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Summary

Analysis of cytoplasmic and maternal effects of maternal plant as well as seed effects controlled by nuclear
genes of endosperm cells was conducted for milling quality traits of indica rice (Oryza sativa L.). Nine cyto-
plasmic male sterile lines as females and five restorer lines as males were used in an incomplete diallel cross.
The results indicated that milling quality traits were controlled by seed, cytoplasmic and maternal genetic ef-
fects. Maternal effects for brown rice recovery (BRR) and milled rice recovery (MRR) were more important
than seed effccts. But brown rice weight (BRW), milled rice weight (MRW) and head milled rice recovery
(HMRR) were mainly controlled by seed effects. Cytoplasmic effects accounted for 4.1 to 37.3% of total ge-
netic variation and were significant for all milling quality traits. BRW, MRW and HMRR were mainly con-
trolled by seed and cytoplasmic heritabilities, but MRR was affected by seed and maternal heritabilities.
Additive correlation was more important between BRW and MRW, BRW and MRR, BRW and HMRR,
MRW and MRR. Estimates of seed additive, maternal additive and cytoplasmic effects showed that V,, A was
better than other parents for improving the milling quality of rice grain.

Introduction

Yield of rice is closely related to milling quality including brown rice recovery, milled
rice recovery, head milled rice recovery, brown rice weight and milled rice weight. It is
important to breed new varieties with good milling quality. Although milling quality
traits could be affected by environmental factors, they were mainly controlled by genet-
ic effects (Shi and Zhu, 1992). Since rice seeds are a new generation different from their
maternal plants which provide grain nutrients, rice quality traits may be affected by en-
dosperm and/or maternal plant genes (Qi, Li, Yang and Wu, 1983; Shi and Zhu, 1992,
1993, 1994; Pooni, Kumar and Khush, 1992), or of cytoplasm (Yi and Cheng, 1991,
1992). But up to now, the genetic effects have not been partitioned into the effects of
seed, maternal plant and cytoplasm for milling quality traits of rice grain.

In this paper, the genetic model for quantitative traits of endosperm in cereal crops
(Zhu, 1992; Zhu and Weir, 1994) was used to determine the genetic effects of seed, ma-
ternal plant and cytoplasm on milling quality traits of rice grain by using the generation
means.
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Materials and methods

Materials

Nine cytoplasmic male sterile (CMS) lines (Zhexie 2 A (P1), Xieqingzao A (P2),
Zhenan 3 A (P3), Gangzao 1 A (P4), Yinzao 1 A (P3), Erjiuging A (P6), V,, A (P7),
Zuo 5 A (P8), Zhenshan 97 A (P9)), and five restorer (R) lines (T 49 (P10), Cezao 2-2
(PI), 26715 (P12), 102 (P13), 1391 (P14)) of indica rice were used in an incomplete
diallel cross (9 x 5). These CMS and restorer lines were randomly sampled from a
reference population and some of them have applied in making hybrid rice crosses in
China. Seedlings of parents and F,s were planted in the field of experimental farm at
Zhejiang Agricultural University during early in 1994. The seeds were sown on 28
March and single plants were transplanted at spacings of 20 x 20 ¢cm on 29 April. There
were 24 plants in each plot with three replications. Seed samples of parents or F,s on
F ’s plants were derived at maturity from eight plants in the middle part of the plot. The
F, seeds used for analyzing were obtained by crossing CMS lines to restorer lines at
flowering during the ecarly season. Quantitative traits studied were brown rice weight,
milled rice weight, brown rice recovery, milled rice recovery and head milled rice
recovery, which were measured with three replications for each sample of parents, F|s
and F.s.

Methods

MINQUE(0/1) method (Zhu, 1992; Zhu and Weir, 1994) was used to estimate genetic
components of seed additive (V,) and dominance (V,,) variances, maternal additive
(Vam) and dominance (Vy,,) variances, cytoplasmic variance (V,), and covariances be-
tween seed and maternal additive effects (C, ,,,) and between seed and maternal domi-
nance effects (C,,,,). The variance of residual effects (V,) was also estimated.
Estimates of variances and covariances were further used for calculating seed heritabili-
ty h,? = (V, + Cy 40)/Vy, maternal heritability h, > = (V,,, + C, ,,,)/V,, and cytoplasmic
heritability he* = V./V,.

Seed additive (A) and dominance (D) effects, cytoplasmic effect (C), maternal additive
(Am) and dominance (Dm) effects for milling quality traits were predicted by Adjusted
Unbiased Prediction (AUP) method (Zhu and Xu, 1994). Breeding values of parents and
heteroses of F,s were evaluated according to the magnitude and direction of predictors. If
the standard dominance direction (Ao = -¥. Do,/ \nG},) ot (Am ==Y Dm,,/ \[nc3,,) was
larger than 0, the positive heterosis was expected for seed or maternal plant (Zhu, 1993;
Zhu, Ji and Xu, 1993). Seed additive correlation (r,), seed dominance correlation (rp),
cytoplasmic correlation (r.), maternal plant additive correlation (r,,,), maternal domi-
nance correlation (ry,,,) and residual correlation (r,) for pairwise traits of milling quality
were also estimated.

The Jackknife method (Miller, 1974) was applied by sampling generation means of
entries for estimating the standard errors of estimated components of variances or corre-
lation coefficients, and of predicted genetic effects.
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Results and analysis

Estimation of genetic variances and heritabilities

Milling quality traits studied were controlled by genetic effects of seed, maternal plant
and cytoplasm. Significance was detected at 1% level for all variances in MRR, and for
V. Ve and Vi, in BRR (Table 1). Maternal variances accounted for 51.3% and 43.0%
of estimated variance for MRR and BRR, respectively. Genetic variances of maternal
plant for MRR and BRR were larger than those of seed. It was shown that additive vari-
ances (V, and V,,,) were larger than dominance variances (V, and Vp,)) in MRR. It is
possible to increase MRR in rice varieties by selection. Since additive variances for
BRR were not found in this experiment, BRR was mainly controlled by dominance ef-
fects. BRR could be increased through heterosis in indica hybrid rice. BRW, MRW and
HMRR were mainly controlled by seed genetic effects with variances (V, and V)
around for 41.9 to 49.7% of total genetic variance (V, + V,, = V¢ + Vi, Vim)-
Additive genetic effects were more important than dominance genetic effects for BRW,
MRW and HMRR so that selection could be applied for these traits in early generations.
As significant cytoplasmic variances (V.) were about 4.1 to 37.3 % of total genetic
variance for all traits, the cytoplasmic effects could influence the milling quality
performance of the progeny. Additive covariance (C, ,,) and dominance covariance
(Cp ) Were not detected. No relationship was detected between seed and maternal ge-
netic effects on these milling quality traits. It is concluded that milling quality traits
were mainly affected by genetic effects because of the small values of estimate residual
variance.

Since there are three types of genetic effects (seed, maternal plant and cytoplasm), the
narrow-sense heritability can be further partitioned into seed heritability (h%,), maternal
plant heritability (h?,) and cytoplasmic heritability (h?.). h?; and h?. were significant for
BRW, MRW and HMRR (Table 1). Therefore, selection advances were predictable in
the early generations for BRW, MRW and HMRR. Seed additive variance (V,) was
larger than maternal additive variance (V). therefore h, was larger than h? for these
three traits. Significant h%, and h?, for MRR indicated that selection in early generations
was applicable. BRR was mainly controlled by seed and maternal dominance effects or
cytoplasmic effects. It was suggested to increase BRR by selection in latter generations
or by utilizing heterosis.

Prediction of genetic effects

The predicted seed additive effects (A), maternal additive effects (Am), and cytoplas-
mic effects (C) were shown in table 2 for milling quality traits. The results showed that
seed additive effects of five restorer lines (P10, P11, P12, P13 and P14) were negative
for BRW, MRW, MRR and HMRR. Cytoplasmic effects of these parents were also neg-
ative for BRW, MRW, BRR and MRR, except for BRW of P14. Therefore, seed addi-
tive and/or cytoplasmic effects of five restorer lines could reduce these milling quality
performance of the progeny. But positive maternal additive effects of P10, P11 and P12
could increase BRW and/or MRW. In HMRR, significant positive cytoplasmic effects
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Table 1. Estimation of genetic variances, covariances and heritabilities of milling quality traits in indica ricc
for brown rice weight (BRW), milled ricc weight (MRW), brown rice recovery (BRR), milled rice recovery
(MR), and head milled rice recovery (HMRR).

Parameter BRW MRW BRR MRR HMRR
A 8.285%* 4.184%* 0.000 19.181#+ 160.667%*
A 0.499%* 0.335%* 2.236%+ 6.494% 45.132%+
Ve 2.340%+ 2.128%* 2.598%* 2.373%% 169.232%*
Vi 5.308%+ 2.863%+ 0.000 19.630%* 0.000
Vi 1,257+ 1.270%* 3.648%+ 9.913%* 79.054%+
Cham —4.264 ~1.547 0.000 ~0.402 0.000
Coom -0.300 -0.233 ~1.329 -3.863 -19.051
v, 0.183%* 0.146%* 1.011%* 1.334%% 5.033%+
h,2 0.460%* 0.358%* 0.000 0.373% 0.382%+
h,2 0.119 0.179 0.000 0.382% 0.000
he? 0.268* 0.289* 0.380 0.047 0.402%

*and ** at 5% and 1% significance level, respectively.

were detected only for P12 and P14 among five restorer lines, so these two lines might
be good candidates for parents of increasing HMRR as female in other rice breeding
plans. In CMS lines, the positive seed additive and/or cytoplasmic effects were signifi-
cant for P1, P2, P3, P7, P8 and P9, but significant negative maternal additive effects
were also found for P1, P2, P4, PS5, P6 and P8 in BRW, MRW, BRR and/or MRR, re-
spectively. The genetic effects could increase and/or reduce these quality traits. Seed
additive effects of P8 was 5.848* and cytoplasmic effects of Pl and P9 were —25.724*
and —23.869* for HMRR, respectively. So the genetic effects could reduce HMRR of
the progeny using these three CMS parents as females. In all parents studied, estimates
of seed additive, maternal additive and cytoplasmic effects showed that V,, A (P7) was
better than other parents for improving the milling quality of rice grain.

Differences were found between CMS lines with the same cytoplasm or with different
cytoplasm for some milling quality traits (Table 2). P1 and P2 with the same nuclear
genes and different cytoplasm had no differant cytoplasmic effects for BRW, MRW and
MRR, but different for BRR and HMRR. There were no differences in all milling quali-
ty traits between P4 and P5 which had the same nuclear genes but different cytoplasm.
In CMS lines of P3, P6, P7 and P9 with the same cytoplasm and different nuclear genes,
differences could still be detected in cytoplasmic effects for the traits studied.

Negative seed standard dominance direction Ao (-2.815%* for BRW, —1.263* for
MRW, —0.870* for MRR, —-2.495** for HMRR) and positive maternal standard domi-
nance direction Am (3.249* for BRW, 3.121** for MRW, 1.577* for BRR, 1.328* (10%
significant level) for MRR) were found. These results indicated different direction of
heterosis for seed and maternal plant in milling quality traits.

Analysis of genetic correlations
Correlation components of total genetic correlation include those of seed additive corre-
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lation (r,), seed dominance correlation (rp,), cytoplasmic correlation (r,), maternal addi-
tive correlation (r,,,) and maternal dominance correlation (r,,,). Estimates of the genetic
correlation components and residual correlation (r,) among milling quality traits are
listed in Table 3.

Significantly positive correlations between BRW and MRW or between MRW and
MRR were detected for r,, 1y, 1,, I, and 1, With (r,, 14, and r,) > (rp and 1p,,). The rela-
tionship between BRW and MRW or between MRW and MRR was mainly controlled
by additive and cytoplasmic effects. These results indicted that increasing BRW, MRW
and MRR could be accomplished in rice breeding. Positive ry, or 1y, suggested that si-
multaneous improvement of BRW, MRW and MRR could be obtained for hybrids.
Although there existed positive additive correlations (r, and r,,) between BRW and
MRR, BRW and HMRR, MRW and HMRR or between MRR and HMRR, the indirect

Table 3. Correlation components betw.een milling quality traits in indica rice for brown rice weight (BRW),
milled rice weight (MRW), brown rice recovery (BRR), milled rice recovery (MRR) and head milled rice

recovery (HMRR).

Trait BRW MRW BRR MRR HMRR
BRW r, 0.720%* 0.000 0.596%* 0.486%*
T 0.540%+ ~0.093* ~0.334%* —0.126**
e 0.477%+ 0.378%* 0.135%+ ~0.253%*
Tam 0.509%* 0.000 0.311#+ 0.000
Tom 0.426%+ 0.032 ~0.001 0.041
T, 0.100 0.159* ~0.118 0.123%
MRW I 0.000 0.364% 0.174%*
o —0.251** 0.009 0.175%*
te 0.571%+ 0.453%+ —0.349%*
Tam 0.000 0.145%* 0.000
T 0.075 0.119%+ 0.066
I, ~0.136 0.344%+ 0.123*
BRR Iy 0.000 0.000
. 0.258%* —0.172%*
e 0.496%* ~0.393%+
Fam 0.000 0.000
Fom 0.264++ —0.157%*
I, 0.269%* -0.059
MRR Ty 0.314%+
- 0.208%*
re ~0.310%*
. 0.000
T 0.182%*
r ~0.008

¢

Note: 1, = seed additive correlation, r,, = seed dominance correlation, r. = cytoplasmic correlation, r,,, = ma-
ternal additive correlation, ry,,, = maternal dominance correlation and r, = residual correlation.
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selection in early generations could be influenced by negative ry,, rp,, or r.. Significant 1},
and rp,, between BRR and MRR showed that high BRR and MRR in indica hybrid rice
cross could be obtained. The relationship between BRW and BRR, or between MRW
and BRR, was mainly controlled by cytoplasmic effects. There were negative rp, 1p,,
and r- between BRR and HMRR. Therefore, it will be difficult to breed a variety or
cross with high BRR and HMRR. Residual correlation was detected between BRW and
BRR, BRW and HMRR, MRW and MRR, MRW and HMRR, BRR and MRR.

Discussion

Milling quality is related to the yield of brown rice or milled rice. Breeders in China are
now paying much more attention to improve rice quality, including milling quality. Qi
et al. (1983) pointed out that rice seed shape may be controlled by maternal plant genes,
and that cytoplasmic effects were very small. Yi and Cheng (1992) found that milling
quality traits were also influenced by different types of cytoplasm. The results of Shi
and Zhu (1992) indicated that significant seed and maternal genetic effects were existed
in some milling quality traits. In this study, we have found that seed, maternal and cyto-
plasmic genetic effects could influence milling quality traits. Maternal effects for BRR
and MRR were more important than seed effects, and BRW, MRW and HMRR were
mainly controlled by seed effects. All milling quality traits were also affected by cyto-
plasmic effects. In rice breeding, when traits are mainly controlled by maternal and cy-
toplasm genetic effects with high maternal and cytoplasmic heritabilities, they can be
improved by selecting maternal plant. However, for those traits controlled mainly by
seed genetic effects with high seed heritabilities, it is applicable to select the single seed
with good quality because of the difference among seeds. In hybrid rice, when traits are
mainly influenced by maternal dominance effects, the F, seeds grown on F, plants will
have no apparent segregation. But traits affected mainly by seed dominance effects will
have segregation in F, seeds. It is necessary for breeders to understand the genetic
mechanism of quantitative traits for endosperm.

Indirect selection can also be used in rice breeding. Although genetic correlation can
be used in measuring the relationship between pairwise traits, it can not provide infor-
mation about additive and dominance correlations. When traits can not be easily mea-
sured or their heritabilities are low, it is better to indirectly select other highly correlat-
ed traits. Our results showed that additive correlations were more important between
BRW and MRW, BRW and MRR, BRW and HMRR, and between MRW and MRR in
genetic correlation, so indirect selection could be applied for these pairwise traits in rice
breeding. Breeding for hybrid rice could be expected to improve BRR and MRR or
BRR and HMRR due to the dominance correlations.

Because these nine CMS lines and five restorer lines were randomly sampled from a
reference population, the results or information of this experiment and the method of
analysis could be applied in rice breeding or making indica hybrid rice crosses in gener-
al. It is also useful for other cereal crops to introduce this genetic model and analysis
method for studying quantitative seed quality traits.
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