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Abstract
Genetic analysis and genotype-by-environment interaction for important traits of autotetraploid rice were evaluated by
additive, dominance and additive × additive model. It was shown that genetic effects had more influence on grain yield and
other quantitative traits of autotetraploid rice than genotypic environment interaction. Plant height, panicle length, seed set,
grain yield, dry matter production and 1000-grain weight were mainly regulated by dominance variance. Additive and
additive × additive gene action constructed the main proportion of genetic variance for heading date (flowering), number of
panicles, grains per panicle, grain length, however grain width was supposed to be affected by additive × additive and
dominance variance. Flag leaf length and width, fresh weight, peduncle length, unfilled grains and awn length were greatly
influenced by genotypic environment interaction. Heading date produced highly negative heterosis over mid parent (Hpm)
and better parent (Hpb), whereas Hpm and Hpb were detected to be highly positive and significant for grain yield, seed set,
peduncle length, filled grains and 1000-grain weight in F1 and F2 generations. The results indicated that autotetraploid
hybrids 96025 × Jackson (indica/japonica), 96025 × Linglun (indica/indica) and Linglun × Jackson (indica/japonica)
showed highly significant hybrid vigor with improved seed set percentage and grain yield. These results suggest that intraspecific autotetraploid rice hybrids have more hybrid vigor as compared to intra-subspecific autotetraploid rice hybrids and
autotetraploid rice has the potential to be used for further studies and commercial application.

Introduction
Rice, maize and wheat provide about 50% of the
world calories for human beings (Khush, 2003). Rice
production will need to increase by further 12% over a
decade to cater the demand of rice of rapidly increasing
world’s population (Normile, 2008). Rice is the second
major food crop of Pakistan and plays a crucial role in
agriculture and gross domestic product of Pakistan
(Akram et al., 2007; Rashid et al., 2007; Ahmad et al.,
2008; Rabbani et al., 2010). Rice yield of conventional
varieties remained 2 tons hectare-1 (1960) to 3.5 tons
hectare-1 (1970), however with the advent of modern
technology rice grain yield has increased up to 6 tons
hectare-1 (Cheng et al., 2007). Rice yield is stagnant over
the past ten years in China (Peng et al., 2009). Hybrid rice
has been commercialized in China, Vietnam, India and
Philippines (Wang et al., 1994; Virmani and Kumar,
2004). The year of 2008 was critical for rice fed people,
because during late April 2008 per pound price of rice hit
24 cents which was double within last 7 months at that
time, owing to its shortage.
Phenomenon of heterosis was first described by
Darwin (1876) but term heterosis was coined by Shull
(1908) which refers to the over expression of F1
individuals over mid parent (heterosis) (Shull, 1948),
better parent (Heterobeltosis) and over commercial
variety (useful heterosis) for any of the economically
important trait. In rice, heterosis or hybrid vigour was first
reported by Jones (1926). Although the cause of this
excessive expression has been debated for more than 100
years, yet there is no exact certified explanation. Two
pronounced explanations of last century (Allard, 1960)
were dominance hypothesis (Davenport, 1908) and overdominance hypothesis (Shull, 1908; East, 1908); however
both hypotheses were based on a single locus theory. On
*

the other hand many scientists have reported that epistasis
is the genetic basis of hybrid vigor (Wright, 1968;
Fasoulas and Allard, 1992; Fatokun et al., 1992; Lark et
al., 1995; Wu et al., 1995; Allard, 1996; Maughan et al.,
1996; Yu et al., 1997). Inter-subspecific crosses such as
cross between indica and japonica exhibits vigorous
heterosis as compared to other cross combination (Yuan,
1992). Hybrid breeding compiled with variant ploidy
level provides an opportunity to cope with current crop
breeding problems (Cai et al., 2001). It is reported that
hybrids show 15-20% increase in the yield as compared to
conventionally inbred varieties (Yuan, 1992).
Polyploidy has abundant advantages over diploid
crops such as increased greenness, lushness and biomass
yield (Bingham et al., 1994). Autotetraploid rice and
autotetraploid cabbage had higher genetic variation than
their diploid counterparts (Liu et al., 1997; Luan et al.,
2008). Polyploid plants exhibit some new phenotypic
changes such as resistance to insect pests and diseases,
heading date, increase in biomass production and drought
tolerance (Wendell, 2000; Luan et al., 2008).
Autotetraploid rice has limitations due to its low seed
setting rate and reduction in some other agronomic traits
(Xiao et al., 1996; Li and Xu, 2000; Guo et al., 2002; He
et al., 2011). Chen et al., (1987) and Song & Zhang
(1992) reported the merits and demerits of autotetraploid
rice. Their results revealed that increase in 1000-grain
weight, better nutrition quality, reduction in plant height
and thicker culm, but low seed setting rate, less number of
panicle and grains per panicle are the worst characteristics
as compared to the advantages of autotetraploid rice.
Interestingly, autotetraploid hybrids have higher embryo
sac fertility as compared to their diploid hybrids (Hu et
al., 2009), but autotetraploid parents have lower embryo
sac fertility than diploid parents (Shahid et al., 2010).
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In the present study, statistical
approach based on mixed linear model was
used which can predict the epistatic effects
more efficiently. Additive, dominance,
additive × additive (ADAA) model can
estimate genetic variance components,
heterosis, heritability, genetic effects and
their interaction with environment (Xu &
Zhu, 1999). It can handle both balanced
and unbalanced data. Plant material having
best heterotic performance should have
dominance type of gene action and are very
much feasible for hybrid breeding. This
study has the following objectives, (a) to
perform the quantitative genetic analysis
and to determine the genotype-byenvironment interaction among various
important traits of autotetraploid rice (b) to
determine
the
heterosis
level
in
autotetraploid rice hybrids and find out
suitable autotetraploid hybrids with higher
level of heterosis and grain yield.
Materials and Methods
Plant materials and cultivation of rice
plants: The experiments were carried out at
the farm of South China Agricultural

University (SCAU), Guangzhou (23°16N, 113°8E). Eighteen parents
were crossed in a half diallel design during March 2005 and 2006, and
planted under the field conditions (data not shown). Seed setting rate
(percent filled grains) of parents and hybrids was observed during both
years, and 5 parents were selected for further investigations (Table 1).
These lines were selected because of their varying seed set and
contrasting quantitative traits. Four parents were crossed in a complete
diallel way (6 hybrids), and 1 hybrid (Jackson × E24) with low seed set
percentage was used. All the autotetraploid lines used in this study are
genetically stable because they are being investigated in this lab from
last 12 years. Five parents, their F1s and F2s were planted under the
natural conditions in two different seasons, first planted during 1st
March 2007 (early season) and second planted on 25th July, 2007 (late
season). Guanglu’ai 4 (diploid cultivar) was used as control during both
seasons.
Table 1. Autotetraploid rice lines and diploid cultivar used in the study
during early season 2007 and late season 2007.
Code
Name
Ploidy
Source
Subspecies
1
96025
4×
ICS-CAAa
indica
2
Jackson
4×
SCBG- CASb
japonica
indica
3
Linglun
4×
Labc
4
L202
4×
SCBG- CAS
japonica
5
E24
4×
Lab
japonica
CK
Guanglu’ai 4
2×
Guangdong, China
indica
a
Institute of Crop Science, Chinese Academy of Agriculture; CAS: Chinese Academy
of sciences
b
South China Botanical Garden, Chinese Academy of sciences
c
State Key Laboratory for Conservation and Utilization of Subtropical Agrobioresources, South China Agricultural University, Guangzhou, Guangdong, China

A Randomized Complete Block Design (RCBD) with
three replications was used in each season. R × R and P ×
P distances were kept as 20 and 16.6 cm, respectively.
Each plot was 4 m wide and 3.5 m long. Seedlings at
four-five leaf stage were planted in the field. Insects,
diseases and weeds were controlled as to avoid the yield
loss. All other cultural practices were kept according to
the recommendation of the area. Thirty plants of each
genotype were randomly selected from each replication at
maturity and data was recorded for the following traits:
Heading date (HD), days to taken for 50% flowering on
the whole plot basis, plant height (PH, cm) was measured
from ground to top of the panicle. Peduncle length (PD),
panicle length (PL), flag leaf length (FL), flag leaf width
(FW) and awn length (AL) were measured in centimeters.
Number of panicles per plant (NP), number of grains per
panicle (GP), filled grains (FG) and unfilled grains per
plant (UG) were counted manually. Fresh weight (FWT),
dry matter per plant (DM), 1000-grain weight (GWT) and
grain yield tons per hectare were measured in grams. For
grain yield and dry matter production plants were oven
dried at to achieve the constant weight. Grain length (GL)
and grain width (GW) of ten randomly selected grains
were measured by vernier caliper, and seed set (SS%=
filled grains/total number of grains per plant x100) was
counted as percentage.
Statistical analysis: Analysis of variance was done by
using SAS (Anon., 2006) to check the significance of
genotype and genotype by environment interaction effects
of the traits. Additive, dominance and additive × additive
(ADAA) model (Zhu & Weir, 1996) was used to analyze
the data through mixed linear model approaches to
estimate each genetic variance components and

heritability. Adjusted unbiased prediction (AUP) method
(Zhu & Weir, 1996) was used to predict the genetic
effects and genotype × environment interaction effects.
The jackknife resampling method (Miller, 1974) was
applied for testing the significance of each genetic
variances and effects (Xu & Zhu, 1999). All these
analysis were performed by the QGAStation 1.0 (Chen &
Zhu, 2003).
Results
All traits of the individual hybrid were compared
with their parents in both seasons (data not shown). A
significant difference (p<0.01) was found among most of
the traits under study in the individual hybrids with their
respective parents.
Analysis of variance and heritabilities: Results of
variance and heritabilities are explained in Table 2. Ratio
of additive variance to phenotypic variance (VA/VP) was
very highly significant (p<0.01) in PL, FG, grain yield,
AL, GL and SS, while it was highly significant (p<0.05)
in DM and GW. In FL and FW significant difference
(p<0.1) was observed. It meant that there are significant
additive effects for these traits. In the remaining traits i.e.,
HD, PH, FWT, NP, GP, UG, and GWT the VA/VP was
undetectable and non significant.
Ratio of dominance variance to phenotypic variance
(VD/VP) was very highly significant (p<0.01) in PH, PL,
DM, FG, UG, GWT, grain yield and SS while AL was
highly significant (p<0.05). In PD and FL significant
difference (p<0.1) was observed. It showed that these
traits had significant dominance effects. The VD/VP was
undetectable and non significant in the remaining traits.
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Ratio of additive × additive variance to phenotypic
variance (VAA/VP) was very highly significant (p<0.01) in
HD, FW, NP, GP, GL and GW, while PD and FWT were
just highly significant (p<0.05). It showed the presence of
significant additive-by-additive epistasis in these traits. In
contrast to this VAA/VP in the other remaining traits was
undetectable.
In additive × environment interaction variance to
phenotypic variance ratio (VAE/VP) FW, FWT and AL
were very highly significant (p<0.01), on the other hand
highly significant difference (p<0.05) was found in HD,
DM and NP, but for the remaining traits it showed non
significant differences.
In dominance × environment interaction variance
(VDE/VP) was very highly significant (p<0.01) in HD, FW,
NP, GP, UG, GWT, grain yield and AL, while PD, FWT,
FG and GW was only highly significant (p<0.05). In PH,
DM and GL significant difference (p<0.1) was observed.
The VDE/VP was undetectable and non significant in the
remaining traits.
In additive × additive × environment interaction
variance to phenotypic ratio (VAAE/VP) was very highly
significant (p<0.01) in PD, FL and SS, while FG was only
highly significant (p<0.05). The VAAE/VP was non
significant in the remaining traits.
General heritability in narrow sense (h2G) was non
significant in PH and UG whereas in FL was significant
(p<0.05). FWT, DM and GWT were highly significant
(p<0.05), while in all other remaining traits h2G was very
highly significant (p<0.01). Similar response was
observed for general heritability in broad sense (H2G), but
PH and UG were also very highly significant (p<0.01) as
in case of H2G. It showed that the latter two traits were
mainly influenced by dominance effects, while other traits
controlled by both additive and dominance effects.
The interaction heritability in narrow sense (h2GE)
was very highly significant (p<0.01) in PD, FL, FW,
FWT, AL and SS, while it was highly significant (p<0.05)
in HD, DM, NP, and FG. In the remaining traits the h2GE
was non significant. Interaction heritability in broad sense
(H2GE) was non significant in PL and highly significant
(p<0.05) in PH, DM, GP, GL and GW were observed.
Remaining traits were very highly significant (p<0.01).
The general heritability (h2G, H2G) was higher as
compared to interaction heritability (h2GE, H2GE) in all
traits except FL, FW, FWT, UG and AL.
In summary, the characteristic traits i.e., PH, PL,
DM, FG, UG, GWT, grain yield and SS were
predominantly affected by the dominance variance,
reaching a percentages of 71.3, 50.0, 41.0, 58.5, 42.1,
74.1, 64.9, 60.6 and 46.8%, respectively, of the total
variances. Additive × additive variance (VAA) was the
main constitute in the genetic variation of HD, PD, NP,
GL and GW, exhibiting 59.9%, 25.3%, 47.0%, 54.2% and
61.5% of the total phenotypic variance. FW, FWT and AL
were predominantly affected by the dominance ×
environment interaction variance (VDE), i.e., 34.8%,
29.9% and 47.3%, respectively, while FL was mainly
controlled by additive × additive × environment
interaction variance (VAAE) i.e., showed 38.3% of the total
variance.
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Predicted genotypic values and heterosis: The total
heterosis of hybrids can be divided into general heterosis
(genetic main effect) and interaction heterosis (genotype
× environment interaction effect). The general heterosis
and the genotypic values declined in the F2 generation as
compared to F1 (Table 3). Genotypic values of some traits
in F1 and F2 were found significantly different from the
population mean except FL, FWT, and NP. However, all
the traits performed different heterotic behavior in
different generations.
The lesser the number of days for heading the more
desirable it will be. In the present study number of days
for heading was less in F1 than F2 generations. Negative
mean of mid parent heterosis (Hpm) and mean of better
parent heterosis (Hpb) based on population mean were
highly significant in both F1 and F2 generations, indicating
early flowering in autotetraploid hybrids as compared to
the parents. For PH, the mean of predicted genotypic
values and the Hpm were highly significant in F1, and non
significant in F2. Hpb in both generations (F1 and F2) was
non-significant. Predicted genotypic and the Hpm of PD
and PL were highly significant in F1 and F2 generations,
while Hpb was highly significant in F1.
Genotypic values for F1 and F2 was non-significant in
case of FL and also for predicted F1 heterosis in case of FW,
while significant predicted F2 heterosis was observed in case
of FW. Hpm in F1 and F2 was significant and non-significant
in case of FL and FW, respectively. Hpb in F1 and F2 was
highly significant for FW but non-significant for FL.
The heterosis Hpm of FWT was highly significant in
both generations, while it was non-significant for Hpb and
predicted genotypic values. Highly significant results
were observed in case of predicted heterosis in F1, Hpm in
both generations and Hpb in only F1 generation, while
predicted heterosis and Hpb in F2 were found to be nonsignificant for total dry matter production. Hpb (negative)
was very highly significant in F1 and F2, Hpm was
significant in F1 and F2 while predicted heterosis was nonsignificant in F1 and F2 in case of NP. Predicted heterosis
in F1 and F2 was highly significant for grains per panicle,
while positive Hpm and negative Hpb were significant in
both generations. Predicted heterosis and Hpm in both
generations and Hpb in F1 were very highly significant for
FG, while Hpb in F2 was highly significant.
Highly significant Hpb in F1 and F2 and significant
predicted F1 genotypic value along with Hpm in F1 and F2
were found for UG, while genotypic value in F2 was found
to be non-significant. All types of studied heterosis were
very highly significant and positive for 1000-grain weight
except predicted F2 genotypic value which was found to be
non-significant. Very highly significant and positive
heterosis was observed for all types of studied heterosis in
case of yield and seed setting percentage. Longer awn
length is desirable in rice crop, because it prevents from
birds damage and it was very highly significant (negative)
in Hpb (F1) while significant in case of Pre (F1), Hpm (F1 and
F2) and negative Hpb (F2). Pre (F2) for awn length was
found to be non-significant. Negative and non-significant
Hpm (F1 and F2) were observed for grain length, while very
highly significant negative Hpb and genotypic values were
observed in both generations. GW showed very highly
positive significant predicted heterosis and Hpm, while Hpb
was very highly significant and negative in both
generations. Heterosis in F2 generation was declined for all
the traits except UG and HD.
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Genotypic-environment
interaction
heterosis:
Genotype × environment interaction heterosis was found
to be different among different traits of autotetraploid
hybrids during two seasons (Table 4). HD showed
almost similar significant negative heterosis behavior in
both seasons. In case of PH, results of late season were
highly significant for all type of heterosis studied, while
in the early season most of the heterosis were nonsignificant. Almost all type of predicted interaction
heterosis studied for PD was highly significant in late
season while non-significant in early season. In case of
PL, Hpm and Hpb for F1 and F2 were highly significant
during late season, while non-significant in early season.
A conflicting behavior in two seasons for FL and FW
was observed i.e., heterosis in late season was negative
and highly significant as compared to non-significant in
early season. Rest of the traits FWT, DM, NP, GP, FG,
UG, GWT, grain yield, GW and SS did not show
remarkable influence of environment. However, traits
like AL and GL were seemed to be influenced by
different seasons, owing to negative predicted genotypic
values (F1), Hpm (F1 and F2), Hpb (F1 and F2) heterosis
incase of late season and positive in early season for AL.
Hpm (F1 and F2) and Hpb (F1 and F2) heterosis was
negative in early season but positive in late season in
case of GL.
F1’s heterosis and genotypic values of each cross: It is
important to know the extent of heterosis in each specific
cross of autotetraploid rice. Heterosis and predicted
genotypic values of all crosses in F1 generation are shown
in the Table 5. The predicted genotypic values were
significantly different from population mean in all crosses
for most of the traits except FL, FW, FWT, NP and GP.
Highly positive significant genotypic and heterosis values
for grain yield over mid and better parent were found in
all crosses except 2×5. For PH, all crosses except 1×4
cross showed significant positive heterosis over mid
parent, while over better parent two crosses (1×2 and 1×3)
showed significant positive heterosis. Six (except 2×4)
and four (except 1×4, 2×4 and 2×5) crosses showed
significant heterosis for PL over mid and better parents,
respectively. Highly significant heterosis was found for
PD, FG, UG, GWT, GL, GW, SS and grain yield over
both mid and better parents, which indicate the powerful
heterosis in autotetraploid hybrids. For HD all the crosses
showed highly significant but negative heterosis over both
Hpm and Hpb. The predicted genotypic values of grain
yield produced by crosses 1×2, 1×3 and 1×4 were 8.02
tons ha-1, 7.85 tons ha-1 and 6.18 tons ha-1, respectively, in
F1 generation. The grain yield of control cultivar was 7.71
tons ha-1. Almost all of the hybrids showed high genotypic
values and general heterosis, however among them cross
combinations
1×2
(indica/japonica)
and
1×3
(indica/indica) were best performers followed by 1×4,
3×2, 3×4 and 2×4, while 2×5 showed significant
reduction in grain yield and seed set. Autotetraploid
hybrids exhibited better performance than the control
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diploid cultivar for most of the traits under study except
FWT, DM, NP, FG and SS.
Discussion
Analysis of data following ADAA model represents
that plant material studied here exhibited dominance type
of gene action for ten important agronomic traits, while
remaining were influenced by additive type of gene action.
Heritability analysis proves to be vital in
improvement of quantitative traits and magnitude of
heritability determined the degree of improvement in
traits (Qi et al., 2008). High numerical values of narrow
sense heritability represent the additive type of gene
action. The traits having low heritability could not be
improved by selecting in early generations, where as traits
having high heritability indicates direct response to
selection even in early segregating generations during
conventional pure line breeding. The general heritabilities
in broad sense and narrow were found very highly
significant in most of the traits indicating that these traits
could be improved easily except FL, FW, FWT, AL and
UG in which GE interaction constituted the major part of
inheritance. Greater interaction heritability indicated
larger difference in heritability of these traits during
different environments; therefore, different selection
strategies should be employed to bring the desirable
changes. In this study, high heritability was found for
yield in autotetraploid rice and this finding was consistent
with previous reports in diploid rice (Mahto et al., 2003;
Swati & Ramesh, 2004; Hosseini et al., 2005).
Dominance effects were more pronounced on PH, PL,
DM, GWT, grain yield and SS. The traits having stronger
dominance effects are not useful for direct selection but
having trends to produce stronger heterosis, and selection
of these traits in later generations would be useful to
achieve the genetic improvement in these traits. Dominance
variance constituted a large proportion of the total variance
for grain yield and its associated traits in wheat (Inamullah
et al., 2006; Iqbal et al., 2007), rice (Verma & Srivastava,
2004) and maize (Wardyn et al., 2007).
Epistasis plays an important role in genetic variation
of populations and phenotypic expressions of genes, and
it has significant effect on quantitative traits (Fasoulas &
Allard, 1962; Li et al., 1997; Liu et al., 2003). Population
genetic analysis has also demonstrated that epistatic effect
have its function in the maintenance and assembling of
favorable multilocus genotypes which ultimately led to
better adaptedness of various plant species (Carson et al.,
1984; Allard, 1996). HD, NP, GP, FG, GL and GW were
mostly influenced by additive × additive type of gene
action. These genetic components can be easily controlled
and the selection of these traits in advanced generations
would be more effective to bring the suitable changes in
these important traits of autotetraploid rice. Epistatic
effects had strong influence on flowering and growth
duration of spring wheat and soybean (Nanda et al., 1981;
Sheikh et al., 2000, Martin et al., 2009).
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Table 5. Genotypic values and heterosis of seven autotetraploid hybrids and one diploid cultivar (CK) for
grain yield and other quantitative traits in the F1 generation.
Traits Parameters
1×2
1×3
1×4
2×4
2×5
3×2
3×4
Control
HD
Pre(F1)
74.12**
82.01
79.63
71.38**
74.55**
84.85**
77.89**
86
(Days)
Hpm(F1)
−0.225**
−0.044**
−0.216**
−0.353**
−0.420**
−0.141**
−0.232**
Hpb(F1)
−0.421**
−0.166**
−0.293**
−0.392**
−0.424**
−0.242**
−0.237**
108.07
110.79*
106.93
105.6*
103.47
111.4**
108.5*
95.8
PH (cm)
Pre(F1)
**
*
**
*
0.209
0.14
0.128
0.053
0.142
0.198
0.094*
Hpm(F1)
Hpb(F1)
0.143
0.110
0.051
0.035
0.035
0.087
0.088
2.52**
1.31**
1.06*
0.71**
0.32**
0.86**
0.58*
1.02
PD (cm)
Pre(F1)
0.339**
0.416**
0.312**
0.259*
0.044**
0.16**
0.464**
Hpm(F1)
Hpb(F1)
0.321**
0.077*
0.069*
0.127
0.047**
0.075*
0.142*
**
**
**
32.57
36.64
32.12
24.09
28.32
31.28
34.50**
23.9
PL (cm)
Pre(F1)
0.251**
0.324**
0.262**
−0.055
0.151**
0.181*
0.206*
Hpm(F1)
**
*
*
*
0.197
0.196
0.134
−0.08
0.044
0.150
0.119
Hpb(F1)
36.83
43.12
37.63
26.57
30.36
30.52
34.78
29.1
FL (cm)
Pre(F1)
Hpm(F1)
0.296**
0.404*
0.102*
−0.091
-0.065
-0.012
0.058
0.239*
0.260
0.074
-0.138
−0.163*
-0.067
-0.024
Hpb(F1)
1.996
2.205
2.273**
1.960
1.882
1.969
2.098
1.9
FW (cm)
Pre(F1)
0.017
0.044
0.048
0.033
0.045*
0.007
0.039
Hpm(F1)
−0.041
−0.092
−0.057
−0.087*
−0.098**
−0.054
−0.145**
Hpb(F1)
29.73
31.71*
28.59
25.70
27.74
28.98
27.86
30.7
FWT
Pre(F1)
0.183*
0.171*
0.151*
0.143*
0.105*
0.070*
0.205*
(Tons/ha)
Hpm(F1)
0.099
0.167*
0.047*
−0.008
0.013
−0.101
0.041
Hpb(F1)
DM
Pre(F1)
13.54*
16.46*
11.38*
8.94
9.17
8.53*
11.95**
14.7
**
**
**
0.472
0.616
0.308
0.171
0.128
0.002
0.329**
(Tons/ha)
Hpm(F1)
0.331**
0.505**
0.197**
0.137
0.086
−0.061
0.147
Hpb(F1)
6.526
6.205
6.101
4.826
6.162
7.090
5.628
9.1
NP
Pre(F1)
−0.073*
−0.144
0.157
0.093
0.304**
0.282**
0.224**
Hpm(F1)
−0.714**
−0.766**
−0.166**
−0.067
0.010
−0.095
0.064
Hpb(F1)
120.69**
140.4**
144.3**
119.8
117.7
133.8*
135.9**
133
GP
Pre(F1)
0.077
0.038
0.048
−0.030
0.303**
0.334**
0.147
Hpm(F1)
Hpb(F1)
−0.148
−0.458**
−0.258**
−0.106
−0.072
0.010
−0.465**
686.4**
673.8**
558.6**
403.1**
14.54**
540.9**
470.6**
1074
FG
Pre(F1)
**
**
**
**
*
**
1.316
1.506
0.853
0.664
−0.259
0.991
0.994**
Hpm(F1)
1.163**
1.151**
0.704*
0.546**
−0.720**
0.914**
0.753**
Hpb(F1)
101.2**
197.2**
321.8
175.1**
710.9**
407.6**
294.1
138.2
UG
Pre(F1)
−0.914**
−1.139**
−0.766**
−0.637**
1.468**
0.502**
−0.635*
Hpm(F1)
−1.401**
−1.166**
−0.793**
−0.751**
1.400**
0.491**
−0.876**
Hpb(F1)
**
**
**
*
**
38.951
38.809
36.849
36.642
32.660
37.740
38.093**
23.7
GWT (g)
Pre(F1)
Hpm(F1)
0.215**
0.230**
0.175**
0.125**
−0.013
0.171**
0.195**
**
**
**
**
*
**
**
0.209
0.229
0.144
0.114
−0.065
0.155
0.179
Hpb(F1)
8.02**
7.85**
6.18**
4.43**
0.142**
6.12**
5.38**
7.71
Yield
Pre(F1)
1.541**
1.777**
0.988**
0.769**
−0.191*
1.119**
1.214**
(Tons/ha)
Hpm(F1)
1.351**
1.467**
0.579**
0.624**
−0.577**
1.059**
1.017**
Hpb(F1)
2.562**
2.207**
1.901**
1.401
1.145*
1.010**
0.415**
0.25
AL (cm)
Pre(F1)
0.573**
0.451*
0.216*
−0.012
0.150*
0.097
−0.234*
Hpm(F1)
−0.162
−0.425*
−0.235**
−0.199
0.037
0.031
−0.563**
Hpb(F1)
10.885**
9.335**
9.925**
10.524**
9.156**
9.659
10.71**
7.61
GL (cm)
Pre(F1)
0.012*
0.014
0.007
−0.006
−0.033*
−0.043**
0.007
Hpm(F1)
−0.029**
−0.106**
−0.045**
−0.281**
−0.207**
−0.155**
−0.262**
Hpb(F1)
GW (cm)
Pre(F1)
3.027**
4.087**
3.324**
2.847**
3.142**
3.194**
3.255*
3.12
0.071**
0.022
0.040
0.053
0.008
0.110**
0.015
Hpm(F1)
−0.130**
−0.140**
−0.131**
−0.188**
−0.293**
−0.103**
−0.386**
Hpb(F1)
87.15**
77.36**
63.45**
69.72**
2.004**
57.03**
61.54**
88.3
SS (%)
Pre(F1)
**
**
**
**
**
**
1.070
1.215
1.230
0.751
−0.605
0.239
0.820**
Hpm(F1)
Hpb(F1)
1.063**
0.916**
0.308**
0.743**
−0.979**
0.154**
0.518**
* **
, Significantly different from zero at p<0.05 and p<0.01, respectively
Pre (F1) indicates the predicted genotypic values of F1, Hpm: General heterosis over mid parent and Hpb: General heterosis over better
parent based on population mean for each cross
See foot note of Table 2 for traits abbreviations

Study of genotype × environment interaction plays a
crucial role in plant breeding and evolution. To date, a
lot of research has been done to understand the mystery
of GE interaction, with a purpose to investigate the
stability of different crops especially in diploid species
(Shi et al., 1997; Yang & Zhu, 2005). The model of Xu

& Zhu (1999) predicted the general heterosis and
genotypic environment interaction from the parents, F1
and F2. Most of the quantitative traits of autotetraploid
rice were largely affected by the genotype as compared
to environment, in contrast, some other studies showed
the significant influence of environment on diploid rice
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(Young & Virmani, 1990; Shi et al., 1997; Dwivedi et
al., 1998; Shahid et al., 2011), Indian mustard
(Lionneton et al., 2004), Chinese vegetable mustard (Qi
et al., 2008) and cotton (Ye et al., 2008). The stronger
effect of GE interaction variance to phenotypic variance
on FL, FW, FWT, AL and UG represents the
pronounced influence of environment than genetic
components representing that above mentioned traits
might grow better in one environment.
Hybrids of diploid rice, maize and sorghum have
been successfully developed and are under cultivation, but
autotetraploid rice hybrids have limitations due to its low
seed set percentage and yield (Li & Xu, 2000). Genetic
basis of heterosis is very complicated because
environment has great influence on it and it varied
frequently under different environments (Knight, 1973;
Young & Virmani, 1990; Virmani, 1999). Autotetraploid
rice hybrids depicted higher level of heterosis for most of
the traits under study, and higher genotypic values and
general heterosis were found in F1 as compared to F2. Hpm
and Hpb was highly significant (negative) for HD in both
generations which indicated early heading date of hybrids
as compared to their parents. Grain yield and SS showed
highly significant positive heterosis for Hpm and Hpb in F1
and F2 generations. Therefore, grain yield and SS could
be successively improved using this material, proving to
be a breakthrough in autotetraploid hybrid rice breeding.
Previous studies reported high heterosis for various traits
of diploid rice including total dry matter, panicle number,
spikelet number, 1000-grain weight, plant height, heading
date and grain yield (Young & Virmani, 1990; Dwivedi et
al., 1998). Not only grain yield but quality of rice grains
also very important and autotetraploid rice had better
nutritional quality than diploid rice (Song & Zhang,
1992). Li & Rutger (2007) registered two genetic stock
lines TG1 (SY×L202) and TG2 (SY×Jackson) of
autotetraploid rice. We also found promising results with
Jackson and L202.
Information on dominance to phenotypic variance,
additive to phenotypic variance, heritability studies, and
heterotic performance of the studied traits exhibited
predominantly additive type of gene action for half of the
traits, but remaining supposed to be controlled by nonadditive type of gene action. The plant material examined
here having significant non-additive type of gene action
could be efficiently used in autotetraploid hybrid rice
breeding. The present study infers that seed set and grain
yield of autotetraploid rice can be meliorated by using
different autotetraploid lines and autotetraploid rice has
the potential to be used on commercial scale.
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