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Abstract: The developmental genetic behaviors of brown rice width (BRW) have been studied in indica-japonica hybrid rice (Oryza
sativa L.), in which seven indica male sterile lines and five japonica restorer lines were applied, by using the developmental genetic
models and corresponding statistical approaches for quantitative traits of triploid in cereal crops. The BRW of indica-japonica
hybrid rice was co-determined by gene expression of triploid endosperm, cytoplasm, diploid maternal plant and their genotype X
environmental interaction effects. Unconditional analysis showed that the endosperm additive and maternal additive effects were
predominant for the development of BRW from early- to late-stage of the grain development, but the endosperm dominant effect
together with maternal effect and cytoplasmic effect became the major factor determing the BRW at the ripening stage. Moreover,
conditional analysis found that there were new onset and offset of gene expression at different developmental stages of BRW in
indica-japonica hybrid rice. Maternal and cytoplasm general heritabilities and their interaction heritabilities were more important

compared to other components of heritability for BRW at all the five developmental stages.

Key words: indica-japonica hybrid rice; developmental genetics; brown rice width; genetic variance; conditional genetic variance;

heritability

One of the most effective ways of enhancing rice
yield is the utilization of the strong inter-subspecific
hybrid heterosis between indica rice and japonica rice
in replacement of inter-varietal hybrid heterosis being
widely applied. Recently, great progress has been
made to increase rice yield in severa countries e.g.
Japan, Korea, China etc ™. For example, an
indicajaponica hybrid rice combination ‘Xieyou
9308', which was derived from an indica cytoplasmic
male sterile line Xiegingzao A X a japonica restorer
line 9308 [C57 (japonica) // 300 (japonica) / IR26
(indica)] by China National Rice Research Ingtitute,
reached a grain yield of 12t / ha!¥, being much more
compared with inter-varietal hybrids. Moreover, other
indica-japonica hybrids such as Xieyou 413, Xieyou
9516, Xieyou 7954 aso produced much higher
yield B4, Abundant world rice supply has led to
renewed interest in improving quality of modern rice
varieties or hybrids . The existing tendency can
solve the problem of plumpness, which can be hel pful
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in selection of excellent hybrids to meet the world rice
demands.

Grain plumpness is one of the major problems of
rice production in severa rice-producing countries,
especialy in indica-japonica hybrids, which generally
displays incomplete grain filling, and affects the grain
shape and size. Though environmental conditions
during rice growth, and mechanical factors such as
pre- and post-harvest operations can affect the milled
rice trait, but variety remains the most important
determinant as the market price isjudged by grain size,
shape and appearance, such as whiteness and
translucency &7,

In most of previous research, the inheritance of
endosperm trait was analyzed by using phenotypic
value at maturity #*¥. These results indicated that the
grain width was mostly depended on additive gene
effects and their interaction, while the estimation of
heritability and genetic advance were fair consistent
for grain widths in F, and F3 generations. It can be
concluded that pedigree selection would be effective
in improving the grain size and biparental mating or
reciprocal recurrent selection may be successful 4.
Recently, some quantitative trait analysis softs
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generated make developmental genetic analysis
possible, but most of the reports are limited to the
developmental behaviors of appearance quality of
cereal crops > and very few in indica-japonica
hybrid rice. One of the most possible reasons is that
such kind of research needs a large number of field
labors, and it is difficult to get a huge number of F;
seeds by cross of indica rice with japonica rice
because of incompatibility. In this paper, the genetic
behavior of the brown rice width in indica-japonicca
hybrids was analyzed by the genetic models and
developmental models.

MATERIALS AND METHODS

Plant material

During this experiment seven indica cytoplasmic
male sterile lines (A) (Zhe 38A, Xiegingzao A, K17A,
Zhenshan 97A, Zhenong 8010A, Jin 23A and I1-32A)
and their maintainer lines (B), and five japonica wide
compatible restorer lines (R) (T748, T42, R1252,
Lunhui 422 and Zhong 9308) were used. The seeds
used in this experiment were al obtained from
previous growing season.

Field experiment

In this experiment, an incomplete diallel cross
was designed with seven mae sterile lines (female
parents) and five restorer lines (male parents). All the
F1 seeds were gained by crossing female parents to
male parents (A X R) at Hainan Province in spring
season of 2001. Seedlings of the parents and F;s were
planted at the experimental farm of Zhejiang Academy
of Agricultural Sciences, Hangzhou, Zhejiang
Province. Seeds were sown on 25 May in 2001 and
25-day old seedlings were individually transplanted at
a spacing of 20 cmX 26 cm and 36 plants (6 rows X
6 plants per row) in each plot with two replications.
The experiment was aso conducted a Hainan
Province on 12 December in 2001 using the method
described above. Based on the development of rice
grain, the whole grain filling period were divided into
initial stage (1-7 days after flowering), early stage
(8-14 days after flowering), middle stage (15-21 days
after flowering), late stage (22-28 days after flowering)
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and ripening stage (29-35 days after flowering). Seed
samples from the parents and F,s on F; plants were
collected a 7-, 14-, 21-, 28- and 35-day after
flowering from central 16 plants of each plot. The F;
samples were analyzed and then crossed female
parents (A) to mae parents (R) during the same
growing season. The brown rice width (BRW) was
measured with 10 grains by the help of vernier
calipers with two replications after seeds were
dehulled by hand.

Satistical method

The classic genetic models® and developmental
genetic models®® for quantitative traits of endosperm
in cereal crops were used to estimate the variance
components including genetic main effects and their
interaction effects (GE genotype X environmental)
for BRW at different filling stages.

For unconditional analysis, genetic effects were
defined as accumulated effects of genes expressed
from flowering (0) to a particular time (t). The
variance components include endosperm additive
variance (Vp), endosperm dominant variance (Vp),
cytoplasmic variance (V¢), materna additive variance
(Vam), maternal dominant variance (Vpn), endosperm

additive interaction variance (Vag), endosperm
dominant interaction variance (Vpg), cytoplasm
interaction variance (Vcg), materna  additive

interaction variance (Vamg), materna  dominant
interaction variance (Vpme) and residual variance (V).
Since partial endosperm genes were derived from
maternal plants, there might be covariance between
endosperm effects and maternal effects including
additive covariance (Ca.am), dominant covariance
(Cp.pm), additive interaction covariance (Cag.ame), and
dominant interaction covariance (Cpg.ome)-

For conditional anaysis, the developmental
genetic models and statistical methods could be used
to estimate conditional variances during the designated
filling periods (t-1—t) for BRW. These conditiona
variance components were Vagey (conditional
endosperm additive variance), Vpgr1 (conditional
endosperm dominant variance), Ve (1) (conditional
cytoplasmic variance), Vam -1 (conditional maternal
additive variance), Vpm (1 (conditional maternal
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dominant variance), Vagg-y(conditional endosperm
additive interaction variance), Vpgqr1 (conditional
endosperm dominant interaction variance), Vceg1)
(conditional cytoplasm interaction variance), Vamegi-1)
(conditional maternal additive interaction variance),
Vormegr1y (conditional maternal dominant interaction
variance), Ca.am-1) (conditional additive covariance),

Co.omar-yy  (conditional dominant  covariance),
Caeameqr-y  (conditional additive interaction
covariance), Cpepmeqr1 (conditional  dominant

interaction covariance) and Ve (1 (conditional
residual variance).

The estimated total narrow-sense heritability (h?)
at different filling stages was differentiated into
genera heritability (hé) controlled by the genetic
main effects and the interaction heritability (héE)
controlled by GE interaction effects. The genera
heritability (hé) can be divided into severa
components including general endosperm heritability
[ hZ,=(V,+Chan)/Ve 1, cytoplasmic heritability
(hZ.=V./V, ) and materna general heritability
[hZ,=Van+Caan)/Vs 1. The interaction heritability
(hZ: ) can dso be divided into the different
components  including  endosperm  interaction
heritability [ h2,c = (Vae + Cag ane)/Vo 1, Cytoplasmic
interaction heritability (hZ.e =Vie/Ve) and materna

Serileline Restorer line

24
22
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Brown rice width (mm)
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7 14 21 28 35

7 14 21 28 35

interaction heritability h.g =Vare +Cazane)/Ve -
The total narrow-sense heritability is
h2 :ré +réE :(réo+rb2c+kén1)+(réoE+kécE+rémE) '

The Jackknife re-sampling method was employed
by sampling generation means of entries for
estimating standard errors of estimated components of
variances, covariance and heritabilities ?2.

RESULTS

Difference of brown rice width (BRW) in parents
and their descendants

There were great differences both in sterile
lines and in restorer lines for BRW at the five
filling stages of rice growth (Table 1), with largest
BRW being noted in Zhenshan 97A in the sterile line
group and Lunhui 422 in the restorer line group during
al developmenta stages (Zhenshan 97A and Lunhui
422 reached 2.675 mm and 2.516 mm at the ripening
stage, respectively). It also indicated that BRW
continuoudly increased after flowering and the means
of BRW were increased 84.42, 8.27, 2.90, 2.48 and
1.93% of their mature widths at the five different
developmental stages, respectively. The results of Fig.
1 showed that the mean values of BRW were similar
in sterile lines, restorer lines and F; at the initial stage,
but increased more from early stage to the ripening

7 14 21 28 35 7

14 21 28 35

Days after flowering (d)

Fig. 1. Mean values of brown rice width (BRW) for sterile line, restorer ling, F; hybrid and F, generation at the five filling stage in

indica-japonica hybrid rice crosses.
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Table 1. Mean values of BRW in seven sterile lines and five
restorer linesat thefive different filling stages. mm

Days after flowering

Parent
7d 14d 21d 28d 35d
Sterileline
Zhe 38A 2.038 2.095 2.138 2150 220
Xiegingzao A 2.150 2.288 2313 2313 234
K17A 2.363 2.438 2.450 2450 247

Zhenshan 97A 2538 2.588 2.600 2.625 2-§7
Zhenong 8010A  2.100 2.163 2.200 2200 222

Jin 23A 2.150 2.163 2.163 2.175 2.?3
11-32A 2.463 2.488 2525 2538 2.8
Restorer line
T748 2.011 2.223 2.290 2349 239
T42 2.004 2.216 2.277 2.340 2-§9
R1252 1.967 2.152 2.230 2288 232
Lunhui 422 2.100 2.356 2.485 2498 251
Zhong 9308 1.986 2.188 2.274 2358 241

Mean of total lines  2.010 2.207 2.276 2335 238

stage in restorer lines as well as in F,. However, in
general F; expressed some inferiorities at each
developmental stage, indicating poor grain plumpness
in indica-japonica hybrids.

Unconditional variance component analysis for
BRW

Genetic variances for endosperm, cytoplasm and
maternal effects and their GE interactions on the 7",
14™ 21% 28" and 35™ day after flowering are given in
Table 2. It indicated that BRW was controlled by
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genetic main effects (Va + Vp + Vo + Vam + Vo)
except for materna dominant effects (Vpm) a the
initial stage, endosperm dominant effect (Vp) at the
early- and mid-stage and endosperm additive effects
(Va) a the ripening stage and controlled by GE
interaction effects except for endosperm dominant
interaction effects (Vpg) at the initial- and early-stage
and maternal dominant interaction effects (Vpng) at the
mid- and ripening-stage.

Among endosperm, cytoplasmic and maternal
effects, BRW was mainly controlled by additive
effects both in main genetic effects and in GE
interaction effects during the whole filling period,
which accounted for 87.14, 84.94, 81.26, 70.97 and
68.71% of total variances [(Va+tVamtVagtVame) /
(Vet+Vee)] @ the five different filling stages, but the
values were declined with the development of rice
grains. Performance of BRW could be influenced by
sampling errors due to significant residua variances
(Ve). But in comparison with the genetic parameters,
the values of V. were rather lower, which occupied
only 0.38, 0.62, 148, 097 and 2.63% of tota
variances [Ve / (VotVeetVe)]. As shown in Table 2,
there was no relationship between the expression of
endosperm and maternal genes at all different filling
stages, since the genetic main covariances (Ca.am Of
Cpom) Or GE interaction covariances (Cag.ame OF
Coepme) between the endosperm and maternal effects
were all not significant.

Table2. Estimates of unconditional variance componentsfor brown rice width in indica-japonica hybrid rice.

Developmental stage of grain (Days after flowering)

Parameter

7d l4d 21d 28d 35d
Va 0.451 ** 0.205 ** 0.119 ** 0.044 ** 0.000
Vb 0.053 ** 0.000 0.000 0.007 ** 0.015 **
Ve 0.046 ** 0.037 ** 0.034 ** 0.030 ** 0.029 **
Vam 0.499 ** 0216 ** 0.136 ** 0.056 ** 0.059 **
Vom 0.000 0.009 ** 0.010 ** 0.009 ** 0.011  **
Vae 0540 ** 0.129 ** 0.088 ** 0.056 ** 0.078 **
Ve 0.000 0.000 0.007 ** 0.005 ** 0.012 **
Vce 0.155 ** 0.064 ** 0.050 ** 0.034 ** 0.040 **
Vame 0.556 ** 0.138 ** 0.095 ** 0.064 ** 0.098 **
Vorme 0.048 ** 0.012 ** 0.000 0.005 ** 0.000
Cacam -0.166 -0.111 -0.056 -0.002 0.000
Co-om 0.000 0.000 0.000 -0.008 -0.005
Che-ame -0.185 -0.038 -0.020 -0.017 -0.038
Coe-ome 0.000 0.000 0.000 0.000 0.000
Ve 0.009 ** 0.005 ** 0.008 * 0.003 ** 0.009 *

* ** Significant at the 0.05 and 0.01 levels, respectively.
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Conditional variance component analysis for BRW
at different filling stages

BRW genes in indica-japonica hybrids might be
expressed in different ways during grain filling stages
since the genetic variances estimated by unconditional
analyses a time t reveded the variation of
accumulated genetic effects expressed from flowering
(time = 0) to time t (0O—t), and thus the results could
not clarify gene expression in each developmental
stage (=1 — t). Hence, conditiona analysis
approaches were used in order to more effective
explanation of the dynamic gene expressions at all
filling stages.

The results of the conditional variance anaysis
showed a new onset and offset of gene expressions in
triploid endosperm, cytoplasm and diploid maternal
genetic systems. Moreover, the results in Table 3
showed there were endosperm additive, maternal
additive, endosperm dominant and cytoplasmic effects
(VA(7|O)1VAm(7|0),VD(7|O) and VC(7|0)) at the initid stage,
endosperm additive, maternal additive, maternal
dominant and cytoplasmic effects (Vauap, Vamaam),
Vomaar and Veagy) @ the early stage, endosperm
dominant and maternal dominant effects (Vp114 and
Vbm1j14) @ the middle stage, endosperm dominant,

maternal additive and cytoplasmic effects (Vpspi),
VAm(28|21) and VC(28|21)) a the late Stage and materna
additive, maternal dominant and cytoplasmic effects
(VAm(35|28)1 VDm(35|28) and VC(35|23)) a the ri penl ng stage
for controlling the development of BRW, respectively.
Comparing with conditiona results in Table 3, the
unconditional endosperm additive, materna additive and
cytoplasmic effects at the mid filling stage (21 days
after flowering), unconditiond endosperm additive and
materna dominant effects at the late filling stage (28
days after flowering) and unconditional endosperm
dominant effect at the ripening stage (35 days after
flowering) (Table 2) might be due to the continua
expression of activated genes at the previous stages.
On the contrary, conditional dominant effect (Vp (2114))
a the middle stage was found by conditional
analyzing (Table 3), but not in unconditional analyzing
(Table 2). It could be due to the conditional analysis as
the expression of genes in conditional analysis method
is a bit ealier than unconditiona analyss.
Furthermore, the results in Table 3 aso reveded a
phenomenon of new expression of genes being
interrupted during different filling stages such as the
conditional endosperm dominant effect. The genetic
main variances (Vagr-1) + Voers + Veury + Vamies +
Vomap-) @t the five different filling stages were 1.049,

Table 3. Estimates of conditional variance componentsfor brown rice width in indica-japonica hybrid rice.

Developmental stage of grain (Days after flowering)

Parameter
7d|0d 14d|7d 21d|14d 28d|21d 35d|28d
Va1 0.451** 4.080** 0.000 0.000 0.000
Vb (1) 0.053** 0.000 2.068** 0.046** 0.000
Ve ey 0.046** 0.261** 0.000 0.013** 2.067**
Vam t-1) 0.499** 2.722** 0.000 0.062** 1.024**
Vom 1) 0.000 0.231** 0.059* 0.000 0.423**
V€ (gt-1) 0.540** 0.000 0.000 0.037** 15.623**
Vb (1) 0.000 4.006** 1.995* 0.017** 4.638**
Vee @1 0.155** 0.000 0.000 0.000 0.000
Ve 1) 0.556** 0.000 0.000 0.049** 3.413**
Vore 4t-) 0.048** 0.082** 0.120** 0.005** 0.741**
Cheam tt-2) -0.166 -0.721 0.000 0.000 0.000
Co-om(t-1) 0.000 0.000 -0.126 0.000 0.000
Che-are (t-2) -0.185 0.000 0.000 -0.032 -6.880
Coe-bme(t-1) 0.000 -0.143 0.021 -0.001 0.617**
Ve-1) 0.009** 0.004** 0.006" 0.002** 0.020**

%, ** ggnificant at 0.10, 0.05 and 0.01 probability levels, respectively.
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7.294, 2.217, 0.121 and 3.514, respectively, which
accounted for 7.44, 51.71, 15.08, 0.86 and 24.91% of
total variance, indicating that the genetic main effects
were rather higher at the early stage and with more
active genes to control BRW in indica-japonica hybrids.
These results were difficult to be detected by the
unconditional genetic variance analysis.

For the conditional interaction anaysis, similar
results were observed as in unconditional analysis.
The endosperm additive interaction variance and
maternal additive interaction variance at the early- and
mid-stage, maternal dominant interaction variance at
the middle stage and cytoplasmic interaction variance
from early to ripening stage were found by
unconditional analysis (Table 2), but could not be
found by conditional analysis (Table 3), which were
probably from the continual expression of activated
genes at the previous stages. At the early stage, the
conditional interaction variance only accounted for
35.92% of the total variance [Veewam /| (Veaant
Vee@am)], which confirmed that BRW was mostly
controlled by genetic main effects.

There was no significant relationship between the
new gene expression from endosperm and maternal
plants at al filling stages by unconditional analysis
(Table 2), but the relationship between dominant
interaction and maternal dominant interaction
(Coepmeessps) @ the ripening stage was significant by
conditional analysis (Table 3). These results implied
that some variances or relationship were hard to be
detected by unconditional analysis but they could be
detected by conditional anaysis. Thus, we can get
more information by using both unconditional and
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conditional analyses. There was a significant
conditional residual variances (Veq-1)), which revealed
that the new expression of BRW genes at a specid
filling stage could be influenced by sampling errors,
while comparing with other genetic parameters, the
values of V, were rather lower and only occupied 0.38,
0.04, 0.14, 0.87 and 0.07% of total variances [Ve/ (Vg
+ Vee + Vo)l

Estimation of heritabilities at different filling stages

The results from Table 4 showed that general
heritability components in cytoplasm and endosperm
genetic systems were only observed a the late
developmental stage and maternal genetic system at
the ripening stage, whereas the endosperm interaction
heritabilities were noted at the mid- and late-stages.
However, the cytoplasmic interaction heritability
observed at the late stage and materna interaction
heritabilities at al the five different developmental
stages. With regard to the components of heritability,
maternal, and cytoplasm genera heritabilities and
their interaction heritabilities were more important for
BRwW a all the  developmenta seges
(hS +hi +hE _+hi. = 5863, 6224, 64.64,
67.05 and 82.19%, respectively).

DISCUSSION

The development and quality of rice grain could
be directly affected by climatic factors, eg. solar
radiation, temperature, humidity, etc. The soil and crop
management practices may indirectly affect the rice

Table 4. Estimates of heritability componentsfor brown rice width in indica-japonica hybrid rice.

Developmental stage of grain (Days after flowering)

Parameter
7d 14d 21d 28d 35d

Genera heritability

hco 0.172 0.181 0.160 0.163** 0.000

h’e 0.028 0.071 0.087 0.115** 0.107**

hem 0.201 0.202 0.203 0.211 0.222**
Interaction heritability

hcoe 0.214 0.177 0.172* 0.150** 0.153

heee 0.094 0.124 0.127 0.131** 0.151

heme 0.224** 0.193** 0.190** 0.180** 0.226**

* ** gignificant at 0.05 and 0.01 probability levels, respectively.
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pests and diseases resulting in lower grain yield and
quality. Though physica quality of rice can be
influenced by above environmental effects (E), it
mainly controlled by genetic main effects (G) and GE
interactions!®. Such kind of GE interaction is different
from E, caused by environments, as GE serves as the
deviation of genetic effects at different environments.
Thus, the genetic models including G and GE for
estimating unbiased genetic effects and environmental
interaction effects would be useful.

During this experiment, the genetic behaviors of
brown rice width was controlled by endosperm,
maternal and cytoplasm effects, while the genes were
expressed during each developmental stage due to
conditional genetic variance anaysis. BRW controlled
by genetic main effects with high heritabilities. The
results of conditional genetic variance analysis of
BRW indicated a phenomenon of intercurrent
expression for some genes during grain filling, but the
differences of gran widths among hybrid
combinations were obvious. The generation of
‘Xiegingzao A / R1252' attained higher values despite
of low expressions from their parents. Therefore, it
could be suggested that under certain genetic
backgrounds, some externa supplementary genes
could improve the grain plumpness.
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