inheritance of the
cytoplasm. Hence any difference in performance of the BF, and RF, hybrids can be

attributed to the effect of the reciprocal cross differences.

Mean performance of the parents and hybrids of the three cross combinations
is présented in Tables 25, 26 and 27. The nature and magnitude of reciprocal cross
effects was worked out as per cent increase or decrease in the performance of
hybrids involving the R lines as female parents (RFs) over the performance of
hybrids involving the B lines as female parents (BFs) and the results are presented

in Table 29.

A perusal of the table reveals that significant to highly significant differences
existed between BF;s and RFs for 29 of the 53 characters studied. Rest of the
characters did not show significant differences between the BF;s and RFis. The
results are presented hereunder only for the characters that showed significant

differences between the two kinds of hybrids.

Plant height (cm): Significant increase in plant height was observed only in case of

RF,-2, while in case of RF;-1, though the effect was positive, it was non-significant.
The range of the reciprocal cross effect was from -2.71% to 3.83%. In terms of

values, the difference in plant height varied from -2.90 cm to 3.90 cm.



Table 29: Nature and magnitude of reciprocal (RxB) differences (%) for
various characters over the respective BF;s (BxR) in the three cross

combinations

Characters RF,-1 RF,-2 RF,-3
Plant height (cm) 3.31 3.83* 2.7
Number of productive tillers -9.01 6.42 -12.07
Days to 50% flowering -3.35 ** -3.30 ** 3.49
Days to maturity -3.73 ™ -0.83 ** 218 ™
Grain filling duration -4.84 ** 6.78 ** -1.75
Flag leaf area (cm?) 7.82 5.10 0.29
Length of main panicle (cm) 0.81 0.54 -1.39
Weight of main panicle (g) 3.49 4.35 -1.79
Weight of all panicles (g) 7.25 8.35 -4.78
Weight per panicle (g) 15.42 -1.79 8.85 *
Number of filled spikelets 10.00 2.73 -10.18
Number of unfilled spikelets -16.49 -5.27 -0.29
Total number of spikelets 2.22 0.27 -7.35
Panicle density 9.08 2.10 -9.27
Spikelet fertility (%) 7.34 2.32 -3.05
1000-grain weight (g) 1.04 1.30 -2.56
Biomass yield (g) 10.50 2.01 -1.33
Grain vield (g) 11.79 5.28 -2.85
Straw yield (g) 9.68 -0.52 -0.28
Harvest index 0.40 343 -1.74
CGR (mg/day/plant)
Seedling - tillering 6.89 ** 711> -12.59 **
Tillering - flowering 40.41 ** 15.78 ** -18.94 **
Flowering - maturity 18.42 ** -0.42 7.83 ™
Whole duration 14.79 * 2.84 -0.33 **
RGR (mg/g/plant/day)
Seedling - tillering 6.20 ** -2.40 -8.39 **
Tillering - flowering 35.18 ** 21.04 ** -19.57 *
Flowering - maturity 7.87 ** -1.16 ** 6.79 **
NAR (mg/dm?/day)
Seedling - tillering 1.86 ** 7.89 -9.68 *
Tillering - flowering 35.65 * 13.56 -11.56
Flowering - maturity 16.84 ‘-1 .92 8.54




Table 29 (Cont...)

Characters RF,-1 RF,-2 RF,-3
Leaf area (cm%/plant)

Seedling 6.54 -1.92 3.67

Tillering 4.48 -0.54 * -4.61*

Flowering 2.51 ** 1.87 ** 0.81*

Maturity -0.23 ** 1.08 243 **

_ LAR (cm?g)

Seedling - tillering 4.20 -9.59 ** 1.40

Tillering - flowering -0.44 -1.07 140*

Flowering - maturity -71.75* 0.77 -1.59
LAI

Tillering 4.48 -0.54 * -4.61 **

Flowering 251 * 1.87 ** 0.81 *

Maturity -0.23 ** 1.08 -2.43 *

LAD

Tillering - flowering 11.30 ** 512 ** 1.39

Flowering - maturity -3.26 * 8.53 ** -2.00
a-Amylase activity (mg/seed/min)

at 24 hrs 0.00 1.15 5.86 **

at 48 hrs 4.15* 7.44 ** 3.27

at72 hrs 0.68 5.01 ** 3.66 *
NRA (p moles NO,/g fr.wt./hr)

Seedling -14.38 * 8.68 ** 8.08 **

Tillering -5.20 ** 6.61 ** -1.23

Flowering -0.90 0.56 -4.27 **

25 days after flowering -0.23 -7.63 -0.81 **
Nitrogen (%) in grain -2.68 -1.94 -1.83
Protein (%) in grain -2.68 -1.94 -1.83
Amylose (%) in grain -0.74 0.95 0.00
Starch (%) in grain 0.69 -0.13 -0.38

RF;-1 = Pusa 1127 x PMS 2B
RF,-2 = Pusa 1124 x Pusa 5B
RF,-3 = PRR 78 x IR 58025B

*, ** = Gignificant at 5% and 1% levels, respectively
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Days to 50% flowering: The RF,s flowered three days earlier than the respective

BFs, the range of reciprocal cross effect being -3.30% to 3.49%. All the differences

were highly significant.

Days to maturity: The RF;-1 and RF;-2 showed negative values for reciprocal cross
effects, indicating earliness of the hybrids. However, RF-3 matured 2.50 days later
than BF,-3. Reciprocal cross effects ranged from -3.73% to 2.18%, with all the

differences being highly significant.

Grain filling duration (days): With respect to this character, the reciprocal cross

effects were negative in base of RF;-1 and RF,-3 and positive in case of RF;-2. The

range of the effect was from -4.84% to 6.78%. All the effects were highly significant.

Weight per panicle (q): In case of RF;-3, significant positive effect of the reciprocal

differences was observed for this character. The weight per panicle was 8.85% more
in RF,-3, as compared with that of BF;-3. The range of the effect varied from -1.79%

to 15.42%.

Spikelet fertility (%): For this character, the influence of the reciprocal cross effects

ranged from -3.05% to 7.34%, with only RF;-1 showing significantly positive

performance.

Crop growth rate (CGR, mg/day/plant): Highly significant influence of the reciprocal

cross effects was observed for this character, calculated for different growth stages.
For CGR at seedling to tillering phase, RF;-1 and RF4-2 showed highly significant
positive effects, while RF;-3 showed highly significant negative effect. The reciprocal
cross effects at this phase varied from -12.59% to 7.11%. For CGR at tillering to
flowering, also the same situation prevailed and the effect ranged from -18..94% to as
much as 40.41%. For CGR at flowering to maturity, RF;-1 and RF;-3 demonstrated

highly significant and positive reciprocal cross effects, while RF4-2 did not show any
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significant effect. The effects ranged from -0.42% to 18.42%. Whereas for CGR
calculated for whole crop duration, the reciprocal cross effects ranged between
-0.33% and 14.79%. The effects were found to be highly significant in case of RF;-3

(-0.33%) and RF;-1 (14.79%).

Relative growth rate (RGR, mg/g/plant/day): Like CGR, highly significant influence of
reciprocal cross effects was observed for this character as well. For RGR caiculated
at seedling to tillering phase, RF;-1 demonstrated highly significant positive effect
(6.20%) and RF;-3 exhibited highly significant negative effect (-8.39%). While, for
RGR calculated for tillering to flowering phase, RF;-1 and RF;-2 showed highly
significant and positive reciprocal cross effects, while in RF;-3, the effect was
negative and highly significant. The range of the influence on this character was from
-19.57% in RF,-3 to as high as 35.18% in RF;-1. Highly significant differences were
also observed for RGR at flowering to maturity, positive in RF,-1 and RF,-3 and
negative in RFy-2. The range of reciprocal cross effects varied between -1.16%

(RF4-2) and 7.87% (RF4-1).

Net assimilation rate (NAR, mg/dm?day): In case of NAR, significant reciprocal cross

effects were observed during two growth stages, seedling to tillering and tillering to
flowering. In the first growth phase, seedling to tillering, highly significant positive
influence on NAR was observed in RF4-1 (1.86%), whereas in case of RF;-3, the
effect was significant but negative (-9.68%). In the second growth phase, tillering to
flowering, significant and positive influence on NAR was observed only in case of
RF;-1 (35.65%). Non-significant positive effects were observed in case of RF;-2

(13.56%) while, in RF,-3, the effect was non-significant and negative (-11.56).

Leaf area (cm?®): Significant to highly significant influence of the reciprocal cross

effects was observed for this character, recorded at different growth stages. For leaf

area at tillering stage, RF-2 and RF;-3 exhibited significant negative effects;
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however, the effect was non-significant and positive in case of RF,-1. The reciprocal
effects ranged between -4.61% and 4.48%. While, in case of leaf area at flowering
stage, all RF;s displayed highly significant positive values, ranging from 0.81% to
2.51%. For leaf area at maturity stage, RF4-1 and RF,-3 exhibited highly significant

and negative values, -0.23% and -2.43% respectively.

Leaf area ratio (LAR): LAR was also significantly influenced by the reciprocal cross
effects. For LAR at seedling to tillering phase, RF;-2 showed highly significant
negative effect. The range varied between -9.59% (RF;-2) and 4.20% (RF;-1). For
LAR at tillering to flowering phase, only RF;-3 showed significant positive effect. The
reciprocal cross influence on this character varied between -1.07% (RF;-2) and
1.40% (RF4-3). Highly significant negative effect on LAR at flowering to maturity
stage was observed only in case of RF;-1. The range of reciprocal cross effects was

from -7.75% in RF4-1 t0 0.77% in RF4-3.

Leaf area index (LAI): For this character, significant to highly significant reciprocal

cross effects were observed at different growth stages. At tillering stage, RF4-2 and
RF;-3 exhibited significant negative effects; however, the effect was non-significant
and positive in case of RF;-1. The reciprocal effects ranged between -4.61% and
4.48%. While, in case of LAl measured at flowering stage, all RF;s displayed highly
significant positive values, ranging from 0.81% to 2.51%. For LAl at maturity stage,
RF;-1 and RF;-3 exhibited highly significant and negative values, -0.23% and -2.43%

respectively.

Leaf area duration (LAD): Reciprocal cross effects showed highly significant positive

influence on this character during tillering to flowering stage in RF;-1, while for the
same stage; it showed highly significant negative influence in RF;-2. At flowering to
maturity stage however, the effect on LAD was significant and negative in case of

RF;-1 and highly significant and positive in RF;-2.
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a-Amylase activity (mg maltose/seed/min): The reciprocal cross effects were found to

be positive for this character at all the three stages. When the activity was measured
at 24 hours after soaking the seeds, only RF;-3 showed highly significant positive
influence on this character, the range being 0.00% to 5.86%. At 48 hours after
soaking, significant effect on a-amylase activity was observed only in two hybrids,
RF,-1 and RF+-2 and the range was 3.27% to 7.44%. Similarly, significant reciprocal
effect on a-amylase activity at 72 hours after seed soaking was observed in case of
RF4-2 and RF,-3. The range of the reciprocal cross influence was from 0.68% tov

5.01%.

Nitrate reductase activity (NRA, y moles KNO,/g fr.wt./hr): Highly significant influence
of the reciprocal cross differences was observed for NRA at seedling, tillering and
maturity stages. At seedling stage, RF;-1 showed highly significant negative effect
(-14.38%), while RF;-2 and RF,-3 showed highly significant positive influence (8.68%
and 8.08% respectively). At tillering stage, the effect was highly significant and
negative in RF4-1 (-5.20%) and significant and positive in RF;-2 (6.61%). At flowering
stage, only RF;-3 exhibited significant and negative effect. At maturity stage, too,
only RF;-3 showed highly significant and negative influence (-0.81%) on NRA. The

range for the reciprocal cross effect at maturity stage was from -7.63% to -0.23%.



DISCUSSION

Existence of heterosis in rice was first reported by Jones (1926), who
observed marked increase in number of productive tillers and grain yield in some rice
hybrids in comparison to their parents. Commercial exploitation of heterosis in rice
was first demonstrated in China in 1976 after development of the first set of stable
and high yielding three-line hybrids. The area under hybrid rice in China rapidly
increased to about 17 m ha by 1985. The high productivity of hybrid rice enabled
China to reduce its total rice area from 34.4 m ha in 1978 to 30.0 m ha in 2000 and at

the same time increased its rice production from 89.0 m tons to 131.54 m tons.

However, further genetic improvement in productivity of rice would depend on
to what extent the various morpho-physiological and biochemical characters
governing grain yield can be manipulated simultaneously despite their undesirable
association. The lack of information on these characters appears to be a major
barrier in enhancihg the genetic yield potential of rice hybrids. The physiological and
biochemical explanation for phenotypic expression of characters like biomass yield,
harvest index, photosynthetic efficiency, greater vigor in growth, leaf area, early
flowering, etc. in heterotic hybrids and the knowledge of inter-relationship among
these components and their direct and indirect effects on grain yield will be useful for

plant breeders for better selection of parents (Akita, 1988).

It is well known that most of the yield contributing characters are quantitative
in nature and are governed by a large number of genes or QTLs. However in
addition, they are also greatly affected by the environment reducing the response to
selection. Hence it is important to observe the extent and pattern of variation for
thése characters in segregating populations like F, and to distinguish the part of the
variation that is genetic in nature. In addition, transgressive segregants obtained for

desirable characters can be selected and used in breeding programs for further
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improvement in grain yield. Utilization of this variability will minimize the efforts and

economize the breeding program.

Availability of stable cytoplasmic male sterility and fertility restoration system
is vital for commercial exploitation of heterosis. The discovery of ‘wild abortive’ (WA)
male sterility inducing cytoplasm and subsequent development of commercially
exploitable three-line hybrid breeding system, made a breakthrough in exploitation of
heterosis in rice (Lin and Yuan, 1980).. Presently, about 95% of the rice hybrids

world-over are based on this single source of cytosterility.

In addition to the fear that increased genetic homogeneity of a vital character
like cytoplasmic male sterility could make it vulnerable to diseases and pests, the WA
cytoplasm is known to have undesirable effects on many characters of economic
importance. The effects vary with cytoplasmic source and cytbplasm/ nuclear
interactions. Hence it is important to understand the nature and magnitude of
influence of the cytoplasm on various characters and select desirable heterotic

combinations with the least negative effect of the sterility inducing cytoplasm.

Since heterosis is a phenomenon of superior growth, development,
differentiation and maturation caused by interaction of genes, metabolism and
environment, a simple explanation of heterosis based solely on the nuclear genome
heterozygosity appears untenable (Shrivastava, 1981). As the reciprocal hybrids do
not differ from direct hybrids with respect to nuclear genome, any difference in
performance of the two can be attributed to the organelle genome differences and
their interactions with the nuclear genome. The organelle genome constitution of
reciprocal hybrids is likely to be different from that of direct hybrids, because of
maternal inheritance of cytoplasm. Hence any difference in performance of the direct-

and reciprocal- hybrids can be attributed to the effect of the organelie genomes.

Keeping in view the above-mentioned facts, present investigation was

undertaken with the following objectives:
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1) To study heterosis for various morpho-physiological and biochemical parameters

influencing yield components and their association with grain yield,
2) Genetic analysis of selected morpho-physiological and biochemical characters,

3) To study the reciprocal differences in relation to heterosis for yield and yield

components.
The results obtained from the present investigation have been discussed in

this chapter in the light of up to date literature on the topic.

Variability and heritability

A wide range of variation was obvserved for characters like number of
productive tillers, plant height, flag leaf area, panicle length, panicle weights, spikelet
number, 1000-grain weight, biomass yield and harvest index in both the experiments.
Wide variability was also noticed for physiological and biochemical characters such
as growth parameters, leaf area and associated characters, a-amylase activity and

nitrate reductase activity at various stages of growth in the material of Expt. 1.

Wide ranges of variability for these traits were also coupled with high
phenotypic and genotypic coefficients of variation. In agreement with the present
findings, wide range of variability for yield components and various physiological and
biochemical attributes have been reported earlier by several workers (Vinaya Rai and
Murty, 1979; Yuan and Shien, 1980; Amirthadevarathinam, 1983; Maurya et al.,
1986). High broad sense heritability estimates were obtained for all characters with
heritability ranging from 64.97% for straw yield to 98.76% for LAR in seedling to
tillering~phase, in Expt. 1 and from 80.61% for grain filling duration to 98.93% for
spikelet fertility. High estimates of broad sense heritability were also reported by
some workers for characters like days to flowering and maturity and number of
productive tillers per plant (Maurya, 1976), grain filling duration in maize (Perenzen

et al., 1980) and biomass yield in rice (Vinaya Rai and Murty, 1979).
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Existence of significantly high level of variation for the various
morpho-physiological and biochemical traits in the material studied is an indicative of
possibilities of improving the genetic yield potential of rice hybrids via exploitation of

heterosis in these component traits.

Extent of heterosis for various characters

Heterosis can be measured either as the deviation of F, values over the
mid-parental performance (mid-parent heterosis or simple heterosis) or over the
better parent (better-parent heterosis or heterobeltiosis) or over the performance of a
standard or check variety (standard heterosis). From a practical point of view,
standard heterosis is considered the best measure of commercially utilizable

heterosis.

Hybrid vigor in rice was first reported by Jones (1926) and further studies
héve indicated the presence of exploitable level of heterosis. Virmani et al. (1981)
extensively studied the nature and extent of heterosis for various characters and
reported heterobeltiosis to range from -91.0% to 368.6% for grain yield, -70.0% to
55.0% for number of grains per panicle, -31.0% to 14.0% for 1000-grain weight and
-45% to 50.5% for number of productive tillers per plant. Similarly significant
heterosis, heterobeltiosis and standard heterosis have been reported by other
workers for various characters like grain yield, number of grains per panicle,
1000-grain weight, number of productive tillers per plant, plant height, days to 50%
flowering, biomass yield, crop growth rate, leaf area, nitrate reductase activity and
a-amylase activity (Pillai, 1961; Rao, 1965; Carnahan et al., 1972; Chang et al.,
1973; Murayama, 1973; Murayama et al., 1974; Saini et al., 1974; Singh and Singh,
1978; Li et al.,1982; Blanco et al., 1986; Kim and Rutger, 1988; Wells et al., 1988;
Manonmani et al.,, 1993; Kumar et al.,, 1994; Moon et al., 1994; Ramesha et al.,

1999; Stuber, 1999).
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The most convincing report on the presence and possibilities of exploiting
heterosis on commercial scale based on a large scale, replicated yield trials
appeared from Chinese workers (Lin and Yuan, 1980). The best hybrid yielded 12.8
tons per ha as compared to the 10.4 tons of the check variety. Yield component
analysis at IRRI indicated that yield heterosis has been mainly due to increased
spikelet number per panicle and 1000-grain weight. In hybrids, the reduction in
number of productive tillers is compensated by increased number of spikelets per
panicle. Dry matter production and harvest index were also found to play a major role

in determining grain yield in rice hybrids.

Yield and yield components

In the present study, two experiments were conducted to investigate the
nature and magnitude of heterosis for 19 yield determining characters and grain yield
over the better parent as well as standard check. The results suggest both the nature
and magnitude of heterosis to differ from character to character depending on cross
combination. Considerable heterosis was observed both in positive and negative

directions.

Heterosis in negative direction is desired as far as plant height is concerned.
In the present study, two hybrids of Expt. 1 manifested negative heterobeltiosis, while
in Expt. 2, all of the hybrids manifested positive heterobeltiosis, which was significant
in all hybrids except PRH 21. When compared with the check varieties only one
hybrid of Expt. 1 manifested significant negative heterosis and five demonstrated
highly significant positive heterosis. in Expt. 2, all the hybrids manifested highly
significant positive standard heterosis. Positive heterosis in plant height has been
reported by many workders (Chang et al., 1973; Govinda Raj, 1983; Kim and Rutger,
1988). While Pillai (1961) and Singh and Singh (1978) reported negative heterosis for
plant height. The highest heterosis in plant height was observed in case of PRH 6

(42.16%), indicating its vulnerability to lodging. In view of the fact that height is an



CHAPTER 5 ‘ Discussion 130

expression of vigor that may lead to unfavorable grain /straw ratio resulting in lower
grain yield due to lodging, it is necessary to select desirable hybrids that are short in

stature or alternatively, have stronger culm.

For number of productive tillers, most of the hybrids in Expt. 2 showed
negative heterobeltiosis and standard heterosis. While no significant reduction in
number of tillers was observed in Expt. 1, either in relation to better parent or the
check variety. The observation of reduction in number of productive tillers in hybrids
is in conformity with the findings of Virmani et al. (1981, 1982). Although many
workers (Pillai, 1961; Namboodiri, 1963; Rao, 1965; Singh and Singh, 1978; Govinda
Raj, 1983; Kumar etal, 1994) have reported positive heterosis for number of
productive tillers, it is a fact that mere presence of high heterosis for this character
may not result in higher yield, especially in those hybrids where spikelet fertility is
greatly affected due to varying levels of fertility restoration or poor panicle exertion
(Zhu, 1979; Rangaswamy et al., 1987; He and Shen, 1991). Scmetimes, high tillering
observed in rice hybrids leads to sterility due to non-synchrony of late emerging tillers
and imbalance of source: sink relationships. Conversely, lack of proper restoration
and the resulting high sterility may result into diversion of photosynthates to
vegetative growth in the form of profuse tillering with less number of productive tillers.
Hence there is a need to give due consideration to both the number of productive

tillers and spikelet fertility.

Rao (1994) found that grain yield recorded in various tillers indicated higher
values for the main shoot and primary tillers and subsequently declined for rest of the
tillers. Harvest index recorded for the main shoot was also higher than the primary,
secondary and tertiary tillers, in that order. The secondary and tertiary tillers
contributed little to grain yield and actually had negative effect. Hence, she
suggested that selection of breeding lines with low tiller number would be beneficial

in enhancing yield potential of rice. This was clear from the present investigation as
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well. The restorers of Expt. 1 had varied numbers of productive tillers, 7.90 (PRR 78),
8.80 (Pusa 1127) and 12.40 (Pusa 1124). The corresponding weights of the main
panicles were 3.90 g, 3.78 g and 4.15 g. However, when the weight of main panicles
were compared with the average weight per panicle, then it was found that PRR 78
had the highest weight per panicle (2.60 g), followed by Pusa 1127 (1.91 g) and
Pusa 1124 (1.88 g). Thus, it is clear that higher numbers of productive tillers did not
contribute significantly to grain yield and that they may actually have negative effect
on grain yield and harvest index. In addition, it has been reported that in hybrids, the
reduction in number of productive tillers is compensated by increased number of
spikelets per panicle (Virmani et al., 1982). This has been observed in the present
study as well. Majority of the hybrids in the present study manifested heterobeltiosis

for number of spikelets.

For days to flowering, negative heterosis has been reported by several
workers (Chang et al., 1973; Singh et al., 1980 and Fujimaki and Yoshida, 1984).
However, some studies have reported both positive and negative heterosis for this
character (Karunakaran, 1968). In the present study, most of the hybrids from both
the experiments showed negative heterosis over the better parent, which is in
desired direction. Early flowering coupled with high standard heterosis for grain yield
would be of advantage in areas with short growing seasons or multiple cropping

systems. in this regard, PRH 7 and PRH 16 would be promising.

For days to maturity, all hybrids in Expt. 1 and most hybrids in Expt. 2 showed
highly significant negative heterobeltiosis, which was in desirable direction. On the
other hand, when compared to the respective check variety, most hybrids in Expt. 1
showed significant positive heterosis. This was due to the fact that the check variety,
Pusa 834, was significantly early than the hybrids. Lin and Yuan (1980) have
reported positive heterosis for this character, while, Ponnuthurai et al (1984)

reported negative heterosis.
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Several investigators in the past have suggested that it should be possible to
increase grain yield by combinjng optimal duration for vegetative phase and the
duration of grain filing. Daynard and Kannenberg (1976) reported positive
relationship between grain filling duration and grain yield in corn. In the present
study, most of the hybrids in both the experiments exhibited negative heterobeltiosis
and standard heterosis for grain filling duration. In other words, the hybrids had
higher rate of grain filling than their parental lines and thus completed the process in
less time than the parental lines. In general, it was observed that late maturing

genotypes also had longer grain filling duration.

The flag leaf contributes significant amount of photosynthates to developing
grains in rice panicle. In Expt. 1, all the hybrids showed highly significant positive
standard heterosis and most of them aiso exhibited positive heterobeltiosis.
However, in Expt. 2, about half of the hybrids exhibited negative heterobeltiosis and
the other half of them exhibited positive heterobeltiosis. When compared with the
check, however, majority of the hybrids were superior, showing positive heterosis.
The results are in conformity with the findings of Singh et al. (1996) who observed
positive heterosis for flag leaf area. Similarly, Wan and Zhong (1981) found a highly

significant correlation between flag leaf area and panicle weight.

Rice hybrids in general have large panicles and more spikelets per panicle
than conventional varieties. In the present study, panicle weights were recorded for
the main panicle as well as for all panicles of a plant. From this, average weight per
panicle was also caiculated. It was found that there existed a large difference
between the weight of main panicle and the average weight per panicle, indicating
that contribution of the main panicle to grain yield per plant was significantly higher
than other panicles. Similar results were also obtained by Rao (1994). She observed
that the main shoot possessed large panicle, more number of spikelets and higher

percentage of high-density grains in comparison to the primary, secondary and
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tertiary tillers. The mother shoot and the primary ftillers had higher number of
high-density grains, harvest index and yield. Secondary and tertiary tillers contributed

little to grain yield resulting in low harvest index.

In the present study, in Expt. 1, only two hybrids manifested significant
heterobeltiosis for average weight per panicle, while in case of standard heterosis,
eight of nine hybrids exhibited significant positive values. In Expt. 2, seven hybrids
exhibited positive heterobeltiosis and nine exhibited positive standard heterosis for
this character. The higher average weight of the panicles could be because of higher

number of filled grains per panicle and higher spikelet fertility.

For number of filled spikelets, seven hybrids of Expt. 1 manifested positive
heterobeltiosis and all of them manifested standard heterosis. However, in case of
Expt. 2, most of the hybrids exhibited significantly negative heterobeltiosis. When
compared with the check, five exhibited significant negative heterosis and four
hybrids showed significant positive heterosis. The negative heterosis for this
character in some of the hybrids could be due to the strong negative effect of the
male sterility inducing cytoplasm on panicle exertion (Zhu, 1979), which was also
observed during the course of the present investigation (data not presented). The
male parents of these hybrids have native, fertile cytoplasm and high spikelet fertility,
resulting in complete panicle exertion. While hybrids have the male sterility inducing
cytoplasm, owing to its maternal inheritance, which may have a negative effect on
panicle exertion in those hybrids, leading to basal spikelet sterility. This is clear from
~ the fact that the average number of filled spikelets in the main panicle of the restorers
(having native, fertile cytoplasm) was 136.01, while that of the hybrids (having the
male sterility inducing WA cytoplasm) was only 109.90. Thus, on an average, the
hybrids in Expt. 2 had about 20% less number of filled spikelets than their restorer
parents, which is reflected as negative heterobeltiosis. The results obtained are in

conformity with those of Virmani et al. (1981), who reported heterobeltiosis for this
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character to range from -70% to 55%. Even in case of Expt. 1, the AxR (AF;) hybrids
had significantly less number of filled spikelets in the panicle, as compared to their

respective BF s or RF;s.

Spikelet sterility is one of the constraints in hybrid rice breeding program as it
affects the economic yield considerably. Weak or varying level of fertility restoration
leads to increased spikelet sterility resulting in reduced grain yield. In addition, as
explained before, with the WA cytoplasm reduced panicle exertion is a problem even
with complete fertility restoration, which leads to basal spikelet sterility. Thus it may
be noted that in these hybrids, poor panicle exertion is the real problem and not the
source or sink or even assimilate translocation. Developing a hybrid combination
involving parental lines with improved panicle exertion might help in improving the
basal spikelet fertility of the resulting hybrid and thus contribute towards increased

grain yield.

In the present study, only one hybrid, RF;-1, in Expt. 1 showed positive
heterobeltiosis for spikelet fertility while, none of the hybrids was showed significant
negative heterobeltiosis. When compared to the check, all the hybrids were
significantly superior. However, in case of Expt. 2, all the hybrids except PRH 16
showed highly significant negative heterobeitiosis for this character, indicating
inferiority of the hybrids compared to their restorer parents. Three hybrids showed
significant positive standard heterosis and four showed significant negative standard
heterosis. Average yield of hybrids showing positive standard heterosis for spikelet
fertility was 13.39 g, while that of the hybrids exhibiting negative standard heterosis
was 12.96 g. Thus negative effect of the male sterility inducing cytoplasm is evident
from the highly significant negative heterobeltiosis observed for spikelet fertility in
most of the hybrids in Expt. 2. Similar results were also obtained by Rao (1985) and
Ramesha et al. (1999). While, Kim (1985) did not find significant heterosis in spikelet

fertility and stated that spikelet fertility did not contribute significantly to heterosis.
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It is obvious therefore that the hybrids, in spite of having low spikelet fertility,
showed heterosis for grain yield and this is primarily because of increased number of
grains per panicle. Hence, increasing spikelet fertility in hybrids may result in further

increase in grain yield.

Performance of any cross is normally estimated on the basis of the final grain
yield, which in turn is affected by several characters contributing to yield. For
example, Joshi (2001) observed high positive heterosis in several yield components;
however, the grain yield was low. On further analysis, it was discovered that high
negative heterosis for spikelet fertility masked the positive and significant
performance of the other yield components, resulting in poor grain yield. Hence
parental lines should be selected with great care to develop a good hybrid. While
selecting parental lines, CMS lines having good panicle exertion and restorers giving

good fertility restoration should be preferred.

Most of the hybrids in Expt. 1 manifested significant positive heterobeltiosis
and all of them exhibited highly significant positive standard heterosis for number of
spikelets in the main panicle. While, in Expt. 2, two hybrids showed positive
heterobeltiosis and four exhibited negative heterobeltiosis. However, when compared
to the check variety, majority of the hybrids manifested significant positive heterosis.
The results obtained are in conformity with those reported by Blanco et al. (1986) and
Kim (1985). Virmani et al. (1981, 1982) concluded that heterosis in grain yield was
primarily due to increased number of spikelets per panicle and the work of Pillai
(1961), Singh and Singh (1978), Govinda Raj (1983) and Panwar et al. (1983) give

credence to the present findings.

For 1000-grain weight, six of the nine hybrids showed significant negative
heterobeltiosis, while two of them exhibited significant negative standard heterosis

and four manifested significant positive standard heterosis in Expt. 1. However, in
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Expt. 2, half of the hybrids showed positive heterobeltiosis for this character and the
rest of them showed negative heterobeltiosis. It was found that in Expt. 1, those
hybrids, which exhibited negative standard heterosis for 1000-grain weight, also had
less standard heterosis for grain yield and per se performance. While, this
association was not observed in case of Expt. 2. The results are in conformity with
those obtained by Kim and Rutger (1988), who observed high correlation between
1000-grain weight and grain yield. Kumar et al. (1994), however, observed that

heterosis in grain weight differed according to cross combination.

It is apparent from the results presented and previous reports that grain
number per panicle and 1000-grain weight are negatively correlated. Since both
these traits are equally important yield components, their simultaneous improvement,
by developing a hybrid that would combine both these traits, may significantly

increase heterosis for grain yield.

Kumar et al. (1994) noted that grain weight is highly correlated to grain size,
which in turn, depends on the size and shape of lemma and palea of the mother
plant. In Expt. 2, it was observed that, the hybrids exhibiting negative standard
heterosis for 1000-grain weight, had either PMS 2A or IR 58025A as the maternal
parent (except PRH 28, which had Pusa 5A as the maternal parent). The CMS lines
PMS 2A and IR 58025A have small grains, having 1000-grain weight of only 14.48 g
and 15.78 g, respectively, compared to 17.56 g of Pusa 5A. In addition, all the
hybrids (except PRH 28) having the maternal parent Pusa 5A exhibited high positive

standard heterosis for 1000-grain weight.

A perusal of the data on relative magnitudes of heterobeltiosis and standard
heterosis indicates superiority of many hybrids over their respective better parents as
well as the check varieties in respect of biomass yield, grain yield and harvest index.

While increased grain yield was invariably due to increased dry matter production in
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some of the hybrids, it was on account of high harvest index as well. Seven hybrids
in Expt. 1 exhibited consistent and significant standard heterosis for biomass yield,
harvest index and grain yield. This kind of desirable association has been reported by

Rao (1965), Virmani et al. (1981) Ponnuthurai et al. (1984) and Kim (1985).

According to Sinha and Khanna (1975), both the source and sink capacity
should increase if yield is to be improved and such a phenomenon has been
observed in the present investigation. It was observed that all the hybrids exhibiting
positive standard heterosis for biomass production also manifested positive standard
heterosis for grain yield. Some of the hybrids like RF;-2, BF,-3 and PRH 16 were
particularly superior. Similar results were obtained by Virmani et al. (1981, 1982). As
a matter of fact, hybrid superiority to conventional varieties in biomass yield has been
reported widely. Ponnuthurai et al. (1984) and Kim (1985) found fhat high yielding
hybrids also showed significant heterobeltiosis for total dry matter and harvest index.
Kim and Rutger (1988) noted that hybrids that gave high grain yields also produced
high biomass. Zhende (1988) also observed that hybrid rice accumulates more total

dry matter than conventional rice.

In the present investigation, the relationship between biomass yield and
harvest index varied with the cross. In some cases, for instance, the high biomass
yield was not accompanied with high harvest index. This was found in case of AF,-3
and PRH 21. Similar results were obtained by Yamaguchi et al. (1985) who reported
that rice hybrids accumulated relatively more dry matter but they tended to have

lower harvest index as compared to purelines.

In terms of harvest index, RF;-2 had the highest value (0.46) in Expt. 1, with
biomass yield of 49.23 g. While in Expt. 2, the hybrid PRH 5 had the highest harvest
index of 0.48, with a biomass yield of 30.16 g. On the other hand, AF,-3, with 52.73 g

of biomass, had the harvest index of only 0.39. Similarly, in Expt. 2, the hybrid
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producing the highest biomass of 41.97 g (PRH 2) had the harvest index of only 0.34.
These observations are contrary to those of Sitaramaiah et al. (1998), who observed
that high yielding hybrids also recorded higher biomass yield and higher harvest

index.

Thus it can be said that, generally, high yielding hybrids have higher biomass
production. However, higher yield depends not only on higher biorhass production,
but also on efficient partitioning of photosynthates to grains. Hence it will be more
useful to select hybrids which have efficient partitioning ability, indicated by higher
harvest index, than those producing higher biomass but with inefficient partitioning. In

this respect, the hybrid PRH 5 will be the most promising.

Physiological and biochemical characters

Nine hybrids were studied for heterosis over better parent and standard check
for varioué physiological and biochemical attributes. It was observed that both the
nature and magnitude of heterosis differed, not only from character to character, but
also at different growth stages and in different cross combination. Considerable
heterosis was observed both in positive and negative directions for all the characters

studied. The salient findings of the present investigation are discussed below.

Heterobeltiosis for crop growth rate (CGR), which ultimately helps in building
up of the total biomass varied considerably from phase to phase. During seedling to
tillering phase, heteraobeltiosis for CGR ranged from 4.85% to 31.10%, while during
tillering to flowering phase it ranged widely from -12.18% to 75.90%. Heterobeltiosis
for CGR during flowering to maturity phase also varied considerably, from -13.88% to
51.91%. The high yielding hybrid, RF-2 showed high CGR in tillering to flowering
phase and also significant heterobeltiosis for CGR in the same phase. While another
high yielding hybrid, BF,-3 had comparatively lower CGR in this phase, but quite high

in seedling to tillering phase. When CGR for the whole growth duration was taken
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into account, these hybrids manifested higher values of 411.95 (RF;-2) and 418.32
(BF4-3). These hybrids showed high CGR during active growth phase and also
produced high grain yield. Similar resuits were also reported by Ponnuthurai et al.
(1984) who observed high heterosis in CGR during vegetative growth phase but little
heterosis after heading. They found that hybrids showing higher heterosis in biomass
yield aiso exhibited heterosis in CGR at the initial stage, but this heterosis in CGR
decreased with growth. Sitaramaiah et al. (1998) also observed that CGR increased
up to 45 days after planting and decreased later in all the six hybrids. With respect to
RGR during the same growth phase, these three hybrids also expressed high per se

values as well as significant heterobeltiosis for RGR.

The net assimilation rate (NAR) is the indirect measure of photosynthetic
efficiency of a plant and in the present study it has been estimated at three different
phases, viz. seedling to tillering, tillering to flowering and flowering to maturity. The
data shows that NAR was very high in the early growth phase, seedling to tillering
Vand decreased with the age of the crop. Only two hybrids exhibited positive
heterobeltiosis for NAR in seedling to tillering phase and one hybrid exhibited
negative heterobeltiosis. While, during tillering to flowering phase, most of the hybrids
exhibited positive heterobeltiosis, of which four were significant and only two
manifested negative values. The three best yielding hybrids, RF-2, BF4-3 and RF;-3
showed mean mid-parent heterosis of 30.60% for NAR during tillering to flowering
phase, indicating thereby that high NAR in this phase is of crucial importancé for
building up of high biomass and grain yield. Similar heterosis in NAR was observed
by Murayama et al. (1982). However, Yamauchi and Yoshida (1985) reported only a

little heterosis for NAR.

To achieve required biomass yield, optimum LAI has to be ensured first. The
present study with respect to leaf area, LAR, LAl and LAD shows considerable

variation in heterosis among hybrids for these traits. It was found that most of the
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hybrids exhibited positive heterobeltiosis for leaf area in seedling, tillering and
flowering stages. However, at maturity, four hybrids exhibited negative
heterobeltiosis. Similar results were obtained for LAl as well. Most of the hybrids also
exhibited high standard heterosis for leaf area and LAl at maximum tillering, flowering
and matufity stages. Blanco et al. (1986) also found similar results and indicated that
heterosis in leaf area development during seediing stage would be the key to
vigorous growth after transplanting in hybrids. They also observed that during
vegetative growth, the LAl of hybrid rice increases rapidly, which favors production of
more carbohydrates from photosynthesis in hybrid plants. Zhende (1988) states that
hybrid rice has higher LAl and higher ratio of upper to middle layer leaf area, as well
as better light intensity distribution in the canopy. The increase in upper to middle

layer leaf area ratio favors photosynthesis, resulting in yield heterosis at later stages.

Conversely, most of the hybrids exhibited negative heterobeltiosis for LAR in
all the three growth phases. However, all the hybrids expressed positive standard
heterosis. Whereas}, for LAD in tillering to flowering phase, four hybrids manifested
negative heterobeltiosis and only one exhibited positive heterobeltiosis. At later
growth phase (tillering to maturity), four hybrids, including the three high yielding
hybrids, exhibited positive heterobeltiosis for LAD and two hybrids exhibited negative
values. In this case too, all the hybrids manifested positive standard heterosis. These
results are in agreement with those obtained by Zhende (1988), who observed that
the leaf area duration is significantly longer in hybrids than it is in conventional rice

varieties.

a-Amylase is an amylolytic enzyme synthesized de novo in seeds of rice and
wheat. It is a primary enzyme in conversion of starch to simple sugars that provide
energy for the growing seedlings. In the present investigation on a-amylase activity at
various stages of growth of germinating seeds, all hybrids manifested significant

heterosis over the respective better parents as well as the standard check at all the
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three stages. Similar results were obtained by several workers. Li etal. (1982)
observed heterobeltiosis of as much as 433% in a-amylase activity of a hybrid. They
observed germination speed of a hybrid and its three parental lines was in the order
of ‘hybrid > R line > B line > A line’. A similar order was found in the activity of their
a-amylases. Yang etal. (1990) also observed greater amylase activity in hybrid
seeds compared to that in the parents. Karrer et al. (1993) found significant positive
correlation among seedling vigor, a-amylase activity and accumulation of mRNA from
a rice a-amylase gene, RAmy1A. Their study thus correlates a-amylase enzyme

activity with seedling vigor.

Nitrate reductase (NR) is the enzyme that catalyzes reduction of nitrate to
‘nitrite, the rate-limiting étep in the reduction of nitrate to ammonia (Beevers and
Hageman, 1969). For nitrate reductase activity (NRA), most of the hybrids in the
present investigation exhibited the advantage at tillering and flowering stages and not
at seedling or maturity stages. In addition, four hybrids exhibited negative
heterobeltiosis in seedling stage and five at maturity stage (25 days after flowering).
The high yielding hybrid RF;-2 exhibited non-significant positivé heterobeltiosis at
tillering and flowering stages and significant negative heterobeltiosis at seedling to
maturity stage. Such variations for NRA in rice have been demonstrated by Rao et al.
(1979), Yuan and Shien (1980) and Pal and Pal (1986). The results obtained in the
present investigation on NRA are in agreement with those obtained by Manonmani
et al. (1993) who observed that the enzyme activity was low in seedling stage and

increased at flowering stage (up to 70 days after sowing) and declined thereafter.

With respect to grain nitrogen and grain protein content, five hybrids were
found to show negative heterobeltiosis and only one hybrid exhibited positive
heterobeltiosis. However, compared with the check, none of the hybrids were
superior. This could be due to two reasons: (a) absence of exploitable level of

variation among parental genotypes for these characters, indicated by a narrow
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range (1.33% — 1.76%) for grain nitrogen content, as well as for grain protein content
(7.91% — 10.47%) and (b) due to the fact that these parameters are difficult to

improve beyond a certain limit.

Amylose is a linear fraction of starch, which has a major influence on cooking
and eating quality of rice. For amylose content, though all hybrids exhibited positive
heterobeltiosis, only four of them were significantly superior to their better parents.
However, compared to the check variety, none of the hybrids was significantly
superior. Similarly, for starch content, five hybrids exhibited significant positive

heterobeltiosis but all of them failed to express standard heterosis.

In terms of the per se performance for grain yield of the three restorers,
Pusa 1124 wars the highest yielding (17.71 g), followed by PRR 78 (1'4.71 g) and.
Pusa 1127 (12.17 g). Analysis of the performance of Pusa 1124 reveals .that, it had
high number of productive tillers, high weight of main panicle as weil as of all
panicles, high spikelet fertility, even though it had less numbers of filled and total
spikelets in the main panicle, high biomass yield and high harvest irrdex. In terms of
physiological parameters, it had high CGR during various growth phases and also for
the whole crop duration, high leaf area and LAl throughout the growth duration and
also high LAD. Similarly, in terms of biochemical parameters, activities of the
enzymes a-amylase and nitrate reductase were very high compared to those in the

other two restorers.

Analysis of the level of heterobeltiosis for grain yield and the per se
performance of hybrids in Expt. 1 reveled that RF;-1 exhibited the highest
heterobeltiosis (50.11%) for grain yield; however, in terms of per se performance, it
ranked seventh, with only 18.26 g grain yield per plant. Similar results were obtained
in case of BF,-1 as well. On the contrary, the hybrid, RF;-2 exhibited moderate

heterobeltiosis of 25.19% (6" rank), but a very high per se performance (22.17 g
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grain yield per plant), being the first. The other two high yielding/hybrids, BF;-3 and
RF;-3 ranked second and third respectively for both the level of heterobeltiosis as
well as in terms of their per se performance. Similarly, in Expt. 2, it was found that the
| hybrid PRH 5 exhibited heterobeltiosis of as much as 74.91% followed by PRH 16,
which manifested 53.66% heterobeltiosis. However, in terms of per se performance,
PRH 16 scored highest with grain yield of 15.32 g per plant, followed by PRH 5
(14.54 g). The hybrid PRH 3 scored third in heterobeltiosis (37.18%) for grain yield,
while on the basis of per se performance, it ranked seventh with grain yield of 13.51
g per plant. Conversely, PRH 2 exhibited only 7.79% heterobeltiosis (11" rank), but

in terms of per se performance for grain yield per plant, it scored 4" (14.12 g).

From the foregoing discussion it is obvious that although the percentage of
heterosis is important, if a cross with high percentage of heterosis is associated with
low per se performance, its practical value from a breeding point of view is rather low.
In some cases, on the other hand, higher per se performance may be associated
with relatively low heterosis. Both the situations are not as much of value, as the one
combining high heterosis and high per se performance. From this point of view, BF;-3
sounds promising. Analysis of this hybrid in particular, shows that it had less number
(9.60) of productive tillers, which however were better yielding as indicated by the
high average wéight of panicles (2.81 g), which was the highest among all thé
genotypes in Expt. 1. It also had the highest numbers of filled and. total spikelets in
the main panicle, high spikelet fertility and highest biomass yield. Taking into account
the physiological traits, the hybrid exhibited the highest advantage in CGR in
seedling to tillering phase and also for the whole crop duration. RGR was also high in
the initial growth phase. For leaf area and LAI, however BF;-3 exhibited highest
values only at maturity stage indicating high LAD, although it showed superiority

during the initial growth stages as well. However, for the biochemical parameters, the
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hybrid did not show exceptionally superior performance as compared to other

hybrids.

Genetic analysis of various characters

In order to improve various con%pohent characters governing yield, it is
important to know the nature of association among those traits and also their
inheritance pattern. In the present study, an effort was made to study the nature and
magnitude of association among various yield components and physiological and
biochemical characters. In addition, the pattern of variation for yield components was
also studied in nine F, populations, each comprising 200 plants. The results of the

present study are discussed below.

Nature and magnitude of character association

To formulate an objective selection criteria for effective improvement of
biologrical yield or grain yield, it is important to have basic information on the nature
and strength of relationships between biological yield or grain yield and the various
yield components as well as the physiological and biochemical parameters. The
present study reveals that biological and grain yield are associated positively with
parameters like number of productive tillers, average panicle weight, biomass yield,

harvest index, leaf area, LAI, LAD, NRA etc.

Study of character association separately among the parents and hybrids is
essential because it is a well known fact that the strength of association varies
depending on the type of test material used and also from material to material.
However, as the number of restorer parents in Expt. 1 was only three, the correlation
coefficients were calculated only for hybrids, separate|y for yield components,
physiological and biochemical parameters and also for pairs of yield components and

the physiological and biochemical parameters. However, in Expt. 2, the correlation
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coefficients were calculated separately for parents and hybrids for pairs of yield

components.

The association of various characters with grain yield has been worked out by
using purelines and segregating populations in rice. Grain yield has been found to
show high positive correlation with number of productive tillers and grain-number
(Chauhan et al., 1986; Raj and Siddiq, 1986; Kim and Rutger, 1988), 1000-grain
weight (Sukanya and Rathinam, 1986; Vijayakumar et al., 1997), biomass yield
(Siddig and Reddy, 1984; Ganesan and Subramaniam, 1990), harVest index (Vinaya
Rai and Murty, 1979; Sukanya and Rathinam, 1986), flag leaf area (Daskalov et al.,
1986; Bashar etal., 1991) and growth parameters such as CGR, RGR and

NAR (Burondkar et al., 1988; Murty et al., 1986; Murty and Sahu, 1987).

Grain yield and yield components

VThe estimates of correlation coefficients worked out for hybrids of Expt.1
indicate that the yield components such as flag leaf area (0.93), length of main
panicle (0.95), weight per panicle (0.86), 1000-grain weight (0.86) and biomass yield
(0.91) had significant positive correlation with grain yield. Similar observations on the
positive correlation between grain yield and flag leaf area have been made by
Da,skalov et al. (1986), while Wan and Zhong (1981) found a highly significant
correlation between flag leaf area and panicle weight. Sukanya and Rathinam (1986)
and Vijayakumar et al. (1997) reported high correlation between 1000-grain weight
and grain yield per plant. Virmani et al. (1981, 1982) concluded that number of
spikelets per panicle was significantly associated with grain yield, to such an extent
that it compensated for the reduction caused in number of productive tillers per piant.
This was observed even in the present study. The number of spikelets in panicle
exhibited positive and comparatively higher, but non-significant association with grain
yield (0.59), as against the negative .and non-significant association of the number of

productive tillers with grain yield (-0.20).
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The significant inverse relationship between number of productive tillers and .
average panicle weight (-0.65) supports the observations of Rao (1994) that more
number of secondary and tertiary tillers contributed little to grain yield and actually
had negative effect on grain yield. In addition, the significant inverse relationship
between number of productive tillers and spikelet fertility (-0.66) supports the findings
of He and Shen (1991) that, sometimes high tillering observed in rice hybrids is due
to sterility. The positive and significant relationship between flag leaf area and grain
yield indicates that flag leaf contributes significantly to grain yield per plant, with its
positive effect on spikelet fertility, weight per panicle and 1000-grain yield. These
results are in conformity with those obtained by Wan and Zhong (1981) and .Daskalov

et al. (1986).

it was found that weight per panicle was positively associated with total
number of spikelets in panicle, spikelet fertility, 1000-grain weight and also influenced
the biomass yield and grain yield. Similar results were obtained by Chauhan et al.
(1986), Raj and Siddiq (1986), Sukanya and Rathinam (1986) and Vijayakumar et al.
(1997). 1000-grain weight was found to have highly significant positive association
with harvest index and grain yield. These results are in accordance with the findings
of Kim and Rutger (1988) and Vijayakumér etal. (1997). Significant positive
correlation between HI and grain yield has been reported by several workers in rice
(Sahu and Murty, 1976; Vinaya Rai and Murty, 1979 and Sukanya and Rathinam,
1986). The present study also indicates a significant positive association between

harvest index and grain yield.

Sharma et al. (1987) observed that the two major yield components, biomass
yield and harvest index show positive correlation with yield, but correlation between
them is negative. However, in the present study, a moderately positive correlation

was observed between biomass yield and harvest index, indicating the possibility of
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breaking the negative correlation between these yield components and increasing |

the grain yield significantly.

The estimates of correlation coefficients worked out separately for restorer
parents and hybrids of Expt. 2 revealed that the principal components that influence
yield are different in parents, which are purelines and hybrids. It was also noted that
the number of significant relationships for various character pairs was much less in
Expt. 2, compared to that in Expt. 1, for the same set of yield components. This could
be due to the fact that, estimates of correlation are the property of the population

analyzed and these cannot be applied to other population as such.

It was observed that, in parents, grain yield was significantly and positively
associated with the number of productive tillers, panicle length, average weight per
panicle and biomass yield. However, its correlation with harvest index was found to
be weak and in negative direction. The number of productive tillers was found to
influence biomass yield positively. This is expected, as biomass would increase with

‘increase in number of tillers. However, its inverse relationship with harvest index
indicates that presence of more numbers of secondary and tertiary tillers would have
a negative effect on harvest index. These observations are in complete agreement

with those of Rao (1994).

On the contrary, flag leaf area positively and significantly influenced harvest
index. However, it was found to be inversely associated with biomass yield in parents
and positively associated with the same character in hybrids. Panicle length was
found to be non-significantly and positively associated with weight per panicle and
number of spikelets in panicle. As expected, the weight per panicle was significantly

associated with number of spikelets in panicle.

The estimates of correlation coéfficients in hybrids indicate that the attributes

that influence grain yield differ in magnitude than those in-parents. For example, in
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contrast to the observation in parents, number of productive tillers did not have
significant association with any of the yield component or grain yield. interestingly, it
was observed that the character was negatively, although non-significantly correlated
with weight per panicle, total number of spikelets in panicle and spikelet fertility, in
hybrids of both thevexperiments. However, its correlation with 1000-grain weight,
biomass production, harvest index and grain yield was not of the same nature and

magnitude.

Similarly, days to 50% flowering was negatively associated with weight per
panicle, total number of spikelets in panicle, spikelet fertility, harvest index and grain
yield in both the experiments. While compared to the similar associations in parents,
the nature as well as magnitude was different. Similar situations were found for the
association of flag leaf area with number of spikelets in panicle, biomass yield,
harvest index and grain yield. As against the negative relationship between harvest
index and grain yield in parents, the hybrids exhibited significant positive association

between the two characters.

The results indicate that the overall superiority of the hybrids is largely
because of significantly increased panicle weights, high number of spikelets per
panicle, 1000-grain weight, biomass yield and harvest index. Virmani (1986) also
found that high yielding hybrids also had high harvest index and biomass vyield.
However, Yamaguchi et al. (1985) did not find positive correlation between grain

yield and harvest index.

Grain yield and physiological and biochemical parameters

Table 14 clearly indicates that in relation to the physiological and biochemical
characters, grain yield was significantly correlated with leaf area at flowering, LAD at
tillering to flowering, a-amylase activity and NRA at flowering. Among the

components, CGR, RGR, NAR and LAR were found to be positively associated
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among themselves. This is expected as these growth parameters are based on
biomass production at various phases of crop growth phases, the leaf area

production in those stages and the time interval spent in each phase.

Some negative correlations were also observed in the present study. The
crop growth rate during tillering to flowering phase was non-significantly and
inversely associated with NRA at flowering. However, this could be due to the fact
that different genotypes express different growth rates for the same growth phase. In
other words, as clear from Table 5, there was considerable variation in CGR among
the hybrids during tillering to flowering stage offering opportunity for selecting

appropriate hybrids.

The negative association, although non-significant, between leaf area at
flowering and NAR at tillering to flowering phase suggests the need to strike a
balance between these two parameters, which constitute the relative growth rate of

the plant consequently affecting the biological and grain yield.

The highly significant correlation of leaf area at flowering with LAD at tillering
to flowering (0.94), indicated that the high leaf area brod‘uced by the hybrids at
flowering stage was retained for long time, which helped them in building high
amounts of photosynthates and ultimately high grain yield, as confirmed by the highly
significant positive correlation of leaf area with grain yield (0.92) and also of LAD at
tillering to flowering phase with grain yield (0.90). These findings support the
observations of Alluri and Vergera (1976) and Yoshida (1981). In addition, significant
associations of leaf area and LAD with NRA at flowering indicate high photosynthates
production by the hybrids. NRA in turn, was significantly related with grain yield,

supporting the findings of Yang and Sung (1980).

These results indicate that with respect to the improvement of biological yield

and grain yield, parameters like crop growth rate, leaf area, LAD, NRA are of
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considerable importance because they constitute a set of characters that show very
strong positive relationship with biological and grain yield, either directly or indirectly.
In view of such close association, it is quite logical to believe that by. manipulating the
genetic potential for high crop growth rate, LAl, LAD and NRA, significant
improvement could be made in biological and grain yield. Efforts to improve even one
of these traits will simultaneously promote the other traits, as these traits are highly
inter-correlated. Nevertheless, one should take into account, the other physiological
parameters associated with these traits, to improve the biological yield. High LA,
especially at flowering is very important, not only for realizing high biomass
production, but also for high grain yield, since photosynthates formed from the start
of flowering will be directed to development of the grains. Thus, dry matter production
follows a positive relationship with grain yield confirming the observations of Vergera
et al. (1970). Hence maintenance of optimum LAl especially at flowering stage is an
imporfant pre-requisite to have high grain and biological yields, as well as high

harvest index.

Yield components and physiological and biochemical parameters

In view of the complex nature of the yield components and their dependence
on the various physio'logical and biochemical characters, it would be necessary to
have a precise knowledge about the nature and strength of association between
these traits. It was found that the number of productive tillers exhibited negative
association with many of the physiological and biochemical characters (Table 15).
However, the association was significant with CGR at tillering to flowering phase
(-0.51). Association with RGR and NAR was also negative, though non-significant.
Aé mentioned above, this could be due to the fact, that these negative associations
are limited only to the particular growth stage, tillering to flowering, which was used

for correlation analysis. Hence, these associations do not necessarily indicate
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inverse relationships between these character pairs in all the growth stages of the

crop.

The number of days to 50% flowering was found to negatively influence the
growth parameters, CGR, RGR and NAR, which is expected, as the rate of growth is
inversely related to time. Flag leaf area was highly correlated with leaf area per plant
(0.85), which is natural. However, its positive and high correlation with LAD at tillering
to flowering indicates that the flag leaf area in the hybrids was maintained for a
significantly longer duration. The highly significant and positive associations of weight
per panicle with LAl at flowering stage (0.79) and LAD at tillering to flowering (0.72)
are in full agreement with the observations of Yaoxing (1996). CGR at tillering to
flowering significantly increased the total number of spikelets in the panicle, as
indicated by the correlation coefficient of 0.60. In addition, the spikelet number in
panicle was significantly influenced by LAI at flowering in positive direction (0.59) and
also by LAD at tillering to flowering, though non-significantly (0.45). These results
underscore importance of these physiological characters per se and significance of

their relationships with yield components and ultimately grain yield.

Spikelet fertility was also significantly influenced by CGR in fillering to
flowering phase as indicated by the correlation coefficient (0.52). This must have
been indirectly through production of higher photosynthates and biomass during this
phase and also efficient translocation of this food material to the grains during
post-anthesis period. Similarly, RGR and NAR also influenced spikelet fertility
positively, though non-significantly. The character, 1000-grain weight was highly
influenced by LAI at flowering (0.77), LAD at tillering to flowering phase (0.86) and
NRA at flowering stage (0.90). These factors once again underscore importance of
these characters in producing high biological and grain yield through production of
more photosynthates and their efficient translocation. This is also clear from

significant positive correlations of these traits with biomass yield and harvest index.
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The present findings on the nature and association between various character
pairs indicate the importance of flag leaf area, number of spikelets in panicle, spikelet
fertility, 1000-grain weight and harvest index for increasing biologicél as well as grain
yields. At the same time, the study also underscores the importance of other
physiological and biochemical characters such as CGR, RGR, LAI, LAD and NRA at

various growth phases for increased biological and grain yields.

In general, it has been observed that the two major yield components,
biomass yield and harvest index, show positive correlation with grain yield, but
negative correlation between themselves (Sharma etal, 1987), therefore,
simultaneous improvement of both these characters has been rather too difficult.
Howevér, as revealed by present finding, the strength of correlation between these
traits varies with the breeding material. The study, in fact, showed that it is possible
to weaken the negative association between these desirable yield 'components and
to combine them favorably by selecting desirable parental lines and following
appropriate breeding strategy. Singh- (1988) has reported a similar trend in cotton
where the negative correlation of boll number with boll weight and biomass with
harvest index has been changed to positive by selective intermating among

segregates of a selected cross combination.

Genetic analysis of yield and yield components in F, populations

Most of the yield contributing characters are quantitative in nature and are
governed by a large number of genes or QTLs. Hence to observe the extent and
pattern of variation for these characters and to distinguish the part of the variation
that is genetic in nature, present investigation was undertaken on nine F, populations
from three AxR, BxR and RxB crosses, involving three CMS lines, PMS 2A, Pusa 5A
and IR 58025A, their respective maintainers and three restorers,‘ Pusa 1127,
Pusa 1124 and PRR 78. Freduency of transgressive segregants was also worked out

for the characters, which indicates the scope of variation in the F, populations and
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their possible use in breeding program. The salient findings of the study are

discussed here.

Among the characters studied in the nine F, populations, the maximum
phenotypic variation (measured as coefficient of phénotypic variation, PCV) was
observed for grain yield and numbers of filled and unfilled spikelets in the main
panicle. This could be because of segregation for pollen fertility. As the fertility
restorer (Rf) gene(s) segregate in F» population, the plants would segregate from
completely sterile to completely fertile. As outcrossing in rice is very less, the plants
with high pollen fertility would produce higher yields. However, the male sterile plants
would produce seed only when fertilized by pollen from fertile plants, resulting in
large variation for grain yield. The large variation in number of unfilled spikelets can

also be explained on the same grounds.

Variation was also high for other panicle characteristics such as weight of
main panicle, weight of all panicles, average weight per panicle, panicle density and
spikelet fertility. All this variation can be traced to segregation for the Rf gene(s).
Considerably high variation was also observed for biomass yield, straw yield and
harvest index. This could result due to variation in different characters in the F

plants.

The least PCV was observed for length of the main panicle followed by
1000-grain weight in the nine F. populations. This indicates the stable nature of these
characters owing to the least environmental influence. However, Kumar et al. (1994)
explained the variation in 1000-grain weight by observing that 1000-grain weight is
highly correlated to grain size, which is a product of grain length and width that are
inherited independently, which leads to variation in grain weights. Genetic analysis of
1000-grain weight by Murai etal. (1987), Kaushik and Sharma (1988) and Siddiq

et al. (1994) revealed that it is predominantly under the control of non-additive gene
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effects. However, some workers have reported that 1000-grain weight is controlled
by additive gene effects (Tripathy and Mishra, 1987) and by both additive and

non-additive gene effects (Sardana and Borthakur, 1987; Mao and Virmani, 1994).

As expected, grain yield also exhibited the highest genotypic variation
(measured in terms of genotypic coefficient of variation, GCV), followed by.numbers
of filled and unfilled spikelets. As stated earlier, variation in pollen fertility resuiting
due to segregation of Rf genes could be the main factor behind the high GCV values
obtained for the yield attributes. The same explanation would hold true for high
genotypic variation observed for other yield attributes such as weights of main
panicle, all panicles, average weight per panicle, spikelet fertility and panicle density.
However, GCV value for total number of spikelets was much less, indicating relatively
stable nature of the character. High GCV values were obtained for flag leaf area
coupled with low ECV values. This indicates that much of the phenotypic variation
observed in the F, populations was due to underlying genetic differences. The lowest
GCV values were obtained for panicle length and 1000-grain weight, again indicating

their stable nature.

In terms of the environmental coefficient of variation (ECV), the highest
values were obtained again for the numbers of filled and unfilled spikelets, indicating
that these characters are affected greatly by environmental (or external) factors, such
as availability of enough load of fertile pollen in the field. Consequently, weights of
main panicle, all panicles and average weight per panicle, in addition to spikelet
fertility, panicle density, grain yield and harvest index also exhibited significant
environmental variation. In comparison, the ECV for total number of spikelets in main
panicle was quite low. As expected, the least variation was observed for 1000-grain
weight and panicle length. Flag leaf area also showed less environmental variation.
These results indicate that these traits are quite stable and form characteristics of a

particular genotype.
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For some characters like number of productive tillers, flag leaf area, length of
main panicle, it was found that the phenotypic as well as genotypic variation in the F;
populations depended on the level of contrast of the character in the parental
genotypes. Higher differences in parents gave rise to higher variation .in the F»
population. However, this condition was not consistent in case of yield parameters,
which are highly influenced by the environment, such as numbers of filled and

unfilled spikelets, weights of panicles, biomass yield, grain yield and harvest index.

The frequency distributions diagrammatically presented in figures 4a through
6¢c indicate that most of the distributions followed the normal curve. The frequency
distributions for all the 17 characters in all the nine F, populations were subjected to
goodness-of-fit test for normal distribution (One sample Kolmogorov-Smirnov test,
“KS test”) and the results have been presented in Tables 21, 22 and 23. Analysis of
these,rtables indicate that for characters like number of productive tillers, flag leaf
area, weight per panicle, biomass yield and grain yield in AF;-1, the deviation of the
frequency distribution from the normal curve was significant at 5% probability level.
However, at 1% probability level, these distributions followed the normal curve.
Alternatively, for characters like, number of productive tillers in BF>-1, number of
unfilled spikelets in BF -3 and RF -3, the frequency distribution significantly deviated
from the normal curve even at 1% probability level. Howevér, deviations for these
characters were inconsistent and differed with the F, populations. This indicates that
the deviations may be due to sampling fluctuations. Incorporating data from large

samples may eliminate the deviations making the distribution normal.

Existence or creation of genetic variability is a must for selecting desirable
genotypes in any crop. Selecting and using transgressive segregants from a cross
between diverse parental lines will utilize the large genetic variation for breeding

highly heterotic hybrids. Hence in the present investigation, F, populations from the
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nine crosses were screened for transgressive segregants in desirable direction. The

results are presented in Table 24 and discussed hereunder.

Some characters like panicle length, 1000-grain weight and total spikelets in
main panicle exhibited high percentage of transgressive segregants in desirable
direction consistently in most of the F, populations. This indicates that this
consistency is due to underlying genetic variation for the character and not merely
due to the positive influence of the environment on the character. This also indicates
polygenic nature of these traits. Transgressive segregants result due to accumulation
of desirable genes from the two parents. Hence, if a trait is governed by polygenes,
there is a greater chance of occurrence of transgressive segregants in segregating
populations like F,. However, the percentage of transgressive segregants for flag leaf
area in the F, populations of first cross combination was much less compared to
those obtained in the second and third cross combinations. This could be due to
presence of identical alleles (or genes) governing flag leaf area in the parental

genotypes. Hence, no transgressive segregants could be detected for this character.

Transgressive segregants were also observed for yield components such as
numbers of filled spikelets, weights of panicles, spikelet fertility and harvest index.
However, as clear from the high environmental variation observed for these
characters, selecting these transgressive segregants for improving yield may not be
successful. For grain yield, however, the percentage of transgressive segregants

obtained was low compared to other yield parameters.

Interestingly, it was observed that in case of the fhird cross combination,
involving IR 58025A, IR 58025B and PRR 78, the percentage of transgressive
segregants was much high for most of the characters, than that observed in the first
and second cross combinations. This could be due to the parental lines being

genetically more diverse in this cross combination than those of the first and second
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cross combinations. It is worth to note that BF;-3 and RF;-3 were among the highest
yielding hybrids from resulting from this cross combination in Expt. 1, which

strengthens the proposition of diversity of the parental lines.

The present study on segregation pattern of various yield attributes in the
nine F; pobulations indicates that most of the characters are quantitatively inherited.
It is well known that the quantitative traits are mostly governed by non-additive and
epistatic gene actions. Hence heterosis breeding is the most suitable approach to
break the genetic yield ceiling in rice. In fact, Xiao et al. (1995) have already shown
that dominance is the major genetic basis of heterosis in rice, while Yu et al. (1997)
have shown that epistasis is the genetic basis of heterosis in an elite rice hybrid. In
addition, Zhang et al. (2001) have demonstrated epistasis underlying the genetic
basis of quantitative characters and heterosis in rice. They have listed several QTLs
governing yield and yield components, which were detected using several kinds of
DNA markers (Table 30). This indicates that a major part of variation in even complex
traits like grain yield or number of grains per panicle is in fact governed by relatively a
small number of QTLs with major effects. Yet these QTLs do not account for
complete variation observed for the trait in question, which indicates that the
remaining variation may be controlled by a large number of genes (polygenes) with

small individual effect.

Effect of sterility inducing cytoplasm on various characters

The ‘wild abortive’ (WA) male sterility inducing cytoplasm from Oryza sativa f.
spontanea has been gainfully utilized to ease the system of controlled pollination and
thereby to pave a way for exploiting heterosis in rice. Some investigations indicated
that the sterility inducing cytoplasm influences expression of certain agronomic
characters in addition to inducing male sterility. However, such reports are in scanty

with respect to the physiological and biochemical characters, which are also equally



Table 30 : QTLs detected for yield and yield components (Zhang et al., 2001)

Character arL® Flanking markers LOD score A D

Yield yd1 R753-C161 35 03 32 0
yd1b RG101-C922 2.6 17 03 3
yd4 R514-C2807 24 18 14 4
yd5 G193-RZ649 33 05 34 3
yd5a C624-C246a 2.7 14 29 0
yd5b RG360-R1674 25 1.5 0.2 4
yd6 R565-R902 28 1.7 0.4 4
yd7° RG128-C1023 35 18 23 2
yd8 C483-R1629 3.2 0.8 24 1
yd11® C950-G389b 3.2 05 27 1

Tillers per plant tp4 C820-C56 3.1 -0.4 -0.1 2
tp5 G1458-G193 238 04 02 2
tp7 RZ471-MX2 3.2 0.5 05 6
tp10 C677-G4003 27 02 05 4

Grains per panicle gpla R753-C161 3.1 -5.2 44 0
gp1b RG173-RG532 4.2 79 35 4
gp3 R1966-G144 83 100 -36 1
gp5° G193-RZ649 24 13 103 1
gp6° RG653-G342 25 4.1 56 1
ap7 C1023-R1440 4.7 52 65 2
gp11 C950-G389b 3.1 07 73 0

1000-grain weight gw1® R753-C161 35 0.7 1.5 1
gw3®? R19-RZ403 11.4 18 04 8
gw3a C944-C746 9.5 14 02 3
gw3b R1966-G144 11.4 17 07 9
gws* RG360-C734 8.5 13 0.1 1
gwé R1952-C226 26 0.7 0.5 3
gwéb R565-R902 47 1.0 0.3 5
gw7°*®  RG128-C1023 2.3 10 02 3
gws C1121-RG333 27 0.7 07 5
gw9 R2638-RG570 4.1 1.2 03 0
gw11® RM4-RG98 22 06 07 1

# = Numbers following the two letters represent the chromosomal locations of the QTLs.

A = Additive effect, D = Dominance effect, IL. = Number of loci with which the QTL interacts.

b.c.d-¢ = Pairs of interacting loci within a character.



CHAPTER 5 Discussion 158

important in expression of heterosis. Such an understanding would facilitate selection
of the desirable heterotic combinations with least negative effect of the sterility

inducing cytoplasm on traits of economic importance.

Since only a part of the mitochondrial genome accounts for male sterility, it
provides a scope for selection of mitochondrial recombinants that would not possess
undesirable effects, through a technique such as somatic hybridization. Further,
replacement of the chloroplast genome of the male sterility inducing cytoplasm to
eliminate the chlorotic effects in hybrids is also feasible through development of
cybrids. Therefore, present investigation was undertaken to study the effect of male
sterility inducing cytoplasm on various yield parameters and physiological and

biochemical characters influencing grain yield.

Three sets of hybrids were evaluated to study the effect of male sterility
inducing cytoplasm on various characters. First set involved the hybrids PMS 2A x
Pusa 1127 (AF;-1) and PMS 2B x Pusa 1127 (BF;-1), the second set involved the
hybrids Pusa 5A x Pusa 1124 (AF;-2) and Pusa 5B x Pusa 1124 (BF;-2), while the
third set involved the hybrids IR 58025A x PRR 78 (AF,-3) and IR 58025B x PRR 78

(BF-3).

Zhu (1979) found that the sterility inducing cytoplasm reduced plant height,
panicle exertion and number of grains per panicle, while there was no significant
effect on panicle length and dimensions of flag leaf. Lu et al. (1980) found negative
effects of the sterility inducing cytoplasm on number of spikélets per panicle, number

of filled spikelets per panicle, 1000-grain weight and grain yield.

Comparison of the three AF;s with their respective BF,s revealed significant
differences between them for 38 of 53 characters (some characters studied at
different growth phases) (Table 28). The results are discussed here for the

characters that exhibited significant differences between the two kinds of hybrids.
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Significant reduction in plant height was observed in case of all the three
AF,s. Generally, the A lines are shorter than the corresponding B lines, because of
reduced length of the uppermost internode, which is due to negative influence of the
sterility inducing cytoplasm. Negative effects of the sterility inducing cytoplasm on

plant height have been reported earlier by Wan (1980), Young and Virmani (1990).

An interesting feature of the effects‘ of the WA cytoplasm was the positive
influence on the number of productive tillers. All the three AF,s had higher number of
productive tillers as compared to their counterparts; however, the effect was
significant only in case of AF;-2. Such significant positive effect of the sterility
inducing cytoplasm on tillering has been reported by other workers as well (Lu et al.,
1980; Wan, 1980; Zhuang and Wu, 1982; Virmani and Edwards, 1983). High tillering
observed in the A line hybrids may probably due to consequent effect of sterility.
Varying degree of sterility in the A line hybrids appears to ehhance tiliering as the
extra food material, which is not utilized for grain development could probably be

diverted to vegetative growth in the form of extra tillers.

Highly significant positive effect of the male sterility inducing cytoplasm on
days to 50% flowering and days to maturity was observed, which was in undesirable
direction. The period form seedling to heading was longer in AFs compared to their
counterparts. Delayed flowering in the AF;s can be traced to their female parents,
which also flowered late as compared to the respective maintainer lines. The results

are in full agreement with the findings of Wan (1980) and Saran and Sahai (1985).

Among the various yield influencing parameters, characters like grain filling
duration, length of main panicle, weight per panicle, number of filled spikelets,
spikelet fertility, 1000-grain weight and biomass yield demonstrated cross specific
nature of the effect and magnitude of the sterility inducing cytoplasm. Regarding

panicle traits, the common effect of the sterility inducing cytoplasm was general
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reduction in the length of main panicle, weight of panicles, numbers of filled and total
spikelets and spikelet fertility. These results are in full agreement with those obtained
by Zhu (1979), Lu etal (1980) and Viraktamath (1987). The sterility inducing
cytoplasm exhibited positive influence on the number of unfilled spikelets per panicle,

which was, obviously, undesirable.

For spikelet fertility, all the AF,s showed deviation in negative: direction, which
tend to support the findings of Muker and Sharma (1993) and Shen and Xue (1997).
This negative effect of the sterility inducing cytoplasm on spikelet fertility »Was,
however, significant only in case of AF4-1, indicating that the effect can be reduced
by selecting appropriate combinations. The WA cytoplasm also has negative effect
on panicle exertion (Zhu, 1979; Rangaswamy et al., 1987, He and Shen, 1991),

reducing the basal spikelet fertility.

As stated earlier, reports on the effects of the male sterility inducing
cytoplasm on physiological and biochemical parameters influencing grain yield and
harvest index in rice are in scanty (Sasahara et al., 1986 and Chen et al., 1987). In
the present study, the WA cytoplasm, in general, had significant negative effects on
CGR as well as RGR in all stages of growth of the crop. However, the effects differed
according to cross combination, as well as growth stage. Thus negative influence of
the WA cytoplasm on these important growth parameters in AFss may have resulted

in their poor performance compared to their respective BFs.

Negative influence of the male sterility inducing cytoplasm in AF;s also
continued for NAR, leaf area, LAR, LAl, LAD and also on activities of the enzymes
a-amylase and nitrate reductase. However, for grain related biochemical
components, negative effects of the WA cytoplasm were not significant in any case.
For NAR at tillering to flowering, the effect ranged widely, from -26.99% in AF,-3 to

20.21% in AF;-1. While, these two hybrids expressed extreme differences, which
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were highly significant, the hybrid AF;-2 did not exhibit a significant difference of the

~ cytoplasm. This once again indicates cross specific nature of influence of the WA

cytoplasm on various characters.

However, despite presence of significant negative effects of the sterility
irid.ucing'cytoplasm on various characters, the overall effects on grain yield per plant
and harvest index, although negative, were not éignificant. This could be due to
character compensation. Negative effects of the WA cytoplasm on grain yield ranged

from -6.18% to -13.34%, while those on harvest index ranged from -3.59% to

-10.42%.

A perusal of Table 28 reveals another interesting fact. For some characters,
including leaf area at seedling stage, LAD at tillering to flowering and NRA at 25 days
after flowering, it was observed that lower magnitude of influence of the WA
cytoplasm on those characters in a cross was significant, however, higher values in
other cross(es) were non-significant. This is due to the fact that the AF;s were
compared with the respective BFs for calculating the effect of the sterility inducing
cytoplasm and not with other AF;s. Each of the AF;s and BF;s had different
magnitude of variation, which resulted in a different ‘t' value for each set. Hence, for
example, for LAD at tillering to flowering, the value of 2.54% in AF,-1 was significant;
while the higher value of 5.29% in AF,-3 was non-significant for negative effect of the

male sterility inducing cytoplasm. The same holds true for the above-mentioned

characters as well.

In summary, the present investigation broadly indicates that the sterility
inducing cytoplasm affect several characteristics in hybrids in terms of their per se
values as well as the extent of heterosis. Some of the effects in the A line hybrids
such as plant height, days to 50% flowering, days to maturity and tillering are similar

to those observed in the respective female parents. As some of the effects appear to
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be a result of sterility, it is possible to reduce or overcome the expression of negative
heterosis by careful selection of the parents. In addition, the use of these cytosterile
lines, which would suppress the fertility to a minimum extent and the use of effective
restorer lines would help in overcoming the negative effects of the sterility inducing

cytoplasm in some cases.

Effect of reciprocal cross differences on various characters

To study the influence of reciprocal cross differences on yield components
and the physiological and biochemical parameters influencing grain yield, three sets
of hybrids, each consisting of an F4 (BxR), designated as BF; and respective
reciprocal F; (RxB) designated as RF; were evaluated. The first set involved the
hybrids PMS 2B x Pusa 1127 (BF:-1) and Pusa 1127 x PMS 2B (RF1;1), the second
set involved the hybrids Pusa 5B x Pusa 1124 (BF,-2) and Pusa 1124 x Pusa 5B
(RF;-2), while the third set involved the hybrids IR 58025B x PRR.78 (BF;-3) and

PRR 78 x blR 58025B (RF,-3).

Associated influence of the reciprocal cross differences on various characters
was studied by comparing the BF;s with respective RF,s for all the characters. The
nature and magnitude of reciprocal cross influence was worked out as per cent
increase or decrease in performance of RFss over the performance of BF;s and the
results are presented in Table 29. Significant to highly significant differences existed
between BF;s and RF;s for 29 of the 53 characters studied. The resuits are
discussed here for characters that exhibited significant differences between the two

kinds of hybrids.

Among the yield components, significant reciprocal cross differences were
observed only for five characters, viz. plant height, days to 50% flowering, days to

maturity, grain filling duration, weight per panicle and spikelet fertility. Although,

| B8 eFF 1 d RF 2 |t |in than their corresponding,BF s the influence was
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Interestingly, as clear from Table 29, RF;-3 did not perform as well as the
other two RF;s. This is due to the fact that the restorer parent, PRR 78, is an
isocytoplasmic restorer with WA cytoplasm. Influence of the WA cytoplasm on the
per se performance of PRR 78 is indicated by reduction in weight of main panicle as
well as of all panicles, spikelet fertility, biomass yield, grain yield and harvest index.
However, the restorer performed better than other restorer Pusa 1127 which had
normal cytoplasm. In addition, despite having the sterility inducing (WA) cytoplasm,
PRR 78 was the tallest of the three restorers and was observed to have nearly
complete panicle exertion (data not presented). This could be due to favorable
nucleo-cytoplasmic interactions in PRR 78 that may have masked the negative effect
of the WA éytoplasm. This indicates that it is possible to breed for desirable restorers

or hybrids having the least effect of the WA cytoplasm on desirable traits.

Taking this into account, the cross PRR 78 x IR 58025B, would produce a
hybrid with WA cytoplasm. Hence, theoretically, the hybrids, AF;-3 (IR 58025A x
PRR 78) and RF;-3 (PRR 78 x IR 58025B) will have the same nuclear as well as
cytoplasmic genotype and hence they are expected to perform similarly. In fact, this
has been observed in the present investigation. A comparison of performance of the
two hybrids indicates only minor differences in their performance. However, RF-3
had. more érain yield and harvest index compared to that of AF;-3, which may be due
to higher number of productive tillers, higher panicle weights resulting due to higher

number of filled grains and spikelet fertility in RF4-3.

To sum up, the present study on reciprocal cross differences broadly
indicates influence of reciprocal effects on several characters in terms of their per se
values as well as on the extent of heterosis. Hence, it is important to consider
performance of both the direct and reciprocal hybrids while selecting a desirable
hybrid combination. If performance of the reciprocal hybrid is significantly superior to

the direct hybrid, production of the reciprocal hybrid may be considered using tools
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such as male gametocides or environmentally induced genetic male sterility (EGMS)

system.

The present findings reveal the importance of association of various
physiological and biochemical characters with yield and yield components and a
possibility for their utilization in breeding programs. The study also reveals the effects
of the sterility inducing cytoplasm on various yield components as well as on the
physiological and biochemical characters. In addition, the present investigation has
tried to explain the reciprocal cross differences observed and their use in formulating
appropriate breeding strategy. Thus the findings of the present investigation may
serve in formulating selection criteria in first eliminating undesirable crosses and
concentrating more on the few desirable cross combinations which are likely to throw
transgressive segregants. Such an effort would economize the breeding program by
~isolating potential recombinant inbred lines, having superior morpho-physiological
and biochemical traits, which can be used as parents in hybrid breeding program,

which is expected to increase the genetic yield potential of the resulting hybrids.
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SUMMARY

Exploitation of hybrid vigor is one of the means to raise the genetic yield
ceiling in crop plants. After successful demonstration of commercially exploitable
'heterosis_ in rice by China and followed by India, the world witnessed a major
breakthrough in increasing the yield potential of rice. However, to enhance the
present level of heterosis, a critical understanding of morpho-physiological and
biochemical characters affecting grain yield is essential, which has remained
untapped so far. Identifying the physiological and biochemical processes responsible

for high grain yield may help plant breeders to develop very high yielding genotypes.

In addition, there are reports of negative influence of the male sterility
inducing (WA) cytoplasm on various characters of economic importance. Hence, it is
important to understand the nature and magnitude of influence of the WA cytoplasm
on various characters, particularly of physiological and biochemical nature, for their
successful manipulation. Such an understanding would faciiitate selection of

desirable heterotic combinations with the least negative effect of the cytoplasm.

Since heterosis is a phenomenon of superior growth, development,
differentiation and maturation caused by interaction of genes, metabolism and
environment, a logical approach to explain heterosis would be to take into account

contribution of the nuclear genome as well as of the organelle genomes.

Keeping in view the lack of information on these aspects, the present
investigation was carried out with the following objectives:
1) To study heterosis for various morpho-physiological and biochemical parameters
influencing yield components and their association with grain yield,
2) Genetic analysis of selected morpho-physiological and biochemical characters,

3) To study the reciprocal differences in relation to heterosis for yield and yield

components.

The materials and methods used, salient findings and conclusions drawn from

the present investigation are summarized topic wise as follows:
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Magnitude of heterosis for various characters

Two separate experiments were conducted to study the nature and
magnitude of heterosis on various characters. The first experiment involved nine
hybrids and their parents along with a check variety. These were evaluated in
randomized block design with two replications. Observations were recorded on yield,
yield components and various physiological and biochemical characters. The second
experiment was laid out similarly with thirteen hybrids, their parents and a check
variety. In thris experiment observations were recorded only for yield and yield

components.

The nature and extent of heterosis over better parent and standard check
were found to vary depending on cross combination and the character under study.
Majority of the hybrids exhibited significant positive heterobeltiosis for weight of
panicles, number of filled spikelets, biomass yield, harvest index and grain yield. In
Expt. 1, high heterobeltiosis was also observed for growth parameters, leaf area, leaf
area duration, nitrate reductase activity and a-amylase activity. Heterobeltiosis for
-grain yield per plant varied from 7.53% to 50_.11% in Expt. 1 and from -5.90% to
74.91% in Expt. 2. The hybrids, RF,-2 (Pusa 1124 x Pusa 5B) and BF;-3 (IR 58025B
- x PRR 78) were found to be superior in Expt.1, while in Expt. 2, the hybrids PRH 16
(Pusa 5A x PRR 76) and PRH 5. (Pusa 5A x PRR 24) were superior. It was found
| that, in many cases high biomass yield was associated with low harvest index.
However, the hybrids BF;-3 in Expt. 1 and PRH 5 in Expt. 2 were particularly

' éuperior, whibh cbmbined high biomass with high harvest index.

In terms of heterosis and heterobeltiosis for physiological and bidchemical
- characters, the high yielding hybrids also-exhibited high crop growth rate, particularly
during initial vegetative growth phase, high leaf area and leaf area duration. They
also exhibited high heterobeitiosis for o-amylase activity in germinating seeds.
However, in terms of grain characteristics such as contents of nitrogen, protein,

amylose and starch, the hybrids did not exhibit significant superiority.
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Nature and magnitude of character association

Simple correlation coefficients computed for pairs of yield components
indicated that the magnitude of association varied between hybrids and parents. In
hybrids, grain yield was significantly and positively correlated with flag leaf area,
wéight per panicle, number of spikelets in panicle, spikelet fertility, 1000-grain weight,
biomass yield and harvest index. While, in case of pollen parents (Expt. 2), grain
yield was positively influenced by number of productive tillers, length and weight of
panicles, number of spikelets in panicle and biomass yield. Taking into account the
physiological and biochemical characters, grain yield was positively influenced by
leaf area, leaf area duration, a-amylase activity and nitrate reductase activity. When
correlation coefficients were computed for pairs of yield components and
physiological and biochemical characters, it was found that, leaf area at flowering,
leaf area duration, a-amylase activity and nitrate reductase activity were the most
important characters as they were significantly correlated with flag leaf area, panicle
Iength, panicle weight, number of spikelets per panicle, spikelet fertility, 1000-grain

weight, biomass yield, harvest index and finally, grain yield.

Pattern of variation for yield components in F; populations

Studies on‘ the pattern of variation and segregation-for yield and y.ield’
components in nine F, populations reveled that most of the traits followed normal
distribution, indicative of polygenic nature of those characters. All the yield related
traits such as number of fi]led_spikelets, panicle w_eight, panicle density and spikelet-'
fertility and grain yield varied greatly with high coefficients of phenotypic (PCV) as
well as genotypic (GCV) variation. However, some characters like, panlcle length and

' 1000 graln welght exhlblted very low PCV and GCV values |nd|cat|ng thelr relatlve|y"" i
stable nature. It was found that, for some characters, high contrast in parents gave
rise to large variation in the F, populations. Some characters like panicle length,
1000-grain weight and spikelets per panicle exhibited high percentage of
transgressive segregants in desirable direction in most of the F. populations.

Transgressive segregants were also observed for characters like number of filled
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spikelets, weights of panicles, spikelet fertility and harvest index. These extreme
genotypes are presumed to result due to accumulation of desirable genes coming
from both the parents. These could be used as parents in hybrid breeding program,

which is expected to increase the genetic yield potential of the resulting hybrids.

Effects of male sterility inducing cytoplasm on various characters

In hybrid rice breeding program based on CMS, the effect of male sterility
inducing (WA) cytoplasm on yield contributing morpho-phyéiological and biochemical
characters is of much importance. In order to study influence of the cytoplasm on
various morpho-physiological and biochemical characters, an investigation was
carried out by evaluating three sets of AxR (AF;) and BxR (BF,) hybrids. Associated
influence of the sterility inducing cytoplasm on various characters was studied by

comparing the AF;s with respective BF;s.

It was observed that the nature and magnitude of effects of the WA cytoplasm
varied with character in question and also the cross combination. Ir general, the WA
cytoplasm negatively influenced yield component characters like, plant height,
" panicle length, number of filled grains and weight per panicle, spikelet fertility, -

1000-grain weight, biomass yield, harvest index and grain yield, while it enhanced
number.productive tillers and growth duration. Negative effect of the WA cytoplasm _
~was evident in case of all the physiological and biochemical characters in various
growth stages. Thus the per se performance the AF;s was found to be lower than
that of the respective BF s, indicating an overall negative effect of the WA cytoplasm.
-~ Since some of the effects Were obviously the outcome of the extent of sterility, it is -
possible to reduce or overcome the negative influence of cytosterility by choosing

- ~appropriate restorers and CMS lines that suppress fertility restoration the least. -

Influence of reciprocal cross differences on various characters

To study the influence of reciprocal cross differences on yield components
and various physiological and biochemical characters influencing grain yield, three
sets of hybrids, each consisting of an F; (BxR), designated as BF, and respective

reciprocal F, (RxB) designated as RF,, were evaluated. Since reciprocal hybrids do



CHAPTER 6 Summary 170

not differ from direct hybrids with respect to nuclear genome, any difference in
performance of these two can be attributed to their organellar genome differences.
The organellar genome constitution of a reciprocal hybrid is likely to be different than
that of the direct hybrid, because of maternal inheritance of the cytoplasm.
Associated influence of the reciprocal cross differences on various characters was

studied by comparing the BFs with respective RF,s.

Among the yield components, significant reciprocal cross differences were
observed for five characters, viz. plant height, days to 50% flowering, days to
maturity, grain filling duration, weight per panicle and spikelet fertility. Significant
reciprocal differences were also observed for all the physiological and biochémical
characters studied, except for grain characters such as, contents of nitrogen, protein,
starch and amylose. The overall performance of reciprocal hybrids (RxB), in general,
was found to be superior to that of the respective direct hybrids (BxR). The estimates
of reciprocal cross differences thus provide a good choice for deciding the order of
parents and producing new hybrid combinations which could be superior to the direct
~ hybrids. If performance of the reciprocal hybrid is signifiéantly superior, its prbduction
may be considered using tools such as male gametocides orwénvi'ronmeh:t'a'lly |

induced genetic male sferility (EGMS) system.

T fesy



REFERENCES

Akita S (1988) Physiological basis of heterosis in rice. In: Hybrid Rice. IRRI, Manila,
Philippines. pp. 67-77.

Akita S, Blanco L, and Katayama K (1990) Physiological mechanism of heterosis in seedling

growth of indica F; rice hybrids. Jpn. J. Crop Sci. 59: 548-556.

Amirthadevarathinam A (1983) Genetic variability, correlation and path analysis of yield

components in upland rice. Madras Agric. J. 70(12): 781-785.

Anonymous (1982) Effects of male sterile cytoplasm on major characters in the F, in rice.
Scientia Agric. Sin. No. 4: 7-12.

Anonymous (2002) Crop production tables. [Available online:

http://www fas.usda.goviwap/circular/2002/02-04/tables.html]

Ashby E (1930) Studies on the inheritance of physiological characters. . A physiological

investigation on the nature of hybrid vigor in maize. Ann. Botany 44: 457-467.

Ashby E (1932) Studies on the inheritance of physiological characters. Il. Further experiments
upon the basis of hybrid vigor and upon the inheritance of efficiency index and

respiration rate in maize. Ann. Botany 46: 1007-1032.

Bakshi Ram, Yunus M and Naidu MR (1987) Genetics of harvest ihdex and its component

characters in spring whe_at. Agric. Sc(. Digest, India. 7(2): 73-76.

Balachandran SM, Sarma NP and Siddiq EA (1996) Does cytoplasm influence anther culture
response in rice? Abstracts, 2" intern. Crop Sci. Cong., Nov 17-24, 1996, New Delhi,
India. pp. 21. ' ‘ '

Balasubramanlan V, Kumar CHMV and Ahmed Mi (1999) Pre-flowering dry matter and yield
' component relationships in rice hybrlds Indian J. Plant Physiol. 4(1): 55.57.

Banga SS (1998) Heterosis: an introduction. In: Hybrid Cultivar Development. Banga SS and |
Banga SK (Ed) Narosa Publlshlng House New Delh| pp 1-16.

.Bashar MK, Haque E, Das RK and Mlah NM (1991) Relatlonshlp of flag leaf area to yleld
filled grains per panicle, and panicle length in upland rice varieties. Intl. Rice Res.

Newsl. 16(2): 12.

Beevers L and Hageman RH (1969) Nitrate reduction in higher plants. Ann. Rev. Plant
Physiol. 20: 495-522.

Bhavan VM and Pande HK (1966) Measurement of leaf area in rice. Agron. J. 58: 454.



i

Blanco L, Akita S and Virmani SS (1986) Growth and yield of F, rice hybrids in different levels
of nitrogen. Jpn. J. Crop Sci. 55 (extra issue) 1: 12-13.

Boppenmaier J, Melchinger AE, Seitz G, Geiger HH, and Herrmann RG (1992) Genetic
diversity for RFLPs in European maize inbreds: | Relation to performance of Flint x

Dent crosses for forage traits. Crop Sci. 32: 895-902.

Burondkar M, Chavan SA, Jadhav BB and Birari SP (1988) Physiological basis of varietal
differences in yield of early rice varieties. J. Mah. Agric. Univ. 13(3): 343-344.

Burton GW and Dewane CH (1952) Quantitative inheritance in grasses. Proc. 6" Int.
Grassland Cong. 1: 277-283.

Carnahan HL, Erickson JR, Tseng ST and Rutger JN (1972) Outlook fer hybrid rice in USA.
In: Rice Breeding. IRRI, Philippines. pp. 603-607.

Cassman KG, Kroff MJ and Yan Zhen-De (1994) In: Hybrid Rice Technology: New
Developments and Future Prospects. Virmani SS (Ed.). IRRI, Manila, Philippines. pp.
81-96.

Chang TT (1984) Conservation of rice genetic resources: luxury or necessity? Science

224: 251-256.

Chang TT, Li CC and Tagumpay O (1973) Genetic correlation, heterosis, inbreeding

depressuon and transgresswe segregation of agronomlc tralts in a dlallel cross of rlce N

(Oryza sativa L.) cultivars. Bot. Bull. Acad. Sin. (Taipei) 14: 83-93.

Chang WL, Li WY and Zhang WL (1981) Inheritance of amylose content and gel consistency
in rice. Bot. Bull. Acad. Sin. 22(1): 35-47. '

Chauhan JS and Nanda JS (1983) inheritance of amylose content and its association W|th

grain yield and yield contributing characters in rice. Oryza 20(2-3): 81-85.

Chauhan SP, Slngh RS, Maurya DM and Vaish CP (1986) Character association in upland :

rice cultlvars of India. Intl. Rice Res. News!. 11(4): 8

Chen YH, Cai JM and Lu HR (1987) Effects of male sterile cytoplasms and nucleocytoplasmlc
: lnteractlons on the genetlc performance of nce J. Jlangsu Agr/c Coll. 16(3) 190 197

Cherry JH, Hageman RH, Rutgor JH and Jones JB (1960) Acid soluble nucleotldes and

ribonucleic acid of different corn inbreds and single cross hybrids. Crop Sci.

2: 133-136.

Daskalov A, Zapryanov Z! and Chilikov | (1986) Correlation between flag leaf area and grain
number in rice. Rasteniev"dni Nauki. 23(6): 20-22.

Davis RA (1927) Report of plant breeder. Rep. Puerto Rico Agric. Expt. Sta. Puerto Rico, pp.
14-15.



ifi

Daynard DB and Kennenberg LW (1976) Relationships between length of the actual and
effective grain filling periods and the grain yield of corn. Can. J. Plant Sci. 56: 237-
242. .

Deng HD (1984) Study on prediction of heterosis in crops. Il. Analysis of heterosis of rice and
its esterase zymogram patterns, complementary patterns and artificial hybrid

zymogram patterns. Hunan Agric. Sci. 5:10.

Donald CM and Hamblin J (1976) The biological yield and harvest index of cereals as
agronomic and plant breeding criteria. Adv. Agron. 27: 361-405.

Duan J, Liang CY, Huang YW, Duan J, Liang CY and Huang YW (1997) Studies on leaf
senescence of hybrid rice at flowering and grain formation stage. Acta Phytophysiol.
Sin. 23(2): 139-144

Dwivedi JL and Nanda JS (1979) Inheritance of amylose content in three crosses of rice.
Indian J. Agric. Sci.. 49(10): 753-755.

East EM and Hays HK (1912) Heterozygotes in evolution and in plant breeding. Bur. Plant
Indust. Bull. 243, USDA. 58 pp. /

Falconer DS (1982) Introduction to quantitative genetics. 2" Edn. Longman. London.

Fujimaki H and Yoshida H (1984) Development of male sterile-restoring system for hybrid rice
production. 2. Variation of days to heading of half—sib F, hybrids with a.common
female parent ‘Akihikari’. Jpn. J. Breed. 34(suppl. 1): 196-197. '

Futsuhara Y and Kikichi F (1984) Gene analysis for agronomic traits. /n: Biology of rice.
Tsunoda S and Takahashl N (Ed.). Japan Scn Soc. Press, Tokye. pp. 275-291.

GaII|s A (1988) Heter05|s its genetic basis and its utlhzat|on in plant breeding. Euphytica
39(3): 95-104.

Ganesan K and Subramaniam M (1990) Genetic studles of the F2 and F3 of tall x semi-dwarf

rice vanetles Intl Rice Res. Newsl. 15(1) 4-6.

| Gibson PT and Schettz KF (1977) Growth analySIs of a sorghum hybrld and its parents. Crop
Sci. T: 387-391.

Gilbert SF (1994) Developmental Biology. Sinauer Assoc. Inc. Massachusetts, USA. pp. 148-
149, 423-431.

Goff SA (1999) Rice as a model for cereal genomics. Curr. Opin. Plant Biol. 2: 86-89.

Gomathinayagam P, Pappiah CM and Sundrapandian G (1988) Path coefficient analysis in
upland varieties of rice. Madras Agric. 75(11-12): 449-450.



iv

Govinda Raj, K (1983) Studies on problems of hybrid rice with special reference to genetic
and biochemical basis of male sterility-fertility restoration system. Ph.D. Thesis, IARI,
New Delhi, India.

Guo PG and Li MQ (1997) Studies on photosynthetic characteristics in rice hybrid progenies
and their parents. Il. Hill reaction, photophosphorylation, ATPase activity and ATP
content in leaves. J. Trop. and Subtrop. Bot. 5(1): 65-70.

Haig D and Westoby M (1991) Genomic imprinting in endosperm: its effect on seed
development in crosses between species, and between different ploidies of the same
species, and its implications on the evolution of apomixis. Phil. Trans. R. Soc. Lond.
B 333: 1-13.

He ZC, Li WY and Xiao YH (1990) Studies on the activities of glycolic acid oxidase and
cytochrome oxidase in seedling shoots of hybrid rice and its parents. Plant Physiol.
Commu. No. 2: 23-26.

He ZH and Shen ZT (1991) Inheritance of panicle exsertion and improvement of male sterile

line in rice. Chinese J. Rice Sci. 5: 1-6.

Heda GD and Reddy GM (1986) Studies on the inheritance of amylose content and

gelatinisation temperature in rice (Oryza sativa L.). Genetica Agraria 40(1): 1-8.

' Hegde SG (1987) Correlation and path analysns in dlfferent genotypes of rice (O sativa L)
‘ under varied spacing and fertility levels. Mysore J. Agric. Sci. 21(1) 96. '

Hirao K, Kubota F and Agata W (1995) Evaluation of the heterosis in leaf photosynthesis or
remote cross F rice.(Oryza sativa L.). J. Agron. Crop Sci. 175(4): 265-270. '

Hong MC, Huang SS, Lin JL, Wu ST and Thseng FS (1985) Systematic approach to the
physiological genetice of assimilate prodUction and pa'rtitioning processes during
grain filling period in paddy rice. IV. Diallel analysis of grain characters. J. Agric. and
Forestry 34(1):13-21. =~ ’ '

. Hongde D (1988) Biochemical basis .of Heterasis in rice. In: Hybrid Rice. IRRI, Manila, .
Philippines. pp. 55-66.

"Hunan Agricuitural Collegé (1977) A physiological and “biochemical comparison betwéen:
Nan-You 2 and its parents. Hunan Agric. Sci. Technol. China 1: 16-17.

Jain A, Bhatia S, Banga SS, Prakash S, and Lakshinikumaran M (1994) potential use of
random amplified polymorphic DNA (RAPD) technique to study the genetic diversity
in Indian mustard (Brassica juncea) and its relationship to heterosis. Theor. Appl.
Genet. 88: 116-122.



Jennings PR (1967) Rice heterosis at different growth stages in a tropical environment. /nt.
Rice Comm. Newsl. 16: 24-26.

Jinks JL (1983) Biometrical genetics of heterosis. In: Heterosis: Reappraisal of Theory and

Practice. Frankel R. (Ed.). Springer Verlag. Berlin, Heidelberg, New York. pp. 1-46.

Jinks JL and Jones RM (1958) Estimation of the components of heterosis. Genetics
43: 223-234.

Jones DF (1917) Dominance of linked factors as a means of accounting for heterosis. PNAS.
3: 310-312.

Jones JW (1926) Hybrid vigour in rice. J. Am. Soc. Agron. 18: 423-428.

Joshi SP (2001) Rice Genomics: Use of DNA markers for phylogenetic and hybrid

performance analysis. Ph.D. Thesis. Univ. of Pune, India.

Juifiqguar AW, Virmani SS and Chopra AL (1985) Genetic divergence among some maintainer
and restorer lines in relation to hybrid breeding in rice (Oryza sativa L.). Theor. Appl.
Genet. 70: 671-678.

Kalaimani S and Kadambavansundaram M (1988) Heterosis in rice. Madras Agric. J.-
74(10-11): 450-454.

Kalaimani S and Sundaram MK (1987) Genetic analysis in rice (O. sativa L.). Madras Agric. J.
74(8-9): 369-372.

Karrer EE, Chandler JM, Foolad MR and Rodriguez RL (1993) Correlation between
alpha-amylase gene expression and seedling vigor in rice. Euphytica 66(3): 163-169.

Karunakaran K (1968) Expression of heterosis in some intervarietal hybrids of Oryza sativa L.
Agric. Res. J. Kerala. 6(1): 9-14.

Kato H, Tanaka K, Nakazumi H, Araki H, Yoshida T, Ogi Y, Yanagihara S, Kishimoto N and
- Maruyama K (1994) Heterosis of biomass among rice ecospecies and isozyme
polymorphism and RFLP. Breed. Sci. 44(3): 271-277. |

Kato T (1989) Relationship between grain filling process and sink capacity in rice (Oryza
- - sativa L.). Jpn. J; Breed. 39(4}: 431-438.
Kaushik RP and Sharma KD (1988) Gene action and combining ability for yield and its

component characters in rice under cold tolerance. Oryza 25(1): 1-9.

Khanna-Chopra R and Sinha SK (1995) Physiological basis of homeostasis in heterotic
hybrids of maize and sorghum. In: Hybrid research and development. Rai M and
Mauria S (Ed.). Indian Society of Seed Technology. pp. 217-232.



vi

Khanna-Chopra R, Maheshwari M, Gangadhar Rao D and Sinha SK (1993) Expression of
heterosis-a physiological analysis. In: Heterosis Breeding in Crop Plants-Theory and
Applications. Verma MM, Virk DS, Chahal GS and Dhillon BS (Ed.). pp. 21-36.

Khush GS (1995) Modern varieties-their real contribution to food supply and equity.
GeodJournal 35(3): 275-284.

Kim CH (1985) Studies on heterosis in F, hybrids using cytopiasmic genetic male sterile lines
of rice (Oryza sativa L.). [In Korean, English summary]. Res. Rep. Rural Dev. Admin.
(Crops) 27(1): 1-33.

Kim CH and Rutger JN (1988) Heterosis in rice. In: Hybrid Rice. IRRI, Manila, Philippines. pp.
39-54.

Kostyshin SS and Masikevich YG (1984) Characteristics of genome structure in connection

with heterosis in corn. Tsitologia i Genetika 18: 25-31.

Krishnakumari PR (1983) Relationship between plant height and yield in rice. Agric. Res. J.
Kerala 21(1): 83-85. Co . g

Kumar CRA and Rangaswamy SRS (1986) Heterosis and inbreeding depression in rice.
Oryza 23(2): 96-101.

Kumar | and Khush GS (1987) Genetic analysis of different amylose levels in rice. Crop Sci.
27(6): 1167- 1172

Kumar |, Maruyama K and Moon HP (1994) Grain quallty considerations in hybrld rice.
In: Hybrid Rice Technology: New Developments and Future Prospects. Virmani SS
“(Ed.). IRRI, Manila, Philippines. pp. 123-130. = :

Kuo YC and Liu C (1986) Genetic studies on large grain in rice. . Inheritance of heading date,

plant height, panicle number and spikelet number. J. Agric. Res. China 35: 1-10.

Kuo YC, Webb BD and Stansel JW (1997) Genetic studies on. amylose content and
amylographlc breakdown vuscosny of milled rice by ‘means of generatlon mean
" analysis. J. Agric. Res. China 46(2): 99-115. ’ '

, ‘Kuo YC, Webb BD, Stansel JW and Kuo YC (1995) HeterOSIs and comblnlng ab|I|ty of o

amylose content and amylographlc breakdown vnscosnty in m|IIed rice (Oryza sativa

L.). J. Agric. Res. China 44(4): 391-402.

Kwak TS and Sohn JK (1996) Inheritance of quantitative characters related to source and
growth analysis of rice. Abstracts, 2" intern. Crop Sci. Cong., Nov 17-24, 1996, New
Delhi, India. pp. 12.

Lamkey KR and Edwards JW (1999) Quantitative genetics of heterosis. In: Genetics and

Exploitation of Heterosis in Crops. Coors JG and Pandey S. International Symposium



vii

on the Genetics and Exploitation of Heterosis in Crops. Mexico City, Aug. 17-22,
1997. pp. 31-48.

Lampe KL (1991) Foreword: Rice Biotechnology. Biotech. in Agril. No. 6, IRRI, CABI

Publication. pp. vii.

Lee CC, Li CC and Sung FJM (1986) Physiological and genetic studies on seedling vigor in
rice (Oryza sativa L.). Il. Inheritances of alpha-amylase activity and seedling vigor in
rice. J. Agric. Assoc. China No. 135: 17-24.

Lee M, Godshalk EB, Lamkey KR and Woodman WW (1989) Association of restriction
fragment length polymorphism among maize inbreds with agronomic performance of
their crosses. Crop Sci. 29: 1067-1071.

Li CC (1975) Diallel analysis of yield and its components in rice (Oryza sativa L.). J. Agric.
Assoc. China 92: 41-56.

Li HZ, Cui XF, Cui MZ, Lin ZW and Tang YW (1988) Studies on nitrate reductase activity and
nitrogen response in crop plants. lll. The relation between nitrate reductase activity
and cultivar characters in successive rice cultivars grown in north China. Acta Agron.
Sin. 14(2): 163-166. '

Li ZB, Shaw WH, Zhu YK, Li RJ, Liu ZL and Wan JM (1982) The study and practice of hybrid

rice. Shanghai Academic and Technical Press, Shanghai, China.

Lin FX and Wu YL (1981) Relationship between harvest index and grain yield in rice. J. Agric.
Assoc. China 115: 33-41 ' ' :

Lin SC and Yuan LP (1980) Hybrid rice breeding in China. In: Innovative approaches to rice
breeding. IRRI. Manila, Philippines. pp. 35-51. '

Lu HR, Yang RC and Liu KM (1980) The effect of sterile cytoplasm of the wild abortive rice on
F1 generation. J. Fujian Agric. Coll. 2: 14-21.

‘Maﬁdal BK ahd Chatterjee SN (1973) Grthh analysis of twd high-yielding non-photoperiod
' sensitive cultivars of rice planted at monthly intervals in the Indian tropics. Il. Grain

yleld and other yleld components Riso. 22 287- 293

-Manonmam S, Ranganathan TB Rangasamy SRS Narasnmman P and Suresh M (1993)
Nitrate reductase (NRase) activity as an index for early maturity. Intl. Rice Res.
Newsl. 18(3): 26.

Mao CX and Virmani SS (1994) Genetic basis of heterosis in two rice hybrids. In: Hybrid Rice
Technology: New Developments and Future Prospects. Virmani SS (Ed.). IRRI,
Manila, Philippines. pp. 286. (Abstract).



viii

Martin JM, Talbert LE, Lanning SP and Blake NK (1995) Hybrid performance in wheat as
related to parental diversity. Crop Sci. 35: 104-108.

Maruyama S, Mijazato K and Nose A (1985) Basic studies in utilization of hybrid vigour in
rice. V. Reciprocal differences and heterosis in hybrid seeds and F, plants. Jpn. J
Crop Sci. 54(4): 318-323.

Masikevich YG, Shkabara TL and Chernetskaya SV (1989) Biochemical basis for yield
heterosis in maize. Puti povysheniya produktivnosti effektivnogo ispol’zovaniya i

okhrany prirodnykh resursov Ukrainskikh Karpat i Prikarpat'ya. 138-144.

Mason L and Zuber MS (1976) Diallel analysis of maize for leaf angle, leaf area, yield and

yield components. Crop Sci. 16: 693-696.

Mather K and Jinks JL (1971) Biometrical Genetics-The study of continuous variation. Cornell

Univ. Press, Ithaca. New York.

Matsue Y and Ogata T (1999) Effects of environmental conditions on the amylose content of

grain at different positions in a rice panicle. Jpn. J. Crop Sci. 68(4): 495-500.

Matsue Y, Odahara K and Hiramatsu M (1994) Differences in protein content, amylose
content and palatability in relation to location of grains within rice panicle. Jpn. J. Crop
SCI 63(2): 271-277.

Maurya DM, Srngh SK and Singh RS (1986) Genetlc varlablllty in 48 lowland r|ce cultlvars of
rice cultivars of UP, india. Int. Rice. Res Newsl. 11(4): 13.

McKenzie KS and Rutger JN (1983) Genetic analysis of amylose content, alkali spreading .

score;, and grain dimensions in rice. Crop Sci. 23(2) 306- 313

Meenakshi T and Amrrthadevarathrnam A (1999) Combining ability for y|eId and physrologlcal
characters in semi dry rice. Oryza 36(2): 111-113.

Meenaksh| T, Ratrnam AAD and Back|yaran| S (1 999) Correlatron and path analysis of yield .

and some physrologlcal characters in rarnfed rice. Oryza 36(2) 154 156

Melchrnger AE, Boppenmarer J, Dhlllon BS PoIImer WG and Herrmann RG (1 992) Genetrc
dwersrty for RFLPs in European ma|ze |nbreds II Relation to performance of hybrlds
wrthln verses between heterotic groups for forage tralts Theor Appl. Genet
84: 672-681.

Melchinger AE, Graner A, Singh M and Messmer MM (1994) Relationship among winter and
sprint cultivars of maize revealed by RFLPs. Crop Sci. 34: 1191-1199.

Melchinger AE, Lee M, Lamkey KR, Hallauer AR and Woodman WL (1990) Genetic diversity
for restriction fragment length polymorphisms and heterosis for two diallel sets of
maize inbreds. Theor. Appl. Genet. 80: 488-496.



ix

Melchinger AE, Messmer MM, Lee M, Woodman WL and Lamkey KR (1991) Diversity and
relationships among U.S. maize inbreds as revealed by restriction fragment length

polymorphisms. Crop Sci. 31: 669-678.

Mohapatra KC and Mohanty HK (1985) Inheritance of some quantitative characters including
heterosis in rice by combining ability analysis. In: Rice Genetics. Proc. Intl. Rice

Genetics Symp., 27-31 May, 1985, Manila, Philippines. pp. 579-591.

Moon HP, Heu MH and Kim CH (1994) Hybrid rice research in the Republic of Korea.
In: Hybrid Rice Technology: New Developments and Future Frospects. Virmani SS
(Ed.). IRRI, Manila, Philippines. pp. 217-226.

Muker HS and Sharma HL (1993) Effect of WA male sterile cytoplasm in rice. Trop. Sci.
33(2): 209-212.

Mukherjee BK (1995) The Heterosis Phenomenon. Kalyani Publishers, New Deihi. 142 pp.

Murai M, Kinoshita T and Hirose S (1987) Diallel analysis of plant type in rice. Bull. Coll.
Agric. and Vet. Med., Nihon Univ., Japan 44: 112-122. ' '

‘Murayama S (1973) Basic studies on utilization of hybrid vigor in rice. I. The degree of

heterosis and its phenomenon. Jpn. J. Breed. 23: 22.26.

Murayama S, Norihama Y, Miyazato K, Nose A (1982) Studies on productivity of F1 hybrid
rice. |. Heterosis for leaf photosynthetic rate. Jpn. J. Crop Sci. 51: 85-86.

Murayama S, Omura T and Miayazata .K (1974) Basic studies on utilization of hybrid vigor in

rice. IV. Heterosis under different cultural conditions. Jpn. J. Breed. 24: 287-290.

Mur,thy- N (1'.994) Genetic érch_itectu'ré of grain 'yi‘eld and some ph_ysio}l'ogical traits in rice. J..

Mah. Agric. Univ. 19(3): 424-426.

Murty KS and Sahu G (1987) Impact of low light stress on growth and yield of rice.
In"Weather'and'Rice IRRI Manila Philippines o] o8 93-101. '

Murty KS, Patnalk RK and Swain P (1986) Net aSS|m|Iat|on rate and its related plant
characters for high ylelding rice varieties. Indian J. Plant Physiol. 29(1): 15 16 '

Namboodiri KMN (1963) Hybrid vigor in rice: Rice News Teller. 11: 92-96.

Nancharaiah D, Nanda JS and Choudhary RC (1974) Genetics of some characters
associated with yield in dwarf rice. Indian J. Agric. Sci. 44(10): 648-652.

Nanda JS and Virmani SS (2000) Hybrid rice. In: Rice Breeding and Genetics. Nanda JS
(Ed.). Oxford and IBH Publ. New Delhi. pp. 23-52.

Nguyen TL and Bui CB (1993) Combining ability and heterosis for some physiological traits in
rice. Intl. Rice Res. Newsl. 18(1). 7-8.



Nijaguna G, and Mahadevappa, M (1983) Heterosis in intervarietal hybrid rice. Oryza
20: 159-161.

Pal SK and Pal UR (1986) Seasonal changes in nitrate reductase activity and nitrogen
contents of upland rice at low and optimum N fertility. J. Agron. Crop - Sci.
156(1): 13-17.

Panwar DVS, Bansal MP and Naidu MR (1‘989) Correlation and path coefficient analysis in
advanced breeding lines of rice. Oryza 26(4): 396-398.

Panwar DVS, Paroda RS and Singh A (1983) Heterosis in rice. Indian J. Genet. 43: 363-369.

Perenzen M, Ferraic F and Motto M (1980) Heritabilities and relationships among grain filling
periods, seed weights and quality in 40 Italian varieties of corn (Zea mays L.). Can. J.
Plant Sci. 60: 1101-1107.

Phul PS, Nanda JS and Gill KS (1974) Diallel analysis of leaf area, leaf number and stem
thickness in pearl millet. SABRAO J. 6(2): 163-168.

Pillai MS (1961) Hybrid vigo-r in rice. Rice News Teller 9(1): 15-17.

Ponnuthurai S, Virmani SS and Vergara BS (1984) Comparative studies on the growth and
grain yield of some F, rice (Oryza sativa L.) hybrids. Philipp. J. Crop Sci.
9(3): 183-193. ’

‘Qingquan C, Nanyun H, Nanxiu J and _AFur,or'l_g H (1988) -Physiological and biochemical -
characters of hybrid rice in Dongting Lake region, China. In: Hybrid Rice (Abstraets).
IRRI Man||a Philippines. pp 279.

leun S Zhong FN and Zhlyong L (1999) leferentlal gene expressmn between wheat hybnds- _' '
and their parental inbreds:in.seedling leaves. Euphytica 106: 117-123.

Radford PJ (1967) Growth analysis formulae: Their use and abuse. Crop Sci. 7: 171-175.
. Raj>-:KG and Siddiq EA (1986) Hybri_d 'vigeuvr, in -_rice,vwith ’respect:to- morbho-physiOIOQieal - -
: compqnents..of yield.and root density. SABRAO J. 18(1): 1-7. .

Ram RS, Nayek SK and Murty KS (1980) Note on photosynthetic efficiency of early high
-yielding.rice cultures: Indian J. Agric: Res.14: 126-128. .~ -
Ramesha MS, Ahmed MI, Viraktamath BC and Vijayakumar CHM (1999) Physiological basis
of heterosis for grain yield in rice. Indian J. Genet. Plant Breed. 59(4): 411-415.

Rangaswamy M, Natarajamoorthy K, Palanisamy GS and Sree Rangaswamy SR (1987)
Isolation of restorers and maintainers for two Chinese male sterile lines having wild-
abortive (WA) cytoplasm. Int. Rice Res. Newsl. 12(1): 13.



Xi

Rao DV and Jagdish CA (1987) Correlation studies on yield components with yield in five
crosses of rice in F3 and F, generation. J. Res. APAU 15(1): 12-15,

Rao EVSP, Prasad R, Abrol YP and Prakasa Rao EVS (1979) Nitrate assimilation in rice
grown under lowland conditions. Physiol. Plantarum 47(2): 139-143.

Rao GM (1965) Studies on hybrid vigor in intervarietal hybrids of rice (Oryza sativa L. ) Andhra
Agric. J. 12: 1-12.

Rao GM (1985) Hybrid rice program in Andhra Pradesh. Paper presented the Annual Rlce
Workshop, held at DRR, Hyderabad, AP, India. 12-15 April, 1985.

Rao NKS, Bhatt RM and Anand N (1992) Leaf area, growth and photosynthesis in relation to
heterosis in tomato. Photosynthetica 26(3): 449-453.

Rao SP (1992) Flag leaf: a selection criterion for exploutlng potential yields in rice. Indian J.
Plant Physiol. 35(3): 265-268.

Rao SP (1994) Partitioning pattern of biomass and yield components among different tlllers of
rice. Indian J. Plant Physiol. 37(4): 277-278.

- Reddy GS, Rao GM, Mahaboob Ali S (1984) Possibility of hybrld rice production utmzmg male
' sterlllty and fertility restoration system. Oryza 21: 143-147.

Reuben SOWM and Katuli SD (1989) Path anaIyS|s of yield components and selected

agronomic traits of upland rice breedmg lines.-Intl. Rice Res. Newsl, 14(4): 11-12.

Rlchharla AK and Singh RS-(1983) Heter03|s in relation to per se performance and effect of -
' ' general comblnlng ability in rice. In; Precongress Scientific Meetlng on “Genetics and
Improvement of Heterotl_c Systems”. Coimbatore, India. School of Genetics,' TNAU,

Tamil Nadu.

Riveros F (2000) Keynote address of the 18" session of IRC. In: Rice Breeding and Genetics.
_-Nanda JS (Ed.). Oxford and IBH Publ, NeW'DeIhi pp. 1-8.

_ Robblns wJ (1952) Hybrld nutrmonal requirements. In; Heterosns (Ed JW Gowen) Iowa K
State Collage Press

- Romagnoli S, Maddaloni CM Livini C and Motto M (1990). Relationship between gene: " -

expression and hybrid vigor in primary root tips of young maize (Zea mays L.)
plantlets. Theor. Appl. Genet. 80 769-775.

Ronggian J (1988) Comparison of heterosis effects of different cytoplasm types in rice.
In: Hybrid Rice (Abstracts). IRRI, Manila, Philippines. pp. 259-260.

Rosielle AA and Frey KJ (1977) Inheritance of harvest index and related traits on oats. Crop
Sci. 17: 23-28.



xii

Sahu G and Murty KS (1976) Productive efficiency of semi-dwarf cultures derived from
japonica and indica rice hybrids. Curr. Sci. 45(6): 232-233.

Saini SS, Kumar | and Gagneja MR (1974) A study of heterosis in rice (Oryza sativa L.).
Euphytica 23: 219-224.

Sant VJ, Patankar AG, Sarode ND, Mhase LB, Sainani MN, Deshmunkh RB, Ranjekar PK
and Gupta VS (1999) Potential of DNA markers in detecting divergence and in
analyzing heterosis in Indian elite chickpea cultlvars Theor. Appl. Genet.
98: 1217-1225.

Saran S and Sahai VN (1985) Hybrid rice program in Bihar. Paper presented the Annual Rice
Workshop, held at DRR, Hyderabad, AP, India. 12-15 April, 1985,

Sardana S and Borthakur DN (1987) Combining ability for yield in rice. Oryza 24:14-18.

Sasahara T, Cui CH and Kambayashi M (1986) Cold resistance in rice wrth some reference to
cytoplasmlc effects. SABRAO J. 18(1): 69-71

Sasmal B and Banerjee SP (1986) Comblnlng abllrty for yield and other agronomic characters
in rice. J. Agron. Crop Sci. 156(1): 18-23.

Schnell FW and Cockerham CC (1992) Multrpllcatlve Vs, arbltrary gene action in heterosis. |
Genetics 131: 461-469.

Senadhlra D and Li'GF (1989) Variability in rrce grain fllllng duratlon Intl Rice Res. Newsl,
14(1) 8-9.

Sethi SK, Paroda RS and Dalwr Singh (1987) Harvest index and grain yield in barley ‘Crop
' Improv 14(2): 157- 159..

Sharma DK, Shrivastava MN and Shrivastava PS (1986) Nature of gene interaction in.
inheritance of grain yield, harvest index and their component characters in rice. Indian
J. »Agn'c. Sgi., -5_6(6): 397-403. .

Sharma RK, Dashora SL, leka SBS and Mathur JR (1977) Correlatron and mherltance of Ieaf_
area and grain yreld in barley (Hordeum vulgare L.). z Pﬂanzenzucktg 79 3156- 323

- Sharma SC; Sharma GR: Singh I.and Lamba RAS (1988) Genetics. of -harvest-index vis- a-~vis.,
gram and biological yield in wheat (Triticum aestivum). Intl. J. Trop. Agric.
6(3-4): 260-266.

Shen SQ and Xue QZ (1997) Effects of different Cytoplasms on some agronomic traits of

indica-japonica hybrids. Chinese . Rice Sci. 11: 6-10.

Shen YZ, Min SK, Xiong ZM and Luo YK (1990) Genetic studies of amylose content in rice
grains and a modification of its determination method. Scientia Agric. Sin.
23(1): 60-68.



xiii

Shimamoto K (1995) The Molecular Biology of Rice. Science 270: 1772-1773.

Shubash Kanti DG and Mosina SB (1984) Inheritance of the amylose content of the grain of
rice hybrids. Tr. Kuban. s. kh. in L., No. 241-269: 16-24.

4: 296-301.

Shull GH (1 914) Duplicate genes for capsule form in Bursa bursa-pastoris. Zeitschr, Induct.
Abstamm. u. verebungsl., 12: 97-149.

Siddiq EA (1997) Three decades of research towards genetic enhancement of yield and

quality in rice. Paper presented in ‘Silver Jubilee Commemoration Medal Lecture’ at
Osmania University on 31% Dec. 1997, pp. 1-28.

Siddiq EA (2000) Breeding for higher yield thresholds in rice in areas for Indo-Vietnam
collaborative research. Paper presented at International Conference on ‘Rice

Research and Development in Vietnam for the 21° Century’, held on Sept. 18-19,
'2000. pp. 1-38. ' o ' '

Siddiq EA and Reddy PR (1 984) Genetic evaluation of pPlant type variants for desirable
physiological basis.of yield in rice. In: Semi-dwarf cereal mutant and their use in cross

breeding. Il. Vienna, Austria. International Atomic Energy Agency. pp. 165-196.

. Siddiq EA, Jachuck PJ, Mahapeyappa M, Zaman FU Vijaya Kumar, Vidyachandra B,'Siddhu'
. GS, Kurﬁar l, Prasadi MN,I Rangéswarﬁy M, Pandey M, Panwar DVS and l'lyas Ahmed
. (1994) Hybrid rice_reseérch, in _lndié.'_ In: Hybrid Rice Technology: New Develdpments
and Future Prospects. Virmani SS (Ed.). IRRI Manila, Philippines. pp. 157-171.
v Singh AK -(199'2') RYFLP_ baséd éenetic diversity in relation to heterosis in crop plants. "
'In: Symp. Frontiers in PI. Biotech. (Abstracts). Nov. 25-27, 1992, IARI, New Dethi. pp.
43.

' 'Singh AK, Kadoo NY, Sihgh' R and Zaman FU (2000) Devélopmeht of heterosis concept- A
~ critical reappraisa‘l_, In: Advances-in Hybrid Seed Production -Technology._ Singhal NC
and Vari AK (Ed.). Division of Seed Science and Technology, IARI, New Delhi. pp.
'59-66. .

Singh R, Maurya DM, Singh RM and Sinha B (1996) Heterosis for biochemical and

physiological traits in rice (Oryza sativa L.). Abstracts, 2™ |ntern. Crop Sci. Cong.,
Nov 17-24, 1996, New Delhi, India. pp. 8.

Singh S (1988) Panicle mass - an index for grain yield in rice. Crop Improv. 15: 113-114.
Singh SP and Singh HG (1978) Heterosis in rice. Oryza 15: 173-175.

Singh SP, Singh RP, and Singh RV (1980) Heterosis in rice. Oryza 17(2): 109-113.



xiv

Sinha MK and Banerjee SP (1987) Path analysis of yield components in rice. Kasetsart J.
Natural Sci. 21(1): 86-92.

Sinha MK, Baneriee SP and Raman RS (1985) Gene system governing yield and its
component characters in rice (O. sativa L.). Acta Agron. Acad. Scientiarum
Hungaricae 34(3/4): 293-304.

Sinha SK and Khanna R (1975) Physiological, biochemical and genetic basis of heterosis.
Adv. Agron. 27: 123-174.

Sitaramaiah KV, Madhuri J and Reddy NS (1998) Physiological efficiency of rice hybrids. /ntl.
Rice Res. Newsl. 23(2): 32-33.

Sivasubramaniam S and Madhav Menon D (1973) Combining ability in rice. Madras Agric. J.
60(6): 419-421,

Smith JSC, Smith OS, Wright S, Wall SJ and Walton M (1992) Diversity of U.S. hybrid maize
germplasm as revealed by restriction fragment length polymorphlsms Crop Sci.
32: 598-604.

Srivastava HK (1981) Intergenomic interaction, heterosis and improvement of crop yield. Adv.
Agron.-34:.118-195.

Stuber CW (1999) Biochemistry, Molecular Biology and Physiology of Heterosis ‘In: Genetics
and Explmtatlon of Heterosns in Crops Coors JG and Pandey S. Internatronal,
Symposium on the Genetrcs and Exploltatlon of Heterosrs in Crops Mexico City,. Augt
17 22,1997, pp. 173-183.

Stuber - CW “Lincoln ‘SE, Wolff DW, Helentjarls T and Lander ES (1992) Identlfrcatlon of
genetrc factors contrlbutlng to heterosis in a hybrid from two ellte maize mbred I|nes
using molecular markers. Genetics 132 823-839. '

Sukanya S and Rathlnum M (1986) Assocratlon of graln yleld attrlbutes ln the hybrlds of
crosses between tall and semi- dwarf varieties of rice. Madras Agr/c Joo
71(8) 536 538

Suzuku Y and Morooka M (1986) Nitrogen absorptlon of F4 rice hybrids. Jpn. J. Soil Sci. Plant
Nutr 57 149 154

Tomar JB (1987) Genetic analysis of amylose content in rice. Genet. Agraria 41(3). 235-242.

Tripathy P and Mishra RN (1986) Diallel analysis for plant height in dwarf and semi-dwarf rice.
Oryza 23: 27-31.

Tripathy P and Mishra RN (1987) Combining ability for some of the quantitative characters in
rice. Oryza 24: 163-165.



Xv

Tsaftaris AS, Kafka M, Polidoros A and Tani E (1999) Epigenetic changes in maize DNA and
heterosis. In: Genetics and Exploitation of Heterosis in Crops. Coors JG and Pandey
S. International Symposium on the Genetics and Exploitation of Heterosis in Crops.
Mexico City, Aug. 17-22, 1997. pp. 195-203.

Tu ZP, Cai WJ, Lin XZ and Yao PF (1996) Improving the integrated photosynthetic capacity of
rice. Abstracts, 2™ Intern. Crop Sci. Cong., Nov 17-24, 1996, New Deihi, India. pp.
32.

Vaidyanath K and Reddy GM (1985) Studies on genetic divergence in the genus Oryza. J.
Cytol. Genet. 20: 59-68.

Vergara BS, Tanoka A and Yamaguchi J (1970) Growth pattern for high grain yields in Peta
lines. Soil Sci. Plant Nutr. 16(4): 141-146.

Vijayakumar CHM, Ahmed MI, Viraktamath BC and Ramesha MS (1997) Heterosis: early

prediction and relationship with reproductive phase. Intl. Rice Res. Newsl. 22(2): 8-9.

‘Vinaya Rai RS and Murty KS (1979) Genetic variability, correlation studies and path analysis
of growth and yield components in rice. ILRISO. 28(3): 203-207.

Viraktamath BC (1987) Heterosis and combining ability studies in rice (Oryza. sativa L.) with
- respect to yield, yield- components and some quality characteristics. Ph.D. Thesis.
IARI New Delhi.

Virmani SS (1986) Prospects of hybrid rice in developmg countries. Int. Rice. Comm. Newsl
. (Spl. Issue) 34(2): 143-152.

_Vtrmani SS”(1994)\ Prospects of hybrid fice in the tropics and-sUbtropics In: Hybrid Rice
v Technology New Developments and Future Prospects Vrrmanr SS (Ed.). IRRI,'
Manila, Ph|I|pp|nes pp. 7-19. '

V|rman| SS (1999) Exploitation of heterosis for shlftlng the yield frontier in rice. In: Genetrcs
" and Epr0|tat|on of Heterosis in Crops Coors JG and Pandey S. International
- Symposium on the Genetics and Exploitation of Heterosis in .Crops. Mexico ‘City, Aug.
17-22, 1997. pp. 423-438.
“Virmani SS and Edwards IB (1983) Current status and future prospects for breeding hybrid
rice and wheat. Adv. Agron. 36; 146-214.
Virmani SS and Wan BH (1986) Development and use of diverse cytoplasmic male sterile

lines in hybrid rice breeding. Paper presented at Int. Symp. On Hybrid Rice.
Changsha, Hunan, China. 6-10 Oct. 1986.

Virmani SS, Aquino RC, and Khush GS (1982) Heterosis breeding in rice (Oryza sativa L)
Theor. Appl. Genet. 63: 373-380.



xvi

Virmani 88, Chaudhary RC and Khush GS (1981) Current outlook on hybrid rice. Oryza
18: 67-84.

Wan AL and Zhong YM (1981) Studies on the relationship between flag leaf area and panicle

weight in rice cultivars. Scientia Agric. Sin. No. 6: 21-28.

Wan BH (1980) Classification and utilization of male sterility of cytoplasm-nucleus interaction

in rice. In: Studies on heterosis utilization in rice. Agri. Press. pp. 145-151.

Wang CL and Tang YG (1990) Studies on the genetic effects of sterile cytoplasm in hybrid
rice (Oryza sativa L.). Acta Agron. Sin. 16(4): 335-341.

Wang CL, Tang SH, Tang YG, (1998) Genetic effects of sterile cytoplasm of isonuclear
alloplasmic CMS lines in hybrid rice (Oryza sativa L. subsp. japonica). Chinese J.
Rice Sci. 12(2): 65-71.

Wang NY and Liang KJ (1995) The theory of nucleo cytoplasmic heterosis in crops and
tentative proposals for its applications in breeding based on the inheritance of polien
fertiiies of CMS WA three lines "and hybrids ‘in rice. J. Fujian Agric. Univ.
24(3): 267-272. o ' '

Wang WM and Wen HC (1995) New cytoplasmic male sterile line with lower negative effects

- of cytoplasm on sqme quantitative traits in rice. I-_ntl,, Ric_e Res. Newsl. 20: 20. -

We| S (1980) New combination  of hybnd rice. Zen shan 97A X KE 30 [In Chlnese]
' Guangdong Agric. SCI 3: 54-57.

Wells R Meredlth WR Jr.’and. Wl||lf0rd JR (1988)- Heter03|s in upland cotton II Relatlonshlp ’
of leaf area to plant photosynthesns Crop Sc: 28: 522 525 '

Weng JH and Chen CY (1988) Photosynthe3|s dry matter productlon and graln yleld of rice.
IV. The relationship between CGR and LAI. J. Agric. Assoc. China No.143: 38-47.

“William RL and P_ollak_ E (,1.98_5) Theory for heterosis_._ J. Dairy Sc’i._68; ._241 1-2417.

Wllllams JF and Paterson ML (1973) Relatlons between aIpha amylase actuvnty and growth of - .
rice seedlings. Crop Sci. 13: 612-615. '

" Xiag J, 'Li- 4, 'Yuan L and Tanksley SD (1995)-Dominance is the ‘major ‘genetic -basis of v

heterosis in rice as revealed by QTL analysis using molecular markers. Genetics
140: 745-754,

Xiao J, Li J, Yuan L, McCouch SR and Tanksley SD (1996) Genetic diversity and its
relationship to hybrid performance and heterosis in rice as revealed by PCR-based
markers. Theor. Appl. Genet. 93:637-643.

Xiaobang S and Zebing L (1988) Genetic effects of cytoplasm on hybrid rice. In:-Hybrid Rice- - -

(Abstracts). IRRI, Manila, Philippines pp. 258-259.



xvii

Xu J and Wang L (1980) A preliminary study on heterosis and combining ability of rice [In
Chinese]. Beijing Yichuan (Hereditas). Anhui Inst. Agric. Hefei. 2: 17-19.

Yadav MS and Singh | (1987) Combining ability for harvest index and its components in
wheat (7. aestivum L.). Crop Improv.. 14: 205-207.

Yadav V, Srivastava RB, Singh RP and Mohd. Yunus (1987) Genetics of harvest index and
related characters in wheat. Crop Improv. 14: 207-209.

Yamaguchi M, Virmani SS and Vergara BS (1985) Harvest index and straw weight of some
experimental hybrids. Int. Rice Res. Newsl. 10(3): 19-21.

Yamauchi M (1994) Physiological bases of higher yield potential in F; hybrids. In: Hybrid Rice
Technology: New Developments and Future Prospects. Virmani SS (Ed.). IRRI,
Manila, Philippines. pp. 71-80.

Yamauchi M and Yoshida S (1985) Heterosis in net photosynthetic rate, leaf area, tillering

and some physiological characters of 35 F, rice hybrids. J. Exp. Bot. 36: 274-280.

Yang CW and Sung JM (1980) Relations between nitrate reductase aetivity and growth of rice
seedlings. J. Agric. Assoc. China No.111: 15-23.

Yang FY, Xing QR, Chen WW and Zhang JP (1990) ATP concentration in parental seedhngs
' in relation to heterosis of hybrid rice: Acta Bot. Sin. 32(8): 622-625.

Yang HJ (1986) Studies on main traits of intervarietal hybrid progenies in indica rice.. Fujian )
Agric. Sci. and Tech. 6: 2-4.

_,Yang YF Shi TS and Lu DZ (1990) Amylase actlwty and glbberelhc acnd regulatlon in
germlnatlng hybrld rice seeds SCIent/a Agric. Sin. 23(6) 27- 34 '

Yaoxing H (1996) Rice production during 21% céntury in China. Abstracts, 2™ Intern. Crop Sci. .
Cong., Nov 17-24, 1996, New Delhi, India. pp. 48.

- Yoshida S (71-98‘-I)-'F.ur-1damentals of rice crop science. IRRI, Menila,'- Phi'lipbi'nes.’269 p.
" . -Young JB and Virmani SS (1990) Effects of cytoplasm on heterosis and combining ability for
agronomic traits in rice (Oryza sativa L.). Euphytica 48(2): 177-188. '
Yy SB; Li JX, Xu CG, Tan YF, Gao YJ, Li XH, Zhang Q, and Saghai Marrof MA {1997)
Importance of epistasi_s as the genetic basis of heterosis in an elite rice hybrid. PNAS

94: 9226-9231.

Yu XL and Tang ZJ, (1995) Prediction of heterosis at the seedling stage of rape (Brassica
napus L.) with acid phosphatase isozyme analysis. J. Southwest Agric. Univ.
17(5): 399-403.



xviii

Yuan HF and Shien YS (1980) Seasonal variations of nitrate reductase, glutamate
dehydrogenase and the soluble nitrogenous compounds during rice growth. Bot. Bull.
Acad. Sin. 21(1): 35-52.

Yuan LP (1987) Strategy conception of hybrid rice breeding. Hybrid Rice 5: 1-3.

Yuan LP (1996) Hybrid rice in China. In: Hybrid Rice Technology. Directorate of Rice
Research, Hyderabad, India. pp. 51-54.

Yuan LP and Virmani SS, (1988) Status of hybrid rice research and development. In: Hybrid
Rice. IRRI, Manila, Philippines. pp. 7-24

Zhang Q, Zhou ZQ, Yang GP, Xu CG, Liu KD and Saghai Maroof MA (1996) Molecular
marker heterozygosity and hybrid performance in indica and japonica rice. Theor.
Appl. Genet. 93(8): 1218-1224.

Zhang QF, Hua JP, Yu S, Xiong L and Xu C (2001) Genetic and molecular basis of heterosis
in rice. In: Rice Genetics IV. IRRI. Manila, Phlllppmes pp. 173-185.

Zhang QF Saghal Maroof MA Lu TY and Shen BZ (1992) Genetlc dwersnty and :
differentiation of indica and japonica rice detecte_d by RFLP analysis. Theor. Appl.
- Genet. 83: 495-499,
“Zhende Y (1988) Agronomic management of rice “hybrids compared with conventional
vanetles In Hybrld Rice. IRRI Manila, Phlllpplnes pp 217-224

Zhu QS, Zhang ZJ Yang JC, Cao XZ Lang YZ Wang ZC Zhu QS Zhang ZJ, Yang JC, Cao
XZ Lang YZ and Wang ZC (1997) Source sink characterlstlcs related to the yleld in
mtersubspecmc hybrld r|ce Sc:ent/a Agr/c S/n 30(3) 52 59

: Zhu YG (1979) Studles on male sterlle Ilnes of rice W|th dlﬁerent cytoplasms Acta, Agron :
Sin. 5(4): 29-38.

Zhuang EZ and Wu XZ' (1982) Investlgatlon of the theory of heterosls in- rice: Hered/tas China
4(3): 29- 30

T-.795Y





